
Single Photons from a Hot Solid-State Emitter at 350 K
Mark J. Holmes,*,† Satoshi Kako,‡ Kihyun Choi,† Munetaka Arita,† and Yasuhiko Arakawa*,†,‡

†Institute for Nano Quantum Information Electronics and ‡Institute of Industrial Science, The University of Tokyo, 4-6-1 Komaba,
Meguro-ku, Tokyo 153-8505, Japan

ABSTRACT: Sources of single photons are of central importance for the
realization of several quantum information technologies including tele-
portation, cryptography, true random number generation, metrology, and
some varieties of quantum computing. In principle the generation of single
photons can be achieved via an optical transition in a quantum two-level
system sufficiently separated from its environment. Solid-state semi-
conductor quantum dots are convenient structures that can provide such
two-level systems, with engineered and tunable transition energies, but
cryogenic temperatures are required in the vast majority of experiments in
order to facilitate both carrier confinement and spectral isolation. The large-
scale on-chip integration of such devices, however, due to inherent system heating, will require individual elements that can
operate at temperatures in excess of room temperature. Here we report single-photon emission from an isolated state in a
position-controlled GaN nanowire quantum dot at an unprecedented ambient temperature of 350 K (170 °F, 77 °C).
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Much progress has been made toward the isolation of
individual quantum states (and the transitions between

them) for both fundamental research into the quantum nature
of reality and the realization and development of future
quantum technologies.1 One example is the single-photon
emitter, which, being able to emit individual quanta of light on
demand and at the same time possibly act as an interface
between flying and stationary qubits, holds the potential to be
the workhorse for a number of emerging quantum
technologies. Practically, several architectures have been used
to realize isolated single-photon emission including atoms/
ions,2 molecules,3 crystal defects,4−6 and both colloidal7 and
epitaxially grown quantum dots8 (QDs). Of these, epitaxially
grown quantum dots9 are of particular interest due largely to
their solid-state nature, which, in addition to the possible
engineering of the QD electronic states, allows the prospect of
site-controlled growth and integration into other nanostruc-
tures and nanocavities for the enhancement/modification of
their emission properties.10−12

While scientific curiosity compels us to push materials to
their limits and investigate single-quantum structures at
extreme temperatures, it is also technologically desirable to
have sources of single photons that operate at high temperature
to overcome the need for costly and cumbersome cryogenic
cooling, a feat made difficult for solid-state QDs due to
phonon-induced emission broadening, which usually leads to
the overlap of states and therefore an inherent spectral
contamination. To date, there have been no reports of the
successful observation of isolated states or indeed of single-
photon emission at temperatures beyond room temperature
from quantum dots7,13−16 or any other type of structure, be
they engineered or naturally occurring. Isolated single-photon
emission at temperatures above 70 °C could in theory be used

in computer processing units, data centers, and other
environments susceptible to temperature fluctuations.
The realization and observation of such a system is achieved

here using a small position-controlled GaN/Al0.8Ga0.2N nano-
wire quantum dot.17 The III-nitride material system is well
known for its widespread application in LED lighting, lasers,
and power electronics, but is chosen for this study due the large
degree of quantum confinement achievable in its quantum dots,
which makes them suitable for high-temperature single-photon
emission.15,16,18,19 The structures are fabricated by selective-
area metal organic chemical vapor deposition and consist of
GaN/Al0.8Ga0.2N core−shell-type nanowires with a GaN
quantum dot inclusion near the tips.15,17 The dots themselves
typically have a lateral dimension of ∼10 nm and a vertical
dimension of ∼1 nm, resulting in emission in the deep
ultraviolet at energies of 4.0−4.6 eV. Spatial isolation of a
single-quantum structure is achieved through absolute control
of the structure areal density during fabrication, in this case
down to levels as low as 2.5 × 105 cm−2 (∼3 orders of
magnitude lower than typical self-assembled QDs used for
optical studies and 5−6 orders of magnitude lower than dots
used as gain media in commercially available QD-based lasers).
A scanning electron microscope image of a single structure,
along with an optical microscope image, is shown in Figure 1a.
The optical properties of individual nanowire QDs were

investigated using microphotoluminescence spectroscopy under
excitation with an ultrafast femtosecond pulsed laser as
described in the Methods section. The excitation photon
energy of 5 eV (λ = 247 nm) is lower than the band gap of the
barrier material, leading to carrier injection into the dot via
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continuum states.20,21 This excitation energy was chosen, as it
was found to provide a slightly more efficient pumping of the
dot and therefore a better signal to background ratio at higher
temperatures. The emission spectrum of a structure heated to
an ambient temperature of 350 K is shown in Figure 1b,
exhibiting a clear peak centered at ∼4.25 eV with a full width at
half-maximum of 33 ± 1.7 meV. This line width is induced by
interactions between the dot-bound exciton and lattice
vibrations, a coupling that is relatively large in these structures
due to both the comparatively small QD size22 and a non-
negligible piezoelectric coupling mechanism in QDs made from
materials such as GaN, which exhibit a non-centrosymmetric
crystal structure.23 Although 33 meV may seem fairly broad for
a single quantum dot (the room-temperature inhomogeneous
broadening of ensembles of infrared emitting QDs can reach <20
meV24), it is about an order of magnitude narrower than the
typical room-temperature line widths of diamond-based
nitrogen vacancy centers4 and defects in SiC5 and is
comparable to the line widths of other single-photon-emitting
diamond impurities.6

Under increasing excitation power a lower energy shoulder
peak becomes apparentseparated from the main emission by
approximately 40 meVand begins to increasingly impose
itself on the emission spectrum (see the figure inset). This is in
good agreement with state of the art theoretical25 and
experimental studies,26,27 which lead to the prediction of a
biexciton state with a binding energy of 30−50 meV for a GaN
quantum dot of such size and emission energy. Indeed, the
integrated intensity of the peaks (also shown in the figure inset)
exhibits a clear linear and quadratic excitation power depend-
ence, evidence that their origins are excitonic (|X⟩ → |0⟩) and
biexctionic (|XX⟩ → |X⟩) transitions of the position-controlled
quantum dot, respectively.18 Nevertheless, despite the high-
temperature thermal broadening of the emission, it is clear from
the figure that a combination of low excitation power and
appropriate spectral filtering can be used for the isolation of a
single emission peak.
Confirmation of the single-photon nature of the emission

was achieved via measurement of the intensity autocorrelation,
which is proportional to the second-order coherence at time
delay τ,
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where I is the emission intensity (see Figure 2). During this
measurement the emission shown in Figure 1 was filtered using

the exit slit of the spectrometer set to the peak center and with
a bandwidth of 36 meV. The photon statistics exhibit a strong
antibunching through the suppression of coincidence counts at
time delay τ = 0, immediately revealing the nonclassical nature
of the emission. Indeed, the value of the second-order
coherence of the peak at zero time delay, g(2)[0], is measured
to be 0.34 ± 0.14below the threshold of 0.5 required to
verify single photon emission28therefore confirming the
presence of a single-quantum emitter even at such high
temperatures (the experimental error is given by the standard
deviation of the intensities in the side peaks of the
autocorrelation histogram). The residual g(2)[0] value is due
to unfiltered spectral background contamination, analysis of
which permits the calculation of a corrected g(2)[0] value of
∼0.06, which is zero to within the experimental error. In truth,
such analysis merely provides an indication that the measured
transition in itself is, to the best of our knowledge, acting as a
pure source of single photons. It is the g(2)[0] value of 0.34
from the experiment that provides the most important
information on the extent to which the single transition is
measurable (in this case corresponding to ∼84% of the total
collected signal).
Additional properties of the main emission line were

measured as a function of temperature as shown in Figure 3.
Emission is observable at temperatures up to 400 K, albeit with
a significantly reduced intensity. As the temperature is raised,
the emission exhibits the usually observed monotonic shift to

Figure 1. (a) Scanning electron microscope image of a single position-controlled nanowire. The inset shows an optical microscope image taken from
directly above the sample using the experimental setup, revealing the spatial isolation of a single structure and position markers. The position
markers (also formed during growth) are used for the easy optical registration of the nanowire, which is more difficult to observe due to its
submicrometer diameter. (b) Emission spectrum from a single structure measured at 350 K. The emission line width is 33 meV. The figure insets
show the increase of the side emission peak as the excitation power is increased and a logarithmic plot of the power dependences of the integrated
intensities of the two peaks, revealing their linear and quadratic natures, respectively.

Figure 2. Autocorrelation histogram measured at 350 K. The
suppression of coincidence counts at time delay τ = 0 reveals a clear
antibunching in the photon statistics, and the measured g(2)[0] value of
0.34 ± 0.14 verifies the presence of a single-quantum emitter.
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lower energy, and the intensity begins to drop rapidly at
temperatures above 250 K. No signal is detectable at 425 K,
possibly revealing an operational limit for such site-controlled
GaN nanowire QDs. Although it is likely that carrier escape is
the main cause for the reduction in intensity, the exact
mechanism remains uncertain at present. The rapid decrease in
intensity renders higher temperature autocorrelation measure-
ments unfeasible with current detector technology. As
discussed earlier, the strong acoustic phonon interactions in
III-nitride QDs lead to significant line broadening. The spectra
shown in Figure 3 reveal the emergence and eventual
dominance of phonon wings in the emission line, with a
corresponding linear increase in emission line width at a rate of
∼0.19 meV K−1. Previous studies into such phonon-wing
broadening in III-As29 and CdTe/ZnTe30 QDs over smaller
temperature ranges report broadening rates of 0.02 and ∼0.06
meV K−1, respectively, highlighting the extent of the line
broadening in the current material system.
The fact that such semiconductor nanostructures can support

isolated transitions and hence be used as sources of single
photons under such extreme ambient conditions provides a
possible key to unlock a variety of solid-state quantum
technologies at high temperatures. Although the current
example involves emission in the ultraviolet, it is particularly
noteworthy that, in addition to conventional high-power
lighting applications, the III-nitride material system can in
principle be used for quantum light emission across a broad
wavelength range from the deep ultraviolet to the near-
infrared.16,31,32

■ METHODS

Sample Preparation. Sample growth was performed using
selective-area metal organic chemical vapor deposition
(MOCVD) at a pressure of 76 Torr in a horizontal quartz
reactor using trimethylgallium, trimethylaluminum, and amonia
as precursors. The substrate used for growth consisted of a 25
nm thick low-temperature AlN layer grown on sapphire. A 25
nm SiO2 layer was deposited, into which arrays of 25 nm
diameter apertures were opened using standard electron beam
lithography and reactive ion etching. The apertures act as site-
controlled centers for nanowire growth, and control over the
aperture separation determines the locations of the grown
structures (the apertures were separated by 20 μm to ensure
spatial QD isolation for the optical experiments). GaN
nanowires were then grown (∼100 nm diameter, ∼1 μm in
length) before being capped with Al0.8Ga0.2N. Next a short
growth period resulted in the formation of a GaN QD at the

nanowire apex, which was then once again capped with
Al0.8Ga0.2N. Additional growth information can be found in ref
17.

Optical Experiments. Optical experiments were performed
using conventional microphotoluminescence spectroscopy. The
sample was held in a cryostat complete with a temperature
controller such that the temperature could be varied and held
stable from 4 to 500 K. A frequency-tripled femtosecond-pulse
tunable Ti:Al2O3 laser at ∼247 nm (200 fs pulses at 80 MHz)
focused obliquely onto the sample at ∼60° to normal was used
for optical excitation, and the emission from individual
structures was collected using a piezo-mounted 50× magnifi-
cation objective lens with a numerical aperture of 0.4. The laser
wavelength corresponds to an energy of ∼5 eV, which is less
than the band gap of the Al0.8Ga0.2N barrier material (∼5.6 eV).
Excitation of carriers into the dot thus occurs via the continuum
states that arise due to the 0D−2D transition from dot to
wetting layer. Even though the structures are spatially isolated
by design, a confocal spatial filter (pinhole) was used to further
cut out any stray background emission from neighboring
structures and alignment markers. The emission was analyzed
using a 300 mm spectrometer equipped with a liquid-nitrogen-
cooled charge coupled device (CCD) camera and a 1200 mm−1

reflection grating. Autocorrelation was performed using a
Hanbury-Brown & Twiss setup consisting of two photo-
multiplier tubes (PMTs) especially designed for use in the
ultraviolet, a 50/50 beamsplitter, and timing electronics to
register coincidence counts. The exit slit of the spectrometer
was used as a spectral filter with tunable bandwidth in order to
filter the emission before measurement. The correction of the
g(2)[0] value was performed as

ρ− = −g g( [0] 1) ( [0] 1)meas
(2) 2

corr
(2)

(2)

where ρ, corresponding to the ratio between the signal from the
QD emission and the total measured light within the spectral
window, is estimated to be ∼0.84 for the spectrum shown in
Figure 1.
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M.; Gulde, S.; Fal̈t, S.; Hu, E. L.; Imamoglu, A. Quantum nature of a
strongly coupled single quantum dot−cavity system. Nature 2007, 445,
896−899.
(12) Nomura, M.; Kumagai, N.; Iwamoto, S.; Ota, Y.; Arakawa, Y.
Laser oscillation in a strongly coupled single-quantum-dot-nanocavity
system. Nat. Phys. 2010, 6, 279−283.
(13) Fedorych, O.; Kruse, C.; Ruban, A.; Hommel, D.; Bacher, G.;
Kummell, T. Room temperature single photon emission from an
epitaxially grown quantum dot. Appl. Phys. Lett. 2012, 100, 061114.
(14) Bounouar, S.; Elouneg-Jamroz, M.; Hertog, M. d.; Morchutt, C.;
Bellet-Amalric, E.; Andre, R.; Bougerol, C.; Genuist, Y.; Poizat, J. P.;
Tatarenko, S.; Kheng, K. Ultrafast room temperature single-photon
source from nanowire-quantum dots. Nano Lett. 2012, 12, 2977−2981.
(15) Holmes, M. J.; Choi, K.; Kako, S.; Arita, M.; Arakawa, Y. Room-
temperature triggered single photon emission from a III-nitride site-
controlled nanowire quantum dot. Nano Lett. 2014, 14, 982−986.
(16) Deshpande, S.; Frost, T.; Hazari, A.; Bhattacharya, P. Electrically
pumped single-photon emission at room temperature from a single
InGaN/GaN quantum dot. Appl. Phys. Lett. 2014, 105, 141109.

(17) Choi, K.; Arita, M.; Kako, S.; Arakawa, Y. Site-controlled growth
of single GaN quantum dots in nanowires by MOCVD. J. Cryst.
Growth 2013, 370, 328−331.
(18) Kako, S.; Santori, C.; Hoshino, K.; Götzinger, S.; Yamamoto, Y.;
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