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A vertical cavity structure composing of an in situ grown bottom AlxGa1−xN /AlyGa1−yN distributed
Bragg reflector and a top SiO2 /HfO2 dielectric mirror for ultraviolet �UV� emission has been
demonstrated. Close-packed nanopillars with diameters of around 500 nm have been achieved by
the route of nanosphere lithography combined with inductively-coupled plasma etching.
Optically-pumped UV lasing at a wavelength of 343.7 nm �3.608 eV� was observed at room
temperature, with a threshold excitation density of 0.52 MW /cm2. The mechanism of the lasing
action is discussed in detail. Our investigation indicates promising possibilities in nitride-based
resonant cavity devices, particularly toward realizing the UV nitride-based vertical-cavity
surface-emitting laser. © 2010 American Institute of Physics. �doi:10.1063/1.3449576�

Light-emitting diode �LED� and laser device based on
group III nitride �III-N� have drawn intensive research inter-
est and achieved impressive progresses in the last decade.1–8

Enormous research activities are currently focusing on the
realization of ultraviolet �UV� LEDs and sensors.2,9 How-
ever, the lack of a viable approach for the fabrication of
UV nitride-based vertical-cavity surface-emitting lasers
�VCSELs� represent a significant shortcoming in III-N de-
vice technology. One essential requirement for producing
this kind of laser is that photonic confinement must be
achieved, thus the fabrication of high-quality distributed
Bragg reflectors �DBRs� is essential. Our previous research
work has demonstrated in-situ growth of high-quality
crack-free AlGaN DBRs with peak reflectivity around
350 nm.10 More recently, the fabrication of AlGaN DBR for
AlInGaN active material has been reported, and a large en-
hancement in the performance of UV-LEDs with emission
wavelength below the bandgap of GaN �362 nm� have been
demonstrated.11 The employment of DBRs for AlInGaN ac-
tive material not only improves the optical extraction effi-
ciency, but also enables the possibility of UV nitride-based
vertical cavity. However, up till now, the UV nitride-based
vertical cavity emitter is rarely reported, especially for nano-
pillars structures which can provide three-dimensional �3D�
confinement of light on the scale of photon wavelength.12

This 3D confinement of light will introduce cavity electro-
dynamics effects which largely enhance the corresponding
coupling strength.13

Common nanostructure fabrication processes which
have been used over the past few years include electron-
beam lithography �EBL� and x-ray lithography �XRL�. How-
ever, the serial patterning natures of these approaches make
fabrication costly and inefficient. In contrast, nanosphere li-
thography �NSL� has excelled as an inexpensive, material
specific and high-throughput nanostructure fabrication

process.14 In this paper, we demonstrate the fabrication of
close-packed nitride-based nanopillars using the NSL
method. The sample shows UV lasing from the AlInGaN
active material under optical pulse excitation with a thresh-
old excitation density of 0.52 MW /cm2 at room tempera-
ture. The effect of the vertical cavity and the mechanism of
lasing are discussed in detail.

The sample used herein was a UV-LED wafer grown on
c-plane sapphire substrates by a low-pressure metal-organic-
chemical-vapor-deposition �MOCVD�. The bottom DBRs
were formed by 25 pairs of 36.5 nm Al0.49Ga0.51N and
34.5 nm Al0.16Ga0.84N layers. The active region consists
of 10 pairs of 2.5 nm Al0.05In0.045Ga0.905N and 5.0 nm
Al0.2In0.002Ga0.798N quaternary multi-quantum wells
�MQWs�, which are sandwiched by an n-type and p-type
AlGaN/GaN superlattices, respectively. Details of the struc-
ture fabrication and device characterization can be found in
Refs. 10 and 11. The microcavity was completed by deposi-
tion of a four-period SiO2 /HfO2 DBRs on the top of the
wafer by radio frequency �RF� magnetron sputtering. The
SiO2 layers was sputtered using single SiO2 target in an Ar
ambient, while the HfO2 layers was sputtering using Hf
metal target in an O2 ambient. The morphology of the nano-
structured sample was determined by field-emission scan-
ning electron microscope �FESEM�. The photoluminescence
�PL� measurements were performed at room temperature
with a pulsed Nd:YAG 4th harmonic �266 nm� laser as an
excitation source and the signal was dispersed by a 750 mm
monochromator combined with suitable filters, and detected
by an UV-enhanced charged coupled device �CCD�. The
pulse width and repetition rate of the pulse laser are 1.0 ns
and 60 Hz, respectively.

Figures 1�a�–1�d� present schematic diagrams of the
nanopillars fabrication process flow. The sample was initially
coated with plain silica �SiO2� nanospheres �having mean
diameters of 500 nm with a uniformity of better than 1%
acquired from Corpuscular Inc.� to form a hexagonallya�Electronic addresses: hdsun@ntu.edu.sg and hwchoi@eee.hku.hk.
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closed-packed �HCP� monolayer pattern on the surface by
spin-coating. Subsequently, the sample was subjected to
highly selective inductively-coupled plasma �ICP� dry etch-
ing for pattern transfer using a gas chemistry of Cl2 and Ar,
during which the monolayer of nanospheres served as a hard
mask. Finally, the nitride-based nanopillars were formed and
the SiO2 nanospheres were removed by sonication in deion-
ized water.15 Figure 1�e� shows the FESEM image of the
completed sample; highly-ordered closed-packed nanopillars
over large areas can be observed. From the close-up FESEM
image in the inset of Fig. 1�e�, high aspect ratio nanopillars
can be seen, with the AlGaN DBR clearly resolved. It is
found that the height of the nanopillars is about 1 �m and
the mean diameter is around 500 nm.

The optical spectra of the samples were recorded in a
back scattering geometry with a beam incident angle of 45°
and the emission collected in the direction perpendicular to
the sample surface. The PL spectra of the as-grown and
nanopillar samples are shown in Fig. 2. It is noted the as-
grown sample exhibits a strong emission peak located at
around 336 nm, corresponding to the recombination in the
AlInGaN MQWs. It was found that the ratio between the
relatively PL intensities after and before etching is around
75%. However, the emission peak of the nanopillars is simi-
lar with the as-grown chip under same laser excitation,
which reveals that the sample is not damaged during the
nanopillars formation processes.

Figure 3 shows the PL spectra of the nanopillar sample
under different excitation densities at room temperature. It is
observed that under low excitation such as 0.34 MW /cm2,
the spectrum displays a weak spontaneous emission band
from the AlInGaN MWQs. When the excitation density
raised to 0.52 MW /cm2, a sharp peak located at 343.7 nm
��3.608 eV� emerges from the emission spectrum, the in-
tensity of which increases rapidly with the further raising of

excitation density. A plot of integrated PL intensity of this
peak with excitation density is shown in the inset of Fig. 3.
Such a nonlinear increase of the emission integrated intensity
is a characteristic of stimulated emission. In comparison, the
integrated PL intensity of the broad emission from AlInGaN
MQWs demonstrates a linear relationship with the excitation
density �not shown�, which further confirms stimulated emis-
sion from the nanopillar sample. The FWHM of the sharp
peak is around 22.5 meV under excitation density of
1.14 MW /cm2, thus the quality �Q� factor is estimated to be
around 160 according to the deification Q=E /�E, where E
is the peak energy and �E is the FWHM of the peak, respec-
tively.

The resonant wavelength � and Q factor of a Fabry-
Pérot �F-P� cavity are determined by the equations, 2nL
=m� and Q=2�nL /��1−R�, respectively, where L is the
cavity length which is equal to the distance between the ep-
itaxial and dielectric DBRs �L=595 nm�,11 n�2.3 is the
mean refractive index of the cavity region L,16 m is an inte-
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FIG. 1. �Color online� ��a�–�d�� Schematic diagrams depicting the fabrica-
tion process of the nitride-based nanopillars. �e� FESEM image showing
nanopillars array across the nitride sample. In the close-up image shown in
the inset of �e�, nanopillars of high aspect ratio can be clearly resolved.
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FIG. 2. �Color online� PL spectra of the as-groan and nanopillar sample
taken at room temperature. The curves are normalized and shifted in the
y-axis for better comparison.
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FIG. 3. �Color online� The emission spectra under different excitation den-
sity for the nanopillar sample. Figure in the inset shows the dependence of
the PL integrated intensity on the laser excitation density.
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ger, � is the resonant wavelength, and R is the reflectivity at
the active region/DBRs boundary �R�86%�.10 From the
equation given above, the resonant wavelength is determined
to be 342.1 nm corresponding to m=8, and the Q factor is
deduced to be 179.5 at 342.1 nm. The observed Q factor is
relatively low and the reason should be attributed to optical
scattering due to the roughness of the nanopillars’ sidewall
which enhanced the contributions of intrinsic and extrinsic
photon loss channels.17 The simulated resonant wavelength
�342.1 nm� is very close to the observed value �343.7 nm�
from our measurement. The mode spacing between the clos-
est longitudinal modes is expected to be 42.8 nm according
to the equation ��=�2 /2nL. Only a single F-P mode is al-
lowed in the entire range of measured PL energies �320–370
nm� from the AlInGaN MQWs due to the large mode spac-
ing. It is noted that all the discussions above support the F-P
lasing action. Consequently, we attribute the observed lasing
to the vertical cavity formed by epitaxial and dielectric
DBRs.

In order to further investigate the mechanism of the las-
ing, the reflectance measurement of the nanopillar sample is
carried out. Figure 4 displays the reflectivity of the nanopil-
lar sample together with selected PL spectra under different
excitation density. The as-grown sample used here is a UV-
LED wafer. Although the position of the AlInGaN MQWs is
not well designed to be located at the antinodes of the stand-
ing wave formed inside the cavity, the top four-period dielec-
tric DBR provides a broad stop-band, so the reflectance of
the nanopillar sample is similar to that of the as-grown. As
depicted in Fig. 4, the nanostructured sample demonstrates a
flat-topped stop-band between 342 and 345 nm. Owing to the
high reflectively, stimulated emission can be achieved with
low threshold energy due to superior optical confinement. It

is interesting to note that the F-P cavity mode located exactly
in this region, and thus the UV lasing from the nanopillars
can be observed. Although the quality factor of the cavity is
compromised by the fabrication of nanopillars, it provides a
proof-of-concept demonstration of UV lasing in vertical mi-
crocavity structures with dimensions as small as 500 nm in
diameter. In order to fully implement vertical resonate cavity
device, improvement of the cavity quality and full structure
design are needed, and research down this line points toward
the realization of the elusive UV nitride-based VCSEL.

In conclusion, we have fabricated close-packed nitride-
based nanopillars with diameter around 500 nm by NSL. The
optical properties of the samples were investigated at room
temperature under pulse laser excitation. UV lasing was ob-
served with a threshold of 0.52 MW /cm2 of the excitation
density and the observation was attributed to the vertical
cavity formed by embedded semiconductor DBRs and the
top dielectric mirror.
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FIG. 4. �Color online� The reflectance spectra of the nanopillar sample
together with the emission spectra under different excitation densities.

241101-3 Chen et al. Appl. Phys. Lett. 96, 241101 �2010�

Downloaded 14 Jun 2010 to 155.69.4.4. Redistribution subject to AIP license or copyright; see http://apl.aip.org/apl/copyright.jsp

http://dx.doi.org/10.1126/science.285.5435.1905
http://dx.doi.org/10.1143/JJAP.44.7191
http://dx.doi.org/10.1063/1.1792793
http://dx.doi.org/10.1063/1.2234812
http://dx.doi.org/10.1063/1.1415405
http://dx.doi.org/10.1063/1.2392673
http://dx.doi.org/10.1049/el:20081747
http://dx.doi.org/10.1063/1.3030876
http://dx.doi.org/10.1063/1.2186109
http://dx.doi.org/10.1063/1.1766404
http://dx.doi.org/10.1016/j.jcrysgro.2004.04.029
http://dx.doi.org/10.1016/j.jcrysgro.2004.04.029
http://dx.doi.org/10.1063/1.2168491
http://dx.doi.org/10.1088/0022-3727/43/3/033001
http://dx.doi.org/10.1021/jp010657m
http://dx.doi.org/10.1088/0957-4484/19/25/255302
http://dx.doi.org/10.1063/1.1320007
http://dx.doi.org/10.1063/1.1320007
http://dx.doi.org/10.1063/1.123407

