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The authors report single mode stimulated emission from optical pumping of prismlike gallium
nitride �GaN� with a side length of 0.75 �m. The cavities were formed by reaction-rate-limited

photoetching that preserved the nonpolar �101̄0� or �112̄0� facets. They were characterized by an
average quality factor above 103 and an equivalent facet reflectivity exceeding 98%, which allowed
field amplification by repeated internal reflections in the transverse plane and field polarization
along the c axis. Slight spectral blueshift �0.35 nm� and narrowing in linewidth ��0.4 nm� were
observed with increase of pump intensity. These observations manifested resonant coupling of the
band edge emission to a single mode of the prismlike GaN cavity. © 2007 American Institute of
Physics. �DOI: 10.1063/1.2720259�

Semiconductor nanocrystals provide mode confinement
at a characteristic length comparable to an optical wave-
length and have emerged as a versatile building block to
construct photonic circuitry.1 Such structures can act not only
as a passive waveguide or resonator to direct the wave propa-
gation but also as an active medium to control light
emission.2 The evanescent waves along the nanocrystals can
further provide a sensor function for biochemical detection.3

These unique properties motivate research activities in mate-
rial synthesis of high crystalline nanocrystals. Recent reports
on optically/electrically pumped nanowire lasers of gallium
nitride �GaN�,4,5 zinc oxide �ZnO�,6 and cadmium sulfide
�CdS� �Ref. 7� represent one such progress in the nanocrystal
research. The characteristics of these nanowire lasers can be
ascribed to those of electron-hole plasma and multilongitu-
dinal modes of a one-dimensional Fabry-Pérot cavity. These
experiments inspire theoretical investigation to clarify the
effects of mode reflectivity,8 gain anisotropy,9 and band gap
renormalization10 on the lasing mechanism. An important
revelation of these analyses is that the facet reflectivity ex-
hibits a complicated dependence on the polarization of the
cavity mode and the size of the nanowires. The facet reflec-
tivity of nanocrystals can therefore deviate significantly from
that predicted by the classical Fresnel formulation. A low
value of facet reflectivity �R� can further affect the cavity
quality �Q� factor and increase the threshold gain �Gth� of
nanowire laser of length L since Q=−2Lkz / ln�R1R2� and
Gth=−�2L�−1 ln�R1R2�.8

A strategy to increase the cavity Q factor is to include a
photonic band gap structure to control the facet reflectivity. A
typical Q factor exceeding 103 can be realized in conven-
tional III-V and II-VI devices built with a microcavity or
Bragg reflector.11 For the GaN emitter, however, only mod-
erate ��300� or low ��185� value of the Q factor was ob-
served on a thin membrane12 or bulk GaN �Ref. 13� when

photonic crystal structures were added. It has been known
that the deterioration of Q factor is due to the issues of ma-
terial damage and imperfect structures.14 For example, dry
etching of GaN can result in a rough surface on the
circumference15 or a preferential loss of the nitrogen
element16 which would require sophisticated postetch an-
nealing to heal.17 Theoretical analysis also indicates that geo-
metric imperfections such as wavy boundaries, inclined side-
walls, and rounded corners can significantly reduce the
cavity Q factor from the value predicted for an ideal cavity
structure.18

These observations prompt a need to develop alternative
methods such that high-Q photonic devices can be fabricated
on GaN. In this regard, the use of whispering gallery �WG�-
like cavity modes to provide repeated internal reflections
represents a promising route to expand the free spectral
range and to achieve a single mode emission.19 This ap-
proach has been applied to the indium gallium arsenide phos-
phide �InGaAsP� material system and has resulted in the op-
eration of high-Q ��103� low-threshold microdisk lasers.20,21

In this letter, we report a method that uses self-assembled
photomask and crystallographic photoenhanced chemical
�PEC� wet etching to realize prismlike GaN submicron laser
cavities. Stimulated emission at GaN band edge, in reso-
nance with a single mode of the prismlike cavity, was ob-
served with the field polarized along the crystal c axis.

Our device fabrication began with forming a two-
dimensional �2D� distribution of close-packed platinum �Pt�/
titanium �Ti� pads of triangular shape on the +c plane of n−

doped GaN. This was achieved by using metal lift-off from a
monolayer photomask made of self-assembled polystyrene
spheres.22 To perform the PEC reaction of GaN, a galvanic
cell consisting of a patterned GaN electrode described above
and a Pt counterelectrode were immersed into a potassium
hydroxide �KOH� electrolyte of pH=11.7 and illuminated
with a 254 nm mercury light source at an intensity
of �5 mW/cm2. In the PEC process, the 2D Pt/Ti metallic
pads served as the local cathode and the unmasked region ofa�Electronic mail: peng@cc.ee.ntu.edu.tw

APPLIED PHYSICS LETTERS 90, 141106 �2007�

0003-6951/2007/90�14�/141106/3/$23.00 © 2007 American Institute of Physics90, 141106-1
Downloaded 09 Feb 2009 to 140.112.113.225. Redistribution subject to AIP license or copyright; see http://apl.aip.org/apl/copyright.jsp

http://dx.doi.org/10.1063/1.2720259
http://dx.doi.org/10.1063/1.2720259
http://dx.doi.org/10.1063/1.2720259


the GaN as the local anode. Our studies indicate that the PEC
oxidation and etching of GaN take place due to oxidative
dissolution of GaN with the photogenerated carriers.23,24 Sur-
face band bending of the lightly or n-type doped GaN
�Ref. 25� can activate the PEC reaction without the need of
an external electric bias. The PEC processing of GaN, there-
fore, can retain the material’s stoichiometry.26 Prior to taking
images of the etch patterns, the samples were briefly im-
mersed in 200 °C molten KOH to remove the residual whis-
kerlike material defects which were sparsely left in the local
anodes after the PEC process.27

Figure 1 showed the scanning electron microscope
�SEM� pictures taken from a GaN sample that has undergone
a process of 15 min of PEC etching and 20 s of molten KOH
treatment. Prismlike cavities with a side length as small as
0.70 �m and sharp/straight boundaries are clearly discern-
able in Fig. 1. Close examination of the magnified SEM
micrographs indicated that such cavities were bounded by

optically smooth �112̄0�GaN or �101̄0�GaN facets. These ob-
servations signify the importance of using closely spaced
electrodes to activate reaction-rate-limited PEC processing.

As a result, one can preserve the nonpolar �112̄0� or �101̄0�
facets to form prismlike cavities due to a vanishing surface
field effect on the PEC reaction.28

Optical characterization of the GaN submicron cavities
was performed by using a microphotoluminescence ��-PL�
setup. The optical excitation was the fourth harmonic
�266 nm� of a Nd:YAG �yttrium aluminum garnet� laser of
500 ps pulse width focused to a 5 �m diameter spot size. We
used a different set of GaN samples with a side length
of �0.75 �m for the optical characterization. The room-
temperature luminescent signals were collected from the side
of the sample by micro-fiber-optics positioned at �85° to the
sample normal, as schematically drawn in the inset of Fig. 3.
The data were dispersed via a grating spectrometer and ana-
lyzed with a linear array of charge coupled devices. The
overall system spectral resolution was �0.1 nm.

Illustrated in Fig. 2 are the �-PL spectra taken from a
planar GaN �sample A� of 4 �m thickness and from the
prismlike GaN �samples B and C� which had a nominal side
length/cavity height of 0.75/0.5 �m but different GaN epil-
ayer thicknesses of 4 and 0.8 �m, respectively. Here the
266 nm pump laser intensity was fixed at �1.5 MW/cm2

�which is below the “soft turn-on” intensity of 2 MW/cm2

referred to Fig. 3�a��. We noted a characteristic spectral
change from �a� broad band edge emission �full width at half
maximum �FWHM� ���14 nm� centered at 365 nm for pla-
nar GaN sample A to a sharp single resonant peak
���=0.34/0.29 nm for sample B/C� located either at the �b�
shorter �364 nm, sample B� or �c� longer �370 nm, sample
C� wavelength side of the emission spectrum. A cavity Q

factor exceeding 103 can be derived for the prismlike GaN
samples B and C. This value is comparable to those
�Q of 500–1300� reported for state-of-the-art GaN nanowire
lasers4,5 and is one order of magnitude superior to that
�Q�80� of GaN microdisks ��20 �m diameter� fabricated
by the dry etching method.29 In addition, light emission �data
not shown� from the prismlike cavity was found to be polar-
ized along the crystal c axis �i.e., TM polarized�, as mea-
sured in a side-collection configuration. Only a broad emis-
sion from bulk GaN was detected when measured from the
sample normal. These results suggest that the observed
narrow-band emission can be modeled as due to the trans-
verse mode of a quasi-2D optical system. Using finite-
difference time-domain �FDTD� analysis,30 one can utilize
the cavity side length d and the material dispersion31 as the
input parameters to evaluate the cavity mode pattern and Q
factor.

Our calculation, as shown in the inset of Fig. 2, indicates
that the change of cavity emission wavelength � in the
prismlike GaN samples B and C was due to a sensitive de-
pendence of the cavity phase-matching condition on the
prism side length d.18 Associated with the degeneracy of the
cavity mode energy we found two distinct field patterns.
They can be understood as being transformed from the
clockwise and counterclockwise components of the WG

FIG. 1. Magnified SEM micrographs showing GaN prismlike cavities with

a side length of �0.70 �m and bounded by optically smooth �a� �112̄0� and

�b� �101̄0� facets �with Pt/Ti metal mask on top�.

FIG. 2. �Color online� �-PL spectra of �a� planar sample A and prismlike
GaN samples B and C having a nominal side length/prism height of
0.75/0.5 �m but different GaN layer thicknesses of �b� 4 �m and �c�
0.8 �m. Inset: calculated field intensity and wavelength of the cavity modes
as a function of the cavity side length.

FIG. 3. �Color online� �a� Integrated PL intensity, �b� peak wavelength and
FWHM, and �c� emission spectra of sample B as a function of pump
intensity.
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modes of a microdisk as the cavity shape changes from cir-
cular to triangular. Shown at 3 dB intervals in Fig. 2 was the
calculated field intensity for one of such degenerate cavity
modes that partially preserves the �v reflection symmetry of
the prismlike cavity. The calculated Q factor of 1308 for a
759 nm size GaN cavity emitting at �=370 nm matched that
of the experimental data �Q=1275� as inferred from
Fig. 2�c�. The Q value can also be estimated from semiclas-
sical analysis by using Q=Q0�1− �� /n��n /���, where the
material dispersion �n /�� enhances the cavity Q factor near
the band edge.

A subtlety arising from our analysis was an occurrence
of a large free spectral range ��20 nm� between two con-
secutive cavity modes, as shown in Fig. 2. Here we note a
typical GaN gain spectrum under an excitation condition
comparable to that used in Figs. 2 and 3 covers a finite spec-
tral width from 355 to 370 nm.32 By designing the cavity
size to allow only the short wavelength cavity mode to over-
lap with the gain spectrum but exclude the long wavelength
counterpart, one can ensure the GaN emission to be resonant
with a single cavity mode. From semiclassical analysis one
can further relate the measured Q factor to an equivalent
facet reflectivity R of a triangular cavity according to
Q= �3� sin�2� /3�R3/4nd� / �	3��1−R3/2��.19 With an average
cavity size of 0.75 �m and a Q factor above 103 as those
shown in Fig. 2, our calculation indicated an equivalent facet
reflectivity exceeding 98% for samples B and C.

Further displayed in Fig. 3 were the changes in the char-
acteristics of emission spectra of sample B at various pump
intensities. We first noted a soft turn-on of the integrated PL
intensity in Fig. 3�a� and a slope change from linear to su-
perlinear as the pump intensity was increased from below to
above a threshold Ip of �2 MW/cm2. They correspond to
light emission from nanocrystals in the spontaneous and the
stimulated emission regimes,5 and are in agreement with the
calculated results for the GaN nanowire laser.10 Close exami-
nation of Fig. 3�b� revealed a slight spectral blueshift with
pump intensity. Similar phenomenon was also observed in
the emission spectra of CdSe quantum dot when coupled
with the optical modes of a microdisk cavity. This effect was
ascribed to a carrier induced change in the refractive index,
which modified the energy position of the cavity mode.33

Our data further elucidate a condition of laser wavelength
clamping and matching to a single cavity mode due to emis-
sion from saturated inversion, which is reminiscent of a text-
book example taught on single mode laser action.34 We also
noted there was a little variation in the narrow laser line-
width �FWHM�0.4 nm� at pump intensity up to Ip

=4 MW/cm2, whereas broadening of the laser mode oc-
curred at higher pump intensity. They suggest a sophisticated
phenomenon due to relaxation of phase fluctuations and
changes in the gain spectrum and complex refractive index at
higher carrier density.35

In summary, we have reported a method of using self-
assembled photomask and crystallographic PEC wet etching
to fabricate prismlike GaN laser cavities on c plane of sap-
phire substrates. TM-polarized, single mode stimulated emis-
sion near the band edge of GaN was observed on cavities
with a side length of �0.75 �m. These observations were
ascribed to the formation of a high-Q ��103� laser cavity

bounded by optically smooth �101̄0� or �112̄0� GaN facets as
a result of reaction-rate-limited PEC processing.
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