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We report the realization and the optical study of nitride

photonic resonators dedicated to the blue and UV spectral

range. Microdisks and photonic crystal (PC) cavities are

investigated containing GaN/AlN quantum dots (QDs)

embedded in an AlN waveguide. The PC cavities are fabricated

through the conformal growth of nitrides on a patterned Si

substrate, and present delocalized and confined cavity modes in

their microphotoluminescence spectra, that are compared to

simulations. A large quality factor of 1800 is reached for a

modified L3 cavity. In the case of microdisks, which are

fabricated through a classical top-down approach, the series of

whispering gallery modes (WGMs) with large quality factors

(up to 7300) are observed and analysed.
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Scanning electron micrograph and microphotoluminescence

spectrum of a 2mm AlN microdisk embedding GaN QDs; the

WGMs appear as sharp peaks, with quality factors up to 5000.
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1 Introduction III-N materials have become the
dominant materials for UV to blue–green semiconductor
light sources. Besides these conventional light emitters,
group III-nitride (III-N) materials are also attracting
candidates for less conventional emitters and for new
applications (integration with electronics, lab-on-chip, array
of microsources. . .) [1–3]. In order to better control the
light emission in the UV spectral range, various optical
resonators are presently investigated, based on GaN or ZnO
nanostructures: Fabry–Perot modes in planar microcavities
and in nanowires [4–10], whispering gallery modes (WGMs)
in microwires [11] and microdisks [12–15], cavities in
photonic crystal (PC) membranes [16–19], as well as random
lasing in powders [20] and waveguides [21]. Realizing
photonic nanostructures with large quality factors in the
UV range is challenging due to the larger scattering losses
compared to similar structures in the visible and IR spectral
ranges. This is especially important in the case of PC cavities,
where the period of the PC is reduced to the order of 150 nm.
Up to now, the light emitters have been chosen according to
their large density of states for excitons (bulk GaN and
ZnO for near UV operation) or to the tunability of their
� 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 1 (online colour at: www.pss-b.com) (a) Schematic cross-
section of the freestanding PC membrane; (b) SEM images of two
cavities H1 (1 missing hole) and H2 modified (one missing hole
surrounded by six small holes).
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Figure 2 (online colour at: www.pss-b.com)mPLspectra of the H1
and modified H2 cavities (T¼ 300 K).
wavelength (InGaN/GaN quantum wells for blue operation).
For room temperature operation, nitride quantum dots (QDs)
are promising candidates due to their large radiative
efficiency, as shown recently for GaN/(Al,Ga)N QDs grown
on Si substrates [22–24]. The single dot emission of similar
QDs has been studied in samples with a more dilute QD
concentration, and spectral diffusion effects as well as a
strong polarization of the luminescence of each QD have
been evidenced [25, 26].

In this work, we study the optical properties of (Al,Ga)N
photonic resonators – PC membrane cavities as well as
microdisks – embedding GaN QDs. The QD concentration is
large, so that each photonic mode is coupled to an ensemble
of resonant QDs. In photonic cavities, we have identified the
delocalized slow modes of the PC as well as the confined
modes of the cavities. Their quality factors reach 1800. In the
case of microdisks, we have observed and modelled the
optical modes, with promising quality factors ranging from
1000 to 7300.

2 Photonic crystal nanocavities The realization of
AlN PC membranes is challenging due to the chemical
inertness of AlN. In order to circumvent the problem of AlN
etching, an original approach is proposed, that is based on the
conformal growth of AlN on a patterned Si substrate [27].
The photonic pattern is first defined by electron-beam
lithography and shallow etching on the Si (111) substrate.
The two dimensional conformal epitaxy of AlN on Si has
then been optimized [23, 24, 28] in order to reliably
reproduce the photonic pattern. The thickness of the AlN
layer (70 nm) is chosen to allow monomode guiding of the
light in the membrane. A freestanding membrane is finally
obtained by selective etching of the Si substrate. Figure 1
presents the sample structure and the top SEM images of
H1 and modified H2 cavities. The period of the crystal is
a¼ 170 nm and the radius of the holes is r¼ 50 nm, in order
to obtain a photonic band gap around l¼ 400 nm. The H1
cavity consists of a single missing hole in the PC pattern. In
the modified H2 cavity, this missing hole is surrounded by six
smaller holes (radius r� 15 nm), such that the confined mode
has a larger nominal quality factor.

A single plane of GaN/AlN QDs is embedded in the
middle of the AlN layer. They present an emission spectrum
centred at 3.2 eV, having a large linewidth due to the height
distribution of the QDs. Indeed the built-in electric fields in
such polar QDs imply a strong variation of the transition
energy when the height of the dots is varied [29].

The spectroscopy of the PC nanocavities is probed by
micro-photoluminescence (mPL) experiments. The sample
is excited at room temperature with a 266 nm CW laser
(Crylas/FQCW 266-50). The excitation power density is
about 100 W cm�2. The emission is analysed by a 55 cm
spectrometer with a liquid nitrogen-cooled CCD. Figure 2
presents the mPL spectra recorded for the H1 and modified
H2 cavities shown in the Fig. 1. The spectra consist of a 1 eV
broad peak, and few sharp peaks. The broad peak is similar to
the one measured on unprocessed parts of the sample, and
� 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
therefore reflects the photoluminescence of the embedded
QDs. Three of the sharp peaks (named SM1-3) are
observed for all PC cavities, whatever the shape of the
cavity defect. The spectrum of the modified H2 cavity
presents two additional peaks (named CM1 and CM2), that
are specific to each pattern and are a signature of perfectly
realized cavities.
www.pss-b.com
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Figure 3 Simulated band structure calculated by the plane wave
expansion method in (a) TE and (b) TM polarizations. A photonic
band gap is obtained in TE polarization, shown as a dashed area. The
slow modes at band extrema are also indicated, as well as the light
cone (dashed line).
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Figure 4 (online colour at: www.pss-b.com) (a) Scanning electron
micrograph of an L3 cavity with 20% displaced edge holes; (b)mPL
high-resolution spectrum of this cavity at room temperature; the
inset presents the enlarge spectrum of the fundamental mode CM1
with a Lorentzian fit.
The experimental results are compared to the band
dispersions calculated for a 2D PC without a cavity, as shown
in Fig. 3. The design of the crystal (i.e. the period a and the
ratio r/a) has been optimized to obtain the largest photonic
band gap (about 190 meV) centered around l¼ 400 nm in TE
polarization. Three band extrema are identified in Fig. 3(a),
whose energies are equal to 2.90, 3.09 and 3.28 eV. They
correspond to the energies of the three peaks observed for all
investigated cavities; those are therefore attributed to the
slow modes of the 2D PC (SM1-3), that are delocalized in
the whole PC area. The additional peaks CM1 and CM2
observed on the modified H2 cavity are between the energies
of the slow modes and are specific to each cavity. They are
attributed to cavity modes that are confined around the PC
defect. Their measured quality factors are equal to 350, and
are probably limited by the small size of the PC surrounding
the cavity and to their roughness.

In order to enhance the quality factor of the PC cavities,
the design of L3 cavities (3 in-line missing holes) has then
www.pss-b.com
been optimized by shifting the edge air holes with respect
to the initial lattice (Fig. 4(a)). This hole displacement
improves the confinement of the cavity mode inside the
dielectric material, as previously shown for silicon-based
PCs [30]. The AlN waveguide is here 100 nm thick and
embeds two planes of GaN QDs. As opposed to the previous
example, the conformal growth was performed in two
steps: a 15 nm thick AlN membrane was first deposited [27].
Underetching of silicon was then performed using a
HF/nitric acid/acetic acid solution. Following this underetch
step, a 85 nm thick AlN layer containing the QD planes
was then grown. This procedure allows to minimize the
occurence of vertical sidewalls under the membrane, that
might be present when growing a thick AlN membrane.

The mPL spectrum of a modified L3 cavity obtained by
this method is presented in the Fig. 4(b). Three modes are
observed between 2.91 and 3 eV. Their energies and
amplitudes depend on the value of the hole displacement,
for various cavities realized on the same sample, showing
that the modes are related to the cavity and not to slow
modes of the surrounding PC. The fundamental mode of
the cavity, at low energy, has an optimal contrast for a hole
displacement of 20%, and its quality factor reaches 1800.
This value is comparable to the state of the art for nitride PC
cavities [17]. The comparison between experimental spectra
and simulations by three-dimensional finite-difference in
� 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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(c) 2µm microdisk - high resolution spectrum
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time domain calculations (3D-FDTD) is presented in
Ref. [27]. The simulated quality factor for this cavity is
equal to 4800. The difference with the experimental value is
attributed to the roughness and imperfections of the AlN PC
membrane.

3 Microdisks As in the case of PC cavities, the
samples consist in a patterned AlN waveguide embedding
GaN/AlN QDs. The whole nitride structure is first grown on
the Si substrate. 4 QD planes are grown on a 35-nm-thick
AlN buffer layer, separated by 10-nm-thick AlN spacers.
They are then capped by a 35-nm-thick AlN layer, so that the
overall nitride waveguide is 110 nm thick. The microdisks
are then defined by electron-beam lithography, and etched
down to the Si substrate by reactive ion etching (Fig. 5(a))
[31]. The etching of the nitride layer is here more appropriate
than in the case of PC membranes since it is applied to large
areas. The post is finally realized by selective wet chemical
etching of the Si substrate. A scanning electron micrograph
of a 2mm microdisk is shown in the Fig. 5(b). Details on the
fabrication process are reported in [31].

The mPL spectra of two microdisks with different
diameters are presented in the Fig. 6. The WGMs emission
can be collected from the top if the light is scattered by
defects on the microdisk, or from the edge if the light tunnels
out of the microdisk. In our case, the mPL set-up is used for
excitation of a single microdisk, and the collection is
performed from the edge with a lens and a multi-mode
optical fibre, leading to a better contrast of the peaks
corresponding to the WGMs. As in the case of PC cavities,
the spectra are composed of a spectrally broad emission
corresponding to the embedded QDs, and a series of peaks
corresponding to WGMs. The high quality of the microdisks
and the low absorption of the QDs allow to observe periodic
series of sharp peaks, corresponding to WGMs with the same
radial order and a different azimuthal order, in contrast with
previous studies on nitride microdisks [12–15]. Figure 6(c)
presents a high-resolution spectrum (grating with 3600 line-
s mm�1, resolvance 20,000) of the 2mm microdisk. The
sharpest peaks have Q factors larger than 3000 and are
attributed to first order radial modes. Their emissions are
weaker than the ones of the second order radial modes, with
Figure 5 (onlinecolourat:www.pss-b.com) (a) Epitaxial structure
of the microdisk; (b) SEM image of a 2mm microdisk.

2.90 2.95 3.00 3.05 3.10 3.15 3.20
Energy (eV)

Figure 6 (online colour at: www.pss-b.com) Microphotolumines-
cencespectraofa5mm(a)anda2mm(b)microdiskatT¼ 300 K; the
insets present the Lorentzian fit of the peak with the highest quality
factor. (c) High resolution spectrum of the same 2mm microdisk,
with Lorentzian fits of first (red) and second (green) radial order
modes.

� 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
Q factors of the order of 1000. This is related to the larger
mode extension of the second order radial modes inside the
microdisk, and therefore the larger number of resonant
photoexcited QDs. The quality factors of 5mm microdisks
are larger than the ones observed for 2mm microdisks, and
www.pss-b.com
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Figure 7 (online colour at: www.pss-b.com) (a) Quality factor and
(b) FSR of the first and second radial order modes, measured for the
2mm microdisk corresponding to the Fig. 5(b). The FSRs calculated
for a 2.06mm microdisk are indicated as open circles and dashed
lines.
reach 7300 for the sharpest peaks (Fig. 6(a), inset). This is
presently the largest reported Q value for nitride photonic
resonators.

The analysis of the periodicity and the quality factor of
the modes is presented in the Fig. 7. Each peak is well
fitted with a Lorentzian lineshape, allowing a precise
determination of the quality factor. In order to confirm the
assignment of the peaks to first and second order radial
modes, the free spectral range (FSR) is compared with a
numerical model based first on the calculation of the guided
modes in a standard planar 1-D waveguide [32] and then
on solving the Maxwell equations across a boundary of
cylindrical symmetry [33]. The spectral dependence of the
effective refractive index is taken into account. Only TE
modes are considered, corresponding to the predominant
polarization of the observed WGMs. A very good agreement
is found for a microdisk diameter of 2.06mm.

The spectral dependence of the Q factors reflects the
processes limiting it. For first radial order modes, no strong
dependence is found below 3.05 eV, and the Q factors are of
the order of 3000 to 5000, well below the limit induced by the
tunneling out of a perfect microdisk (more than 104 for such
microdisks). It is therefore attributed to a slight contribution
of scattering processes at the surface or the periphery of the
microdisk, even though efforts have been done to limit their
roughness [31]. On the high-energy side of the spectrum, the
progressive decrease of theQ factor could reflect the onset of
the QD absorption. The increase of the Q factor of second
order modes is more intriguing. It has been recently shown
that it is due to the larger overlap of those modes with
the strongly absorbing Si post, which increases at longer
wavelengths [34].
www.pss-b.com
4 Conclusion We have demonstrated two approaches
for the realization of photonic resonators with large quality
factors in the blue and UV spectral range. They are based
on GaN/AlN QDs exhibiting high photoluminescence
efficiency at room temperature. PC cavities have been
developed by an original process based on the conformal
growth of nitrides on a patterned Si substrate. The
delocalized slow modes of the PC as well as the confined
modes of the cavities have been identified. For L3 cavities
with displaced edge holes, we have obtained a large quality
factor of 1800. The microdisks present even higher quality
factors, up to 7300. Their spectra are composed of series of
sharp peaks corresponding to mode families. This allows
modelling and analysing their FSR and quality factor, which
are related to their intrinsic properties.
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