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Visible resonant modes in GaN-based photonic crystal membrane cavities
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Photonic crystal membrane cavities play a key role as building blocks in the realization of several
applications, including quantum information and photonic circuits. Thus far, there has been no work
on defect cavities with active layers emitting in the UV to green range of the spectrum based on the
�Al,In,Ga�N material system. While this material system has great potential for a new generation of
optoelectronic devices, there are several obstacles for the fabrication of GaN-based membrane
cavities, including the absence of a conventional selective chemical wet etch. Here, we demonstrate
the first fabrication of fully undercut GaN photonic crystal membranes containing an InGaN
multiquantum well layer, fabricated using band-gap-selective photoelectrochemical etching. A
postfabrication coating of Ta2O5 is used to tune the cavity modes into resonance with the quantum
well emission, and the fabricated membranes exhibit resonant modes with Q=300. © 2006
American Institute of Physics. �DOI: 10.1063/1.2166680�
Recent work on photonic crystal resonators has demon-
strated the potential of these structures to achieve optical
modes with high Q values within small modal volumes,1–3

allowing the observation of phenomena such as the Purcell
effect,4 strong coupling,5 and low-threshold lasing.6,7 Al-
though InGaN/GaN devices might serve as important new
sources, there have been no reports of photonic crystal reso-
nators in this material system so far. However, photonic crys-
tals in GaN devices have been used for light extraction.8–12

In this letter, we present the fabrication of GaN-based
photonic crystal membrane cavities and discuss resonant
modes observed in microphotoluminescence ��-PL�
spectroscopy.

The starting materials were grown by metalorganic
chemical vapor deposition �MOCVD� on a �0001� sapphire
substrate �Namiki Precision Jewel Co. Ltd.� on which a
�2 �m thick GaN template layer was deposited. First, a
five-period In0.04Ga0.96N/In0.07Ga0.93N �20 nm/20 nm� su-
perlattice was grown which served as a sacrificial layer for
subsequent photoelectrochemical �PEC� etching.13–16 A
20 nm Al0.2Ga0.8N layer was then grown, followed by 74 nm
GaN. A four-period InGaN/GaN multiquantum well �MQW�
�4 nm/8 nm� with an emission at �=502 nm served as the
active layer of the structure, and this was capped by a 14 nm
GaN layer. The complete structure is displayed in Fig. 1�a�.

The photonic crystal pattern was formed using electron-
beam lithography �EBL� in a 50 kV JEOL JBX-5DII�U�
EBL system. A plasma-enhanced CVD-grown SiO2 layer
�50 nm� served as a hard mask. ZEP520A �380 nm� was
used on top of the SiO2 as a resist. We fabricated an H2
defect by removing seven holes from the center of a triangu-
lar two-dimensional photonic crystal.17 The lattice constant
was kept fixed at a=200 nm, while the r /a ratio was varied
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between 0.275 and 0.375. The pattern was then transferred
into the SiO2 by reactive ion etching �RIE� in a CHF3 plasma
and subsequent RIE in a Cl2 plasma formed the pattern in the
GaN heterostructure. The etch depth was �300 nm to ensure
that the sacrificial layer was accessible to the electrolyte dur-
ing PEC etching. The sample was then prepared for PEC
etching. Circular mesas were defined around the photonic

FIG. 1. �a� MOCVD-grown layer structure. The thicknesses are target val-
ues. �b� Scanning electron micrograph of a H2 photonic crystal defect cav-
ity. The lattice constant is a=200 nm. Inset: Magnified detail view. Both

micrographs have been taken under 30° tilt angle.
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crystals using contact lithography-based RIE etching. The
formation of the membrane was carried out by a PEC pro-
cess which selectively removed the InGaN superlattice. The
process is similar to one described in the work by Haberer et
al.15,16 A Ti/Pt �15 nm/35 nm� electrode was formed around
the mesas to facilitate PEC etching which was carried out in
a dilute electrolyte �0.004M HCl aqueous solution� under
constant agitation. The sample was illuminated using a
1000 W Xe lamp, and light with wavelengths shorter than
365 nm was filtered out using an unintentionally doped GaN
filter to prevent etching of the GaN/AlGaN layers. Lateral
etch rates were around 30 nm/min. The finished device is
displayed in Fig. 1�b�. As can be seen, the membrane was
well defined and had a total thickness of approximately
90 nm. This is thinner than the 156 nm anticipated from the
material design, and has an impact on the photonic confine-
ment. The deviation of the actual from the designed thick-
ness may result from growth rate variations, or slight
overetching of the membrane during the PEC process. Ac-
cordingly, we deposited 70 nm of Ta2O5 �n=2.1� on the de-
vices to compensate the thin membrane thickness and to en-
sure a large enough photonic bandgap. The devices were
characterized by room temperature microphotoluminescence
measurements in confocal geometry. A cw-HeCd laser ��
=325 nm, P=7 mW� was used for excitation. Laser light
was focused and the photoluminescence signal was collected
using a refractive UV compatible microscope objective �80
�, numerical aperture=0.55�. A spot diameter around d
=3 �m was achieved. The spectra were taken using a
Czerny-Turner monochromator �f =0.55 m, 1200 mm−1 grat-
ing� and a CCD camera.

The spectra are displayed in Fig. 2. The emission of the

FIG. 2. Microphotoluminescence spectra taken at T=300 K. �a� Spectrum
of the MQW sample before device fabrication. �b� Spectrum of a device
showing confined modes.
MQW before fabrication is shown in Fig. 2�a�. As can be
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seen, the spectrum shows a broad full width at half-
maximum �FWHM� ���=24 nm� peak at �=502 nm. In Fig.
2�b�, we show a �-PL graph for a device where confined
modes could clearly be observed. At �=459.4 and 463.0 nm,
two narrow �FWHM ��=1.5 nm� spectral lines are ob-
served. These two lines completely dominate the background
quantum well emission at �=502 nm. The observed peaks
correspond to a quality factor of Q=� /��=300. As expected
for a confined mode, this mode could only be excited in a
small region of several 100 nm around the center of the de-
vice, and was spatially extremely sensitive. Although this is a
relatively modest value of Q, given the possible strain, de-
fects and other loss mechanisms in the material, we believe
that this is a very encouraging result.

To analyze the spectra, we performed three-dimensional
finite difference time domain simulations18 to determine the
spectral position of resonant modes in these devices. Our
findings are summarized in Fig. 3. We used a lattice constant
of a=200 nm and assumed a 70 nm layer of Ta2O5
�n=2.1� on top of a 90 nm layer of GaN �n=2.37�. For the
hole diameters, we have used r /a=0.35 for the GaN and
r /a=0.27 to adjust for slight reduction of hole diameter of
the Ta2O5 layer during e-beam deposition. The cross section
of the simulated structure is shown in the inset of Fig. 3. As
a source, we have used Hz magnetic dipoles. These dipoles
excite only TE-polarized modes. This is reasonable, since for
the studied range of r /a the device does not support a band
gap for TM modes. We assume that since the carriers in the
InGaN layers are confined in the well, they do possess a
significant in-plane dipole, which can couple to TE modes.

The most striking result is that, in spite of the relatively
low indices of the materials used, we find a large photonic
band gap, ranging from 450 to 540 nm ���=90 nm�. We
also find a number of well confined modes for this particular

FIG. 3. Three-dimensional calculation for the H2 defect in a GaN/Ta2O5

membrane.
defect cavity. Indeed, we see six spectral features, at 450,
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465, 476, 511, 530, and 534 nm. While the five modes at
lower energies are defect modes, the highest-energy mode at
450 nm is the photonic band-edge mode. For the four con-
fined modes, we also calculated the magnetic field compo-
nent Hz. The results are shown in the upper part of Fig. 3. We
are able to identify the hexapole, the quadrupole, the first-
order dipole, and the monopole mode. The mode at 465 nm
is most likely a second-order dipole mode. We conclude this
from the symmetry of the field distribution for this mode if
compared to the first-order dipole mode.

If we compare those results to our experimental findings,
we conclude that the strongly confined modes that we ob-
served at 460 nm are the second-order dipole mode. If we
were to observe the photonic band-edge mode in our experi-
ments rather than a confined defect mode, we should be able
to excite this mode in the entire photonic crystal. However,
we can only excite the confined mode in a submicron-sized
spatial region in the device center. As the energy for the
observed mode is rather high, it is reasonable to assume that
we observe a mode in the high-energy region of the band
gap. As we do see a degeneracy lifted mode, it is unlikely
that we observe a monopole mode where we would not ex-
pect a splitting in energy. Therefore, it is reasonable to as-
sume that the observed mode is indeed the second-order di-
pole mode from our simulations. The found deviation of
5 nm is in reasonable agreement within the limits of uncer-
tainties in determination of hole diameters, membrane thick-
ness, and to fabrication irregularities. These fabrication im-
perfections lift the double degeneracy of the second-order
dipole mode and it explains why we see a double-peak fea-
ture in our PL measurements rather than a single peak. The
question as to why we do not see the modes at lower energy
is not easy to answer. Indeed, the calculated mode distribu-
tion �Fig. 3� does not reflect the outcoupling strength of each
mode directly. Moreover, the specific device geometry will
influence which modes are prefered for coupling. One might
speculate if the less pronounced features experimentally
found at 482 and 505 nm arise from those other modes found
in the simulation.

In conclusion, we have fabricated fully undercut photo-
nic crystal membranes with defect cavities in GaN, incorpo-
rating an InGaN multiquantum well as an active layer. We
have shown that a layer of Ta2O5 can be used to compensate

for MOCVD layer thickness inhomogenities. The fabricated
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devices show confined modes with linewidths around ��
=1.5 nm �Q=300�. Comparison with simulations shows that
these structures support a wide photonic band gap and a
number of well confined modes. Further design and process
optimization should substantially improve the Q values, and
we expect those results to stimulate the progress on photonic
devices for the visible and ultraviolet spectral region
significantly.
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