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We study by microphotoluminescence the optical properties of single zinc-blende GaN/AIN quan-
tum dots grown by droplet epitaxy. We show evidences of both excitonic and multiexcitonic
recombinations in individual quantum dots with radiative lifetimes shorter than 287 = 8 ps. Owing
to large band offsets and a large exciton binding energy, the excitonic recombinations of single
zinc-blende GalN/AIN quantum dots can be observed up to 300 K. © 2074 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4897993]

GaN quantum dots (QDs) have recently been under the
scope of a lot of attention as high-temperature solid state
emitters due to the demonstration of single photon emission
up to 200K in self-assembled wurtzite GaN QDs' and up to
300K in site-controlled wurtzite nanowire QDs.? Less mature
than their wurtzite counterparts, single self-assembled zinc-
blende (ZB) GaN QDs already show good prospects in terms
of high-temperature operation,” especially with the recent
demonstration of single photon emission up to 100K.> They
even present several advantages over self-assembled wurtzite
GaN QDs: shorter radiative lifetimes/larger oscillator
strengths*® as well as a reduced spectral diffusion* because
of the non-polar aspect of ZB GaN, and also a better photon
antibunching at low temperature.’

Most of the experimental studies carried out so far’ ™’
dealt with ZB GaN QDs fabricated by plasma-assisted mo-
lecular beam epitaxy in the frame of the Stranski-Krastanov
(SK) growth mode.” However as recently demonstrated, the
fabrication of ZB GaN QDs can also be obtained by droplet
epitaxy (DE).® This is a promising technique that allows for
a greater control of the QD density,® but the optical proper-
ties of excitonic complexes in single ZB GaN QDs grown by
DE are yet to be investigated.

In this letter, we study by microphotoluminescence
(4PL) the optical properties of single ZB GaN QDs obtained
by the DE growth mode. We investigate the radiative and
non-radiative recombination processes in single QDs as a
function of temperature, and we show that it is possible to
obtain the photoluminescence of a single QD at room-
temperature. We also show some evidence of biexciton
recombinations.

The sample is grown on a 3C-SiC pseudo-substrate by
plasma-assisted molecular beam epitaxy. A 30-nm ZB AIN
buffer layer is first deposited on the pseudo-substrate, and
self-assembled ZB GaN QDs are subsequently grown by the
DE technique.8 They are finally capped by a 30-nm ZB AIN
layer. We estimate the QD density to be in the low
10'%cm 2 range, as confirmed by atomic force microscopy
of uncapped samples. In order to limit the number of QDs
probed by the uPL setup, we then process sub-micrometer
mesas by electron-beam lithography of a spin-coated resist
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followed by Cl,/Ar ion-coupled plasma reactive ion etching
of the epilayer.

The sample is placed in a He-cooled cryostat at temper-
atures that can vary between 4K and 300K. The QDs are
excited non-resonantly in grazing incidence geometry by a
frequency-quadrupled continuous-wave (CW) laser emitting
at 266 nm. The pPL signal is collected by a microscope
objective (numerical aperture 0.4) aligned along the [001]
crystal direction. The QD pPL signal is spatially filtered by
a pinhole, dispersed on 300, 1200, or 2400 grooves/mm
gratings and collected by a nitrogen-cooled charge-coupled
device camera. The spectral resolution of the setup can be
as good as 0.1 meV in the considered spectral range. QD
decay measurements are carried out by time correlated sin-
gle photon counting, using the third harmonic of a Ti-Sa
laser emitting at 266 nm as the pulsed excitation source. The
time-resolution of the setup is 200 ps. In order to bypass the
spectrometer polarization response function, polarization
measurements are carried out using a half-wave plate fol-
lowed by a Glan-Taylor linear polarizer positioned after the
microscope objective.

The pPL spectrum of the QD ensemble observed on a
non-patterned area of the sample is centered at 3.7 eV with a
400 meV full width at half maximum (see dashed curve in
Fig. 1(a)). When probing sub-micrometer mesas, individual
UPL peaks can be observed between 3.5eV and 4.0eV. Most
of the lines exhibit a linear behavior as a function of excita-
tion power so that they are associated to excitonic recombi-
nations in individual QDs. Their time-resolved decays are
measured for 14 different single QDs and can be fitted with a
single exponential function (Fig. 1(b)). The fitting leads to
lifetimes at T =4K ranging from 225 =4 ps to 287 = 8 ps
(see open circles in the inset of Fig. 1(b)), and the average
lifetime is 260 =23 ps. The decay lifetimes present no
obvious energy dependence, most likely due to a distribution
of the QD aspect ratio. When the temperature is increased,
the lifetime exhibits a plateau up to S0K (see closed circles
in the inset of Fig. 1(b)), which is consistent with what one
would expect from radiative recombinations. Such short
radiative lifetimes are of the same order as SK ZB GaN
QDs* and confirm that we are dealing with non-polar GaN
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FIG. 1. (a) Normalized uPL spectra of single QDs from various mesas
excited at T=4K by a CW laser at 266 nm. The dashed line represents the
QD ensemble on a non-patterned area of the sample. (b) Typical time-
resolved pPL decay of a single QD emitting at 3.70eV and excited by a
266 nm pulsed laser at T =4 K. The black line represents the fitting to a sin-
gle exponential decay. The decay time is 264 = 2ps. The closed circles in
the inset represent the measured decay times of the same QD as a function
of temperature. The open circles represent the low-temperature decay times
for 14 single QDs as a function of emission energy. The 200 ps resolution
limit is represented by the dashed line.

QDs. From 75K, the decay lifetimes become even shorter
and very close to the setup resolution as temperature-
activated non-radiative recombination processes kick in.
Despite such non-radiative processes and the subsequent in-
tensity quenching, the photoluminescence of some single
QDs can be followed up to 300K (Fig. 2). This is a clear
improvement over the 205K limit observed for single SK
ZB GaN QDs.>* As the temperature increases, the single QD
emission energy redshifts along with the ZB GaN bandgap,
and due to phonon broadening the QD homogeneous line-
width increases from 3 meV at 4 K up to 28 meV at 300 K.
Despite their non-polar aspects, DE QDs are still sensi-
tive to their electrostatic environment. Due to the short time-
scale jittering, most of the QDs exhibit low-temperature
homogeneous linewidths of several meV (Fig. 3(a)), very
similar to SK QDs in the considered spectral range.* QDs
with homogeneous linewidths as narrow as 0.6=0.07 meV at
3.87eV can also be found, slightly larger than the narrowest
linewidth found in SK QDs.* At high excitation power, some
DE QDs present also significant long time-scale jittering
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FIG. 2. Normalized pPL spectra of two individual QDs measured in the
same mesa at various temperatures.

(Fig. 3(b)). In this work, we actually use the QD long time-
scale jittering at high excitation as an advantage to identify
peaks emerging from the same QD. This is typically the case
of peaks X and XX of Fig. 3(b), the emission energies which
exhibit a Pearson correlation coefficient close to 1 and are
totally uncorrelated to higher energy peaks emerging from
the same mesa (not shown here). The excitation power
dependence of X and XX integrated intensities (Fig. 4(a))
can be fitted by a function of the form «.P" with P being the
excitation power. The exponents n of X and XX are respec-
tively ny =0.89 and nyy = 1.99, close to linear and quadratic
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FIG. 3. (a) Homogeneous linewidth of various single QDs obtained at low
CW excitation power and low temperature (black circles). Pink squares rep-
resent the homogeneous linewidths of single SK ZB GaN QDs extracted
from Ref. 4 and completed. (b) Time-dependent spectrum of a single QD
excited at 4 x 10°W cm > highlighting its long time-scale spectral diffusion.
A spectrum is taken every 3s.
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FIG. 4. (a) uPL spectra of the single QD from Fig. 3(b) measured at various
CW excitation powers. The energies of X and XX peaks are respectively
3.561eV and 3.608 eV. The inset shows the Log-Log plot of the X and XX
integrated intensity as a function of excitation power. The dashed lines rep-

resent fitting curves of the form o.P". (b) Polarization measurements of the

same single QD excited at 4 x 10°W cm 2.

behaviors (inset of Fig. 4(a)). They may thus be associated to
the excitonic and biexcitonic recombinations of the same
QD. Polarization measurements of X and XX do not reveal
any fine-structure splitting that would allow us to unambigu-
ously attribute such peaks to neutral exciton and biexciton
peaks. However, X and XX are linearly copolarized, as
expected for exciton and biexciton peaks (Fig. 4(b)).
Although we expect the radiative lifetimes of X and XX to
be respectively ty and txxy = 1x/2, measured lifetimes with
no deconvolution give tx=270* 11ps and txx=215
*4ps. This is due to the vicinity of the 200ps time-
resolution limit. Attributing X and XX peaks to neutral exci-
ton and biexciton recombinations translates into a large neg-
ative biexciton binding energy E%, = —47meV. This is
typically the kind of energy found in large wurtzite GaN
QDs"?19 where the giant built-in electric field separates the
hole and electron wavefunctions, leading to an attractive
electron-hole Coulomb interaction C,;, that is smaller than
the hole-hole Cj;, and electron-electron C,, repulsive interac-
tions. However, in the studied non-polar ZB GaN QDs, the
reduced piezoelectric potential demonstrated by the short
radiative lifetimes allows for a good overlap between the
electron and hole wavefunctions,l !"and one would not expect
such a large negative biexciton binding energy. However,
negative biexciton energies can still be found in non-polar
QDs in the case of a small binding contribution of correlation
and exchange, as observed, e.g., in small InAs/GaAs QDs.'?
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It should also be noted that a similar negative biexciton bind-
ing energy (E§ = —36meV) has been recently found in
non-polar wurtzite-phase InGaN QDs despite a good electron
and hole wavefunction overlap.13 Alternatively, we might be
here dealing with charged excitons and biexcitons: although
the sample is not intentionally doped, residual O contamina-
tion form the nitrogen plasma source and the vicinity of the
SiC heterosubstrate interface leads to the presence of O, Si,
and C impurities that would favor the formation of charged
excitonic complexes.

To estimate the typical binding biexciton energy of DE
QDs, we perform 8-band k.p calculations of the electron
and hole ground state wavefunctions |y, (r)) and |,(r)) and
use the simple model E§X =2Ce — Cee — Cpy, where Cjj =
Wi ICIW () and € = =[dmagey |r; — 1] "
The QDs are modelled as lens-shaped ZB GaN/AIN QDs
with an aspect ratio varying between 0.05 and 0.5 and
heights varying between 0.75nm and 3.5 nm. The effect of
strain and piezoelectricity are included in the calculations
and the band structure parameters are extracted from Ref.
14. According to calculated data, large negative biexciton
binding energies (up to E%, = —36meV) can only be
obtained for the smallest QDs emitting beyond 4 eV. Similar
calculations including the p shell QD energy levels allow us
to estimate the energy separation between charged exciton
and biexciton complexes. The positively or negatively
charged exciton and biexciton complexes can be separated
by negative energies close to our experimental value of
—47 meV, but again such values are only obtained for small
QDs emitting beyond 4 eV. This is at odds with our experi-
mental results and shows that more advanced measurements
such as magnetophotoluminescence spectroscopy'” or a
more accurate model using, e.g., configuration interaction'®
would be needed to get further insight into that matter and
determine whether we are here dealing with neutral or
charged exciton and biexciton complexes.

In summary, we have shown that DE ZB GaN QDs are
very similar to their SK counterparts with fast radiative
recombination lifetimes and narrow spectral linewidths
down to 0.6+0.07 meV. They even show better prospects for
high-temperature single photon emission as single QD
microphotoluminescence has been observed up to room-
temperature and the low QD density limits the background
contamination that hinders the performance of their SK
counterparts.” Although further theoretical investigations
need to be carried out on ZB GaN QD biexcitons, if con-
firmed, the large biexciton binding energy measured in this
letter would also be a significant advantage for single photon
emission: it would limit the contamination from the biexci-
ton peak that has been shown to limit high-temperature g*(0)
values, e.g., in self-assembled wurtzite GaN QDs.l
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