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Characteristics of GaN-based photonic crystal surface emitting lasers �PCSELs� were investigated
and analyzed. The GaN-based PCSEL emits a blue wavelength at 401.8 nm with a linewidth of
1.6 Å and shows a threshold energy density about 2.7 mJ /cm2 under the optical pumping at room
temperature. The lasing wavelength emitted from PCSELs with different lattice constants occurs at
the calculated band edges showing different polarization angles due to the light diffracted in specific
directions, corresponding exactly to �, K, and M directions in the K-space. Furthermore, the PCSEL
also shows a spontaneous emission coupling efficiency � of about 5�10−3 and a characteristic
temperature of 148 K. © 2008 American Institute of Physics. �DOI: 10.1063/1.2986527�

The multidirectional distributed feedback effect near the
band edges in two-dimensional �2D� PC �PC� structures can
create a surface emitting laser.1,2 This kind of PC surface
emitting lasers �PCSELs� could be considered as a candidate
for perfect single mode emission over a large area, high out-
put power, and surface emission with narrow divergence
angle.3,4 These PCSEL structures are usually composed of a
perfect PC lattice and the laser action would happen in those
band edge points in the photonic band diagram by satisfying
the Bragg condition. The surface emission would occur when
the vertical diffraction conditions are satisfied. The PCSELs
have been demonstrated by many groups using material sys-
tems such as InP, organic, and GaN.5–8 However, some de-
tailed properties of PCSELs such as emission modes, polar-
ization, characteristic temperature, and spontaneous coupling
efficiency have not been reported yet. Recently, we have
demonstrated the room temperature lasing action of GaN-
based PCSEL structures with bottom AlN/GaN distributed
Bragg reflectors.8 In this letter, we will report the character-
istics of GaN-based PCSELs and demonstrate the specific
lasing characteristics at the following different band edges:
�, K, and M points calculated by using the plane-wave ex-
pansion method. The lasing modes corresponding to the dif-
ferent points of Brillouin-zone boundary can be confirmed
by the polarization directions of the laser emissions.

The GaN-based PCSEL structure was grown by vertical-
type metal-organic chemical vapor deposition system. The
full epitaxial structure consists of a sapphire substrate, a 35-
pairs GaN/AlN bottom DBR, a 560-nm-thick n-type GaN
cladding layer, a ten-pair In0.2Ga0.8N multiquantum well
�MQW�, and a 200-nm-thick p-type GaN cladding layer. The
growth details were reported elsewhere.9 Then, the as-grown
sample was deposited with a Si3N4 layer of 200 nm followed
by a Polymethylmethacrylate �PMMA� layer of 150 nm. The
hexagonal PC patterns were fabricated on the PMMA layer
by e-beam lithography and the sample was etched down
about 400 nm deep over the MQW layer by dry etching. The
hexagonal PC patterns with the lattice constant a ranging
from 175 to 265 nm were defined; and the different circular
hole diameter r over a ratios were obtained. The whole PC
pattern was of a circular shape with a diameter of 50 �m.

Finally, the Si3N4 and PMMA layers were removed by ac-
etone and buffered oxides etch solutions.

The schematic diagram of the overall PCSEL structure is
shown in Fig. 1�a�. The scanning electron microscopy �SEM�
images show the cross section and plane view of the PC
structures in Fig. 1�b�. The emission spectrum of the GaN-
based PC surface emission structure was measured using a
microscopy system �WITec, alpha snom�. The optical pump-
ing was performed by a Nd:YVO4 355 nm pulsed laser with
a pulse width of �0.5 ns at a repetition rate of 1 kHz. The
pumping laser beam, with a spot size of 50 �m, was nor-
mally incident onto the sample surface and covered the
whole PC pattern area. A 15� objective lens with a numeri-
cal aperture of 0.32 was placed normally to the sample to
collect the light emission from the top of the PC pattern. The
light was then collected through a fiber with a 600 �m core,
and coupled into a spectrometer with a charge coupled de-
vice. The spectral resolution is about 0.1 nm for spectral
output measurement. The GaN-based PCSELs were placed
in a cryogenics controlled chamber for obtaining the charac-
teristic temperature. The temperature of the chamber can be
controlled from room temperature 300 down to 100 K using
the liquid nitrogen.

Figure 2�a� shows the laser intensity as a function of the
pumping energy at room temperature condition from the

a�Electronic mail: timtclu@mail.nctu.edu.tw.

FIG. 1. �Color online� �a� Schematic layer structure of GaN-based PCSELs
with a bottom AlN/GaN distributed Bragg reflector. �b� Up: top view and
bottom: cross section. SEM images of the PC structures with hexagonal
lattices and circle unit cells.
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sample with PC lattice constant of 234 nm. The clear evi-
dence of threshold condition occurred at the pumping energy
�Eth� of 165 nJ corresponding to an energy density of
2.7 mJ /cm2 and the output laser intensity from the sample
increased linearly with the pumping energy level beyond the
threshold energy. Only one dominated wavelength at 401.8
nm with a linewidth of 1.6 Å was measured, as shown in the
inset of Fig. 2�a�. Different lasing frequencies were measured
from different PC lattice structures. The normalized frequen-
cies as a function of r /a ratio were plotted as square points
in Fig. 2�b�. On the other hand, we apply the plane-wave
expansion method in two dimensions with an effective index
model considering the effects of the partial modal overlap of
electromagnetic fields with the PC structures to calculate the
band diagram of the hexagonal PC patterns in this structure.8

The solid �black�, dot �red�, and dash �green� lines are the
calculated band edge frequencies at the �, K, and M
Brillouin-zone boundaries as a function of r /a ratio, which
were in accordance with the measured results.

The measured polarization curves for different band
edge lasers grouped into ��red-circle points and solid line�,
K�green-triangle points and dot line�, and M�blue-square
points and dash line� boundaries calculated by the plane-
wave expansion method are shown in Fig. 3�a� and the de-
gree of polarization from the emission defined as �Imax

− Imin� / �Imax+ Imin� was somehow around 50%. The polariza-
tion angles from the emissions of devices with different nor-
malized frequencies grouped into �, K or M band edge lasers
were different. Since the PC lattices provide the optical feed-

back, which is the origin of the band edge laser operation,
the direction and the polarization of the laser light will
strictly follow the PC lattice vectors. The symmetric feed-
back directions provided by the 2D lattice vectors could re-
sult in a relatively low degree of polarization if the measure-
ment of the polarization is from the top of the device.10 As a
result, it should be rather difficult to distinguish the specific
polarization directions in PCSELs when they are categorized
as �, K, or M band edge lasers. However, the feedback
beams could not be equally diffracted by PC lattices prob-
ably due to some disorders or imperfections in the structure.
This will result in some beams diffracted in specific direc-
tions having higher intensity. The ideally symmetric polar-
ization directions will also be broken. The main polarization
directions and the main diffracted laser beams, which are
normal to the main polarization directions, can be drawn in a
K-space map corresponding to our hexagonal PC lattice, as
shown in Fig. 3�b�. These main diffracted laser beams,
shown as dash lines in Fig. 3�b�, point exactly to the
��solid-red line�, K�dot-green line�, and M�dash-blue line�
boundaries. The distinct polarization directions provide solid
evidence that the lasing actions of our PC laser originate
from different band edges.

To understand the spontaneous coupling factor � of the
GaN-based PCSELs, we further replotted the laser emission
intensity versed pumping energy from Fig. 2�a� in logarith-
mic scale, as shown in Fig. 4�a�, and then calculated the
difference between the heights of the emission intensities
before and after the threshold, corresponding roughly to the
value of �. The � value of our PCSEL was estimated to be
about 5�10−3. Interestingly, this value is smaller than the
GaN-based vertical cavity surface emitting lasers.11 How-

FIG. 2. �Color online� �a� Laser emission intensity as a function of the
pumping energy at room temperature condition for the GaN-based PCSEL.
The inset shows only one dominant mode appearing in the lasing spectrum.
�b� Normalized frequency vs r /a ratios. The solid �black�, dot �red�, and
dash �green� lines represent the simulation results of �, K, and M lasing
groups by PWE method. The square points, inserted in the diagram, present
the experiment results mapped and compared with the simulation results.

FIG. 3. �Color online� �a� The measured polarization curves for different
band edge lasers grouped into � �red-circle points and solid line�, K �green-
triangle points and dot line�, and M �blue-square points and dash line�
boundaries calculated by the plane-wave expansion method. �b� The main
polarization directions obtained in �a� and their corresponding diffracted
laser beams, which are normal to the polarization directions in a K-space
map corresponding to our hexagonal PC lattice.
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ever, the � factor is still larger than the typical edge emitting
lasers �normally about 10−5� indicating the enhancement in
the spontaneous emission into a lasing mode by the high
quality factor in GaN-based PCSELs. Figure 4�b� shows the
seminatural-logarithm plots of the dependence of the thresh-
old pumping energy �In�Eth�� on the operation temperature
�To�. The threshold energy gradually increased as the opera-
tion rose from 100 to 300 K. The relationship between the
threshold energy and the operation temperature could be
characterized by the equation: Eth=Eo�eT/To, where To is the
characteristic temperature and Eo is a constant. Therefore, we
obtain a characteristic temperature of about 148 K by linear
fitting of the experiment data, which is close to the value
reported for GaN-based edge emitting lasers.12

The performance and characteristics of GaN-based PC-
SELs were investigated and analyzed. The laser has a thresh-
old pumping energy density of about 2.7 mJ /cm2 with PC
lattice constant of 234 nm and emits one dominant wave-
length of 401.8 nm with a linewidth of about 1.6 Å under
the optical pumping at room temperature. The lasing wave-
length emitted from GaN-based PCSELs with different lat-
tice constants occurs at the calculated band edges showing
different polarization angles indicated different lasing modes
corresponding to �, K, and M Brillouin-zone boundaries. We
further measured the spontaneous coupling factor to be about
5�10−3 and the characteristic temperature of 148 K.
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threshold pumping energy �Eth�.
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