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We report on lasing of non-polar GaN quantum dots
which are integrated into novel cubic AIN microdisks.
Optical spectroscopy of freestanding microdisks at low
temperature (~10 K) revealed distinct whispering gallery
modes with quality factors up to Q ~3000 in the high en-
ergy range around ~4 eV of microdisks with a diameter
of 4 um. Furthermore, we obtained S-shaped curves of

1 Introduction Optical microresonators based on
group Ill-nitrides have attracted large interest for light
sources in the ultraviolet spectral range. Microdisks are of
particular relevance as they offer low loss and high con-
fined whispering gallery modes (WGMSs) due to internal
total reflection at the disk boundary [1]. For this propose
promising applications are provided by microdisks in
quantum information technology like single photon
sources or low threshold cavity lasers [2,3]. Especially,
microdisks containing quantum dots (QDs) as active mate-
rial are suitable for low threshold-power and highly gained
lasers. Enhanced spontaneous emission of QDs coupling to
WGMs (Purcell Effect [4]), up to the point of laser emis-
sion, has already been observed in several semiconductor
materials [5,6]. Group II-nitrides microdisks containing
QDs are a promising candidate for ultraviolet light sources.

In wurtzite GaN QDs the Quantum Confined Stark Ef-
fect caused by internal piezoelectric and spontaneous po-
larization fields along the polar c-axis leads to spatially
separated electron and holes in confined states. These
built-in electric fields are causally related to radiative life-
times ranging from 100 ps up to several ps, which is the
main obstacle to achieve lasing in such microdisks [7]. To
avoid internal fields group Ill-nitrides can be grown in the
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the integral mode intensity, accompanied by a significant
linewidth narrowing in power dependent micro-
photoluminescence experiments. The spontaneous emis-
sion coupling factors were determined to § = 0.26 and
B = 0.58 with respect to the radial order of the resonator
modes.
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metastable cubic phase along the (001) direction on 3C-
SiC substrates [8,9]. Due to the absence of electric fields, a
two orders of magnitude lower recombination time of non-
polar cubic GaN (c-GaN) QDs compared to hexagonal
(h-GaN) QDs was observed [10,11]. Lasing emission of
microdisks containing bulk h-GaN and h-InGaN quantum
wells (QWs) as active material has already been demon-
strated [12,13].

In this paper we analyze the laser emission of non-
polar c-GaN QDs embedded in c-AIN microdisks under
pulsed optical excitation. Freestanding microdisks were
fabricated and optically characterized by power dependent
micro-photoluminescence (pu-PL) measurements at ~10 K.
Our experiments show an alternative approach to realize
ultraviolet light sources besides the already reported
h-GaN QD based microcavities (microdisks, Q-factor
~ 7000 [14] and photonic crystal cavities, Q-factor ~ 5000

[15]).

2 Experimental The samples were grown on 10 um
(001) 3C-SiC substrates on top of 500 pm Si by plasma as-
sisted molecular beam epitaxy. Initially a 30 nm c-AIN
barrier layer was deposited followed by a single c-GaN
QDs layer at 760 °C substrate temperature. The Stranski
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Krastanov growth mode was used to form self assembled
QDs. To cover the active QD layer, another 30 nm c-AIN
barrier layer was grown on top. Typical QDs densities of
similar uncapped samples are in the order of 10" cm™ as
determined by scanning atomic force microcopy (AFM)
measurements [16]. A detailed growth procedure of c-AIN
and c-GaN QDs was previously described in our earlier
work [17]. The microdisks were patterned by electron
beam lithography followed by two consecutive dry chemi-
cal etching steps [18].

We characterized the microdisks optically in a confocal
p-PL setup. The fourth harmonic of a Nd:YAG laser (Co-
herent Antares 76s) at 266 nm (4.66 eV) with a pulse
length of 60 ps was used for optical excitation. The laser
beam was therefore focused by a microscope objective
(NA = 0.4) to a ~1 pm diameter laser spot at the edge of
the microdisk. A subtractive 1 m monochromator (Spex
1704) with a spectral resolution of ~300 peV was used for
spectral separation. Due to the pumping energy of 4.66 eV
carrier excitation in the c-AIN barriers (direct bandgap
5.93 eV, indirect bandgap 5.3 eV) [19]) is negligible. Con-
sequently, the main absorption can be expected to take
place in the single QD layer. Using dielectric constants of
& =7 and & = 1.8 we calculated the absorption coefficient
t0 Qe gan(4 €V)=0.012 nm™' [20]. Taking into account a
height z for the QDs, the absorption can be derived by
1(z) = lyexp(—0._ganz). Assuming a homogenous spatial dis-
tribution and a height of z = 3 nm for the QDs, obtained
from AFM measurements [16] the absorbed power in the
active layer can be estimated to be only ~4 %. Additional
loss due to reflection at the sample surface can be calcu-
lated for perpendicular incidence to ~13 % using n,; = 1
and n.aiv=2.1 at 4eV [19,21]. All excitation powers
mentioned in this work were corrected values in the man-
ner described above.

3 Results and discussion In Fig. 1(a) a PL spec-
trum of a 4 um diameter microdisk at ~10 K is depicted.
The c-GaN QDs luminescence forms a Gaussian shaped
emission band around 3.62 ¢V, with a FWHM of 228 meV
[22]. QD emission resonant with WGMs is enhanced by
the Purcell factor and superimposes the PL spectrum by
several narrow peaks mainly on the high energy side. The
inset of Fig. 1 (a) shows a side view scanning electron mi-
croscopy image of a freestanding 4 um microdisk on a 3C-
SiC substrate post. There are some possible reasons for the
small number of WGMs: On the one hand scattering of
resonant modes at vertical striations at the disk sidewall
can inhibit the appearance of WGMSs [23]. On the other
hand a perfect microdisk has an in plane emission charac-
teristic and we collect therefore only a small fraction of the
emission, which is scattered out at these imperfections.
Furthermore the relative broad post underneath the free-
standing slab probably leads to absorption of circulating
waves.
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Figure 1 PL spectra in the range from 3.2 eV to 4.2 eV taken at
~10 K of a (a) 4 um microdisk and (b) of an unprocessed part of
the sample as reference. Insets: (a) Side view scanning electron
microscopy image of a 4 pm microdisk and (b) a schematic layer
structure of the unstructured sample. The high energy range of
the microdisk with striking WGMs is grey colored (a).

The PL spectrum of an unprocessed part of our sample is
shown in Fig. 1(b) for reference. An emission band of the
QD ensemble peaking at 3.63 eV with a similar FWHM of
212 meV dominates the PL spectrum. Fabry-Pérot layer
oscillations of the 10 um 3C-SiC substrate superimpose the
reference spectrum on the low energy side, but sharp
WGMs cannot be identified. Due to the QD density of 10"
cm” both ensemble emission bands in Fig 1 can be corre-
lated to the size distribution of the QDs [24].

In the following we evaluate the lasing characteristics
of particular WGMs. To achieve lasing, the excitation
power has to be increased until the threshold is reached
and stimulated emission occurs. In our PL measurements
we vary the optical excitation power from 3 kWem? to
631 kWem™. Figure 2 displays PL spectra of a 4 um mi-
crodisk on the high energy side (grey colored rectangle in
Fig. 1 (a)) in the range from 3.92 eV to 3.98 eV for 5 dif-
ferent excitation powers. The two highlighted lasing modes
at 3.930 eV (A) and at 3.952 eV (B) were analyzed in de-
tail. Weak intensities of the WGMs at low excitation pow-
ers indicate a linear increase of the mode intensity up to
~30 kWem™. A further increase of the excitation power up
to 631 kWem™ leads to dominant WGMs pointing to laser
operation.

The QD ensemble spectrum shows weak intensities on
the low and high energy side indicating a low QD density
emitting at these energies. We attribute the relatively low
intensities of the WGMs compared to that of the QD en-
semble to the small number of QDs which are emitting into
a lasing mode [25]. In our case the high energy modes are
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Figure 2 Power dependence of the PL spectra in the high energy
region. The excitation power was increased from 3 kWem? to
631 kWem™ as denoted for each spectrum. The analyzed lasing
modes A at 3.930 eV and B at 3.952 eV are highlighted in grey.

of particular interest for a microcavity laser based on single
QDs.

Figure 3 depicts theinput-output characteristic of
mode A at 3.930 eV and mode B at 3.952 eV. The inte-
grated mode intensities obtained from mode A and B are
plotted by filled circles in a double logarithmic scale as a
function of the excitation power. Dashed lines indicate the
offset between the spontaneous emission and the lasing re-
gime by low and high power asymptotes. The pB-factor de-
scribes the fraction of the spontaneous emission that cou-
ples into the lasing mode. Conventional lasers with
3 <<1 show a kink at the transition from low to high power
followed by a superlinear increase of the output intensity.
Semiconductor microcavity lasers with a small mode vol-
ume can reach B-factors close to 1 [6,26,27] resulting in a
smeared kink at threshold. We observe clearly S-shaped
threshold behaviors and smooth transitions from spontane-
ous to stimulated emission for both modes in Fig. 3. The
typical kink appears for mode A at a threshold of
~30 kWem™ and for mode B at ~ 10 kWem™. The small
offset between lasing and nonlasing suggests high 3 values
and results in efficient coupling between the QDs and the
cavity modes. We determined B-factors of 0.26 and 0.58
for mode A and B, respectively. WGMs of higher radial
orders lead to a weaker coupling between the QD emission
and the resonator modes, which usually results in smaller
B-factors (cf. mode A).

To verify the QD lasing in our microdisks we compare
the experimental results with a theoretical model for semi-
conductor microcavity lasers described in Ref. [27]. This
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Figure 3 Input-output characteristic of lasing mode A at
3.930 eV and mode B at 3.952 eV (integral mode intensity as a
function of the excitation power). The experimental results are
indicated by filled circles, the solid lines display fits according
Eq. (1). The dashed lines show the asymptotes to low and high
power operation.

analytical derivation based on rate equations expresses the
excitation intensity / as a function of the photon number p
for negligible nonradiative losses by

I(p)= W[”a+§)a+ﬂp>—fﬁp] (1)
Bll+p

Here y denotes the cavity decay rate, g the electron charge
and & the mean number of emitted photons in the cavity.
The best fit results for the experimental data were obtained
using y-factors of 19 (§ = 0.3) and 23 (§ = 0.1) for mode A
and B, respectively. Solid lines in Fig. 3 illustrate the fits
according to the theoretical model.

Figure 4 shows the modification of the linewidth of las-
ing mode A with increasing excitation power. The accu-
racy was estimated to be £0.3 meV. A typical narrowing
until the lasing threshold is reached followed by an in-
crease of the linewidth can be observed [6,26]. The mini-
mum achievable linewidth of a laser is known as the
Schawlow Townes linewidth [28]. We find at ~ 30 kWem™
a minimum FWHM of 1.3 meV resulting in a Q-factor of
~3000. Around the laser threshold, absorption losses of the
resonator are compensated by stimulated emission and op-
tical transparency is reached. After crossing the threshold
the linewidth increases up to 3.2 meV. We attribute this in-
crease of the linewidth to free carrier absorption at high
excitation powers [29].
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Figure 4 Linewidth of mode A at 3.930 eV as a function of the
optical pump power.

4 Conclusions We demonstrate lasing emission of non-
polar GaN QDs embedded in cubic AIN microdisks. One
layer of self-assembled Stranski-Krastanov QDs enclosed
in 30 nm cubic AIN barriers was grown by molecular beam
epitaxy. A 4 um diameter microdisk was investigated by
power dependent p-PL studies at low temperatures in view
of lasing emission. Typical S-shaped input-output charac-
teristics for small volume semiconductor microcavity la-
sers as well as a significant reduction of the emission lin-
ewidth revealed lasing emission of our microdisks. The
nonlinear increase of the emission intensity started at a
threshold of ~ 10 kWem™ accompanied with cavity modes
reaching Q-factors up to ~3000. The spontaneous emis-
sion coupling (B-factors) into a lasing mode were esti-
mated to = 0.26 and B = 0.58. Our results move the upper
bound for microdisk QD lasing to the ultraviolet spectral
range and offer strong potential of low-threshold power
microcavity lasers based on cubic AIN/GaN QDs.
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