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In this proposal, we propose to conduct research on the control of photon emission from
mesoscopic GaN-based vertical cavity surface emitting laser (VCSEL) with quantum confined
structures with high Q microcavity. The major objectives include

(1) Establishment of GaN based quantum confined structures fabrication technology;

(2) Modeling and design of high Q microcavity and cavity quantum effect;

(3) Fabrication of GaN VCSEL with microcavity and quantum confined structures;

(4) Investigation of performance of the fabricated GaN VCSEL devices;

(5) Demonstration of controlled photon emission and lasing of the GaN VCSEL devices.
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Our research team has successfully demonstrated world first GaN-based surface-emitting
lasers, fabricated high Q cavity microcavities, and GaN nanostructure for control photon
emission. The major outstanding results are listed as followed:

1. CW Lasing of Current Injection Blue GaN-Based Vertical Cavity Surface Emitting Laser
(Appl. Phys. Lett. 92, 141102 (2008))

We fabricated and demonstrated the world’s first cw laser operation of electrically pumped
GaN-based vertical cavity surface emitting laser (VCSEL). The GaN-based VCSEL has a
ten-pair InGaN/GaN multiple quantum well active layer embedded in a GaN hybrid microcavity
of 5 1 optical thickness with two high reflectivity mirrors provided by an epitaxially grown
AIN/GaN distributed Bragg reflector (DBR) and a Ta205 /SiO2 dielectric DBR. CW laser
action was achieved at a threshold injection current of 1.4 mA at 77 K. The laser emitted a blue
wavelength at 462 nm with a narrow linewidth of about 0.15 nm. The laser beam has a
divergence angle of about 11.7° with a polarization ratio of 80%. A very strong spontaneous
coupling efficiency of 7.5x10 was measured.
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2. GaN-based two-dimensional surface-emitting photonic crystal lasers with AIN/GaN

distributed Bragg reflectors (Appl. Phys. Lett. 92, 011129 (2008))

We have fabricated and demonstrated the world’s first GaN-based two-dimensional
surface-emitting photonic crystal lasers with AIN/GaN distributed Bragg reflectors. The lasing
threshold energy density is about 3.5 mlJ/cm2 per pulse under optical pumping at room
temperature. Only one dominant emission wavelength of 424.3 nm with a narrow line-width of
1.1 A above the threshold is observed. The laser emission covers whole circularly 2D PC
patterns (50 # m in diameter) with a small divergence angle. The lasing wavelength emitted
from 2D PC lasers with different lattice constants occurs at the calculated band-edges provided
by the PC patterns. The characteristics of large area, small divergence angle, and single mode
emission from the GaN-based 2D surface-emitting PC lasers should be promising in high power

blue-violet emitter applications.
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4. “I;r)oadband and omnidirectional antireflection employing disordered GaN nanopillars™,
accepted and to be published in Optical Express.

Disordered GaN nanopillars fabricated by ICP-RIE dry etching of three different heights:
300, 550, and 720 nm are fabricated. We also demonstrated the broad angular and spectral
anti-reflective characteristics, up to an incident angle of 60° and for the wavelength range of
A=300-1800nm. An algorithm based on a rigorous coupled-wave analysis (RCWA) method is
developed to investigate the correlations between the reflective characteristics and the structural

properties of the nanopillars. Calculations show excellent agreement with the measured

reflectivities for both s- and p- polarizations.
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“Fabrication of InGaN/GaN MQW nanorods LED by ICP-RIE and PEC oxidation process
with self-assembly Ni metal islands™, Nanotechnology, V18, N.44, p445201 (Nov. 7, 2007)
We report the fabrication of InGaN/GaN nanorod light-emitting diodes(LEDs) using

inductively coupled plasma reactive-ion etching (ICP-RIE) and a photo-enhanced chemical



(PEC) wet oxidation process via self-assembled Ni nanomasks. An enhancement by a factor of
six times in photoluminescence (PL) intensities of nanorods made with the PEC process was
achieved in comparison to that of the as-grown structure. The peak wavelength observed from
PL measurement showed a blue shift of 3.8 nm for the nanorods made without the PEC
oxidation process and 8.6 nm for the nanorods made with the PEC oxidation process from that
of the as-grown LED sample. In addition, we have demonstrated electrically pumped nanorod
LEDs with the electroluminescence spectrum showing more efficiency and a 10.5 nm

blue-shifted peak with respect to the as-grown LED sample.
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5. “Luminance Enhancement of Flip-Chip Light-Emitting Diodes by Geometric Sapphire

Shaping Structure, IEEE Photon. Tech. Lett., V20, N3, p184-186, (Feb. 1, 2008)

The flip-chip light-emitting diodes (FC-LEDs) with geometric sapphire shaping structure
were investigated. The sapphire shaping structure was formed on the bottom side of the sapphire
substrate by a chemical wet etching technique for light extraction purpose. The
crystallography-etched facets were (1010) M-plane, (1102) R-plane, and (1120) A-plane against
the (0001) c-axis with the angles range between 29°~60°. These large slope oblique sidewalls
are useful for light extraction efficiency enhancement. The light—output power of sapphire
shaping FC-LEDs was increased 55% (at 350-mA current injection) compared to that of
conventional FC-LEDs.
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(a) CW Lasing of Current Injection Blue GaN-Based Vertical Cavity Surface Emitting Laser

(Appl. Phys. Lett. 92, 141102 (2008) : cf Appl. Phys. Lett. 79, 3720 (2001))

Vertical Cavity Surface Emitting Laser (VCSEL) with a small optical mode volume having a
microcavity of only a few optical thicknesses can emit a single mode with a circular symmetry
beam and a small beam divergence that are more superior to the edge emitting lasers and are
desirable for many practical applications in high density optical storage, laser printing, etc. We
demonstrated the world first electrically pumped GaN-based VCSEL. The GaN VCSEL has a
ten-pair InGaN/GaN multiple quantum well active layer embedded in a GaN hybrid microcavity
of 51 optical thickness with two high reflectivity mirrors provided by an epitaxially grown
AIN/GaN distributed Bragg reflector (DBR) and a Ta205 /SiO2 dielectric DBR. CW laser
action was achieved at a threshold injection current of 1.4 mA at 77 K. The laser emitted a blue
wavelength at 462 nm with a narrow linewidth of about 0.15 nm. The laser beam has a
divergence angle of about 11.7° with a polarization ratio of 80%. A very strong spontaneous
coupling efficiency of 7.5x10 was measured. This work was highlighted in CLEO as hot topics
and in Compound Semiconductor as research news. In addition, this paper was ranked number

one most downloaded paper on APL website.

(b) GaN-based two-dimensional surface-emitting photonic crystal lasers with AIN/GaN

distributed Bragg reflectors (Appl. Phys. Lett. 92, 011129 (2008) : cf Science vol.319, 445,
(2008))

Photonic crystal surface emitting laser (PCSEL) has attracted much attention due to the
several advantages for next generation laser diode. At present, Prof. Noda’s group at Kyoto

University has demonstrated GaN PCSEL by utilizing AROG technology. However, we propose
7



another fabrication techniques for GaN PCSEL by using AIN/GaN DBR. The nitride based DBR
with high reflectivity and low refractive index could increase the confinement of light and
subsequently decrease the lasing threshold energy. The lasing threshold energy density is about
3.5 mJ/ecm2 per pulse under optical pumping at room temperature. Only one dominant emission
wavelength of 424.3 nm with a narrow line-width of 1.1 A above the threshold is observed.

(c) Broadband and omnidirectional antireflection employing disordered GaN nanopillars (to be
published in Optical Express: cf Appl. Phys. Lett., 90, 181923, (2007))

We have fabricated the GaN nanorod structure with different height which has anti-reflective
characteristics. The density, dimension and shape of the fabricated GaN nanorod could be
controlled by modifying the deposition thickness and etching condition. The broad angular and
spectral anti-reflective characteristics, up to an incident angle of 60° and for the wavelength
range of A=300-1800nm has also been demonstrated in this research. The measured results were
great matched with the simulation results by RCWA algorism. In comparison to the Si
anti-reflection layer, the GaN nanorod structure fabricated by ICP-RIE dry etching has the better

properties on reflectivity.

(d) Fabrication of InGaN/GaN MQW nanorods LED by ICP-RIE and PEC oxidation process
with self-assembly Ni metal islands (Nanotechnology, V18, N.44, p445201: cf Nano Letters,
Vol. 4, No. 6, 1059-1062 (2004))

We demonstrated the realization of the high-brightness and high-efficiency light emitting
diodes (LEDs) using dislocation-free indium gallium nitride (InGaN)/gallium nitride (GaN)
multiquantum-well (MQW) nanorod (NR) arrays by metal organic-hydride vapor phase epitaxy
(MO-HVPE). MQW NR arrays (NRAs) on sapphire substrate are buried in spin-on glass (SOG)
to isolating individual NRs and to bring p-type NRs in contact with p-type electrodes. The
process of nanorod manufacture by PEC is more simply and which exhibit better electrical

property as shown in the plots.

(e) Luminance Enhancement of Flip-Chip Light-Emitting Diodes by Geometric Sapphire
Shaping Structure (IEEE Photon. Tech. Lett., V20, N3, p184-186 (2008): cf IEEE Trans. Adv.
Packag., vol. 28, no. 2, pp. 273-277, May 2005)

We demonstrated a simple approach to enhance the light output power on flip-chip
GaN-based LEDs. By shaping the sapphire substrate, we could improve the light extraction
efficiency from MQWs and especially the sidewall extraction. The angle of the sapphire angle
could be controlled ranging from 29°~60°. In comparison to other approaches, the proposed
method provides an easier and significant way to enhance the total power. The controllability of
the etched sapphire shape enabled us to modify the far field pattern. This would have great help
for realizing the solid state lighting in the future.
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