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ABSTRACT: A device that is able to produce single photons is a
fundamental building block for a number of quantum technologies.
Significant progress has been made in engineering quantum emission in
the solid state, for instance, using semiconductor quantum dots as well
as defect sites in bulk and two-dimensional materials. Here we report
the discovery of a room-temperature quantum emitter embedded deep
within the band gap of aluminum nitride. Using spectral, polarization,
and photon-counting time-resolved measurements we demonstrate
bright (>105 counts s−1), pure (g(2)(0) < 0.2), and polarized room-
temperature quantum light emission from color centers in this
commercially important semiconductor.
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Recently, there has been renewed interest in the group III-
nitrides as platforms for quantum optics. In the past few years,
point-like single photon sources have been reported in
hexagonal boron nitride,1 gallium nitride (GaN),2−4 and,
very recently, aluminum nitride (AlN).5,6 By virtue of their
deep confinement energies, these color centers demonstrate
antibunching even at room temperature, adding to a select
group of solid state materials that host high-temperature
quantum emitters, such as diamond7−9 and silicon carbide
(SiC).10−12 The commercial applications of the nitrides means
there is considerable expertise in processing and the possibility
of epitaxial deposition of complex heterostructures, paving the
way to cavity enhancement and optoelectronic devices.
AlN is a semiconductor with a large band gap of 6.2 eV,

making it a promising platform for integrated quantum
photonic applications13−16 due to its transparency in the
visible spectrum, strong second-order nonlinearity,13 low-loss
high-speed opto-electric phase modulation,14 mature device
fabrication, and available high-purity substrates. In its wurtzite
phase, AlN has a hexagonal unit cell, shown in Figure 1a, that
lacks inversion-symmetry along the [0001] crystallographic
axis. This, along with the finite dipole moment associated with
the aluminum−nitrogen bond, leads to internal electric
polarization and piezoelectric effect along [0001]. Recently,
AlN has been predicted to host atomic-like defects with
optically addressable spin states,17−20 which would be ideal for
quantum technologies that require an interface between flying
photonic qubits and stationary trapped spin qubits. The
emitters we observe here have a narrow distribution in zero-
phonon line energy and a prominent phonon sideband.This
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Figure 1. Confocal mapping of point-like emitters in AlN. (a) Crystal
structure of aluminum nitride. The polar crystal axis [0001] is
indicated. (b) Optical image of the sample with titanium markers. (c)
Intensity scan map of the sample. The three emitters, C1−C3, studied
in this work are labeled.
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suggests the emitters in our sample all arise from the same
crystal defect.6

■ RESULTS AND DISCUSSION
The sample studied within this work is a 1 μm thick epilayer of
AlN-on-sapphire. A confocal scanned optical image of the
sample shown in Figure 1c reveals the presence of point-like
emitters. A titanium mask on the sample surface is visible,
which enables identification of an emitters’ position. The
emitter density is estimated to be 1.25 μm−2, which is sufficient
for individual emitters to be optically addressed with a
diffraction limited optical spot.
Three color centers, C1−C3, are labeled on the scan map

and subsequently studied in detail in Figure 2. Spectra of the
three emitters shown in Figure 2a have an obvious spectral
peak labeled as a zero phonon line (ZPL) at 2.08, 2.12, and
2.09 eV, respectively. This is attributed to the optical excited-
to-ground state transition of the color centers without high-
energy phonon emission, by analogy with the ZPL observed in
the NV− center in diamond, which has a room-temperature
ZPL at 1.95 eV.7 In addition to the ZPL peak, each emitters’
spectrum demonstrates coupling to high-energy phonons
apparent as a broad phonon sideband (PSB), spanning about
0.6 eV to the red. Such a broad, prominent, PSB has not been
reported in other nitride emitters,2,4 but qualitatively resembles
that of the NV− in diamond.8

The room-temperature FWHM of the ZPLs are 8.3 ± 0.3,
11.7 ± 0.2, and 9.4 ± 0.2 meV, respectively. Broadening of the
ZPL at room temperature is consistent with coupling to low
energy acoustic phonon modes and spectral jitter. The ZPL
contains 3.2% of the total intensity on average. However,
enhancement of the light emitted into the ZPL in a phonon-
broadened emitter by weak coupling to an optical cavity has
been demonstrated in other materials.21 The spectra for the
emitters C2 and C3 have significantly different PSBs. The
cause of the change in spectral shapes may result from emitters
located in different strain fields or in proximity to crystal
dislocations and impurities.
The quantum nature of the emitters is proven in Figure 2a,

which shows the result of Hanbury Brown and Twiss
autocorrelation measurements, under 532 nm excitation at
350 μW at room temperature. The emission was filtered
between 1.91 and 2.33 eV, to suppress the fluorescence signal
from the Cr3+ impurity in the sapphire substrate.22

Antibunching below the g(2)(τ) < 0.5 limit is observed.
g(2)(0) for the three emitters C1−C3 are 0.17 ± 0.01, 0.20 ±
0.01, and 0.23 ± 0.02, respectively. The phonon energies
available within AlN can be determined from a Stokes-shifted
Raman measurement, as is shown in Figure 2c. The
measurement can provide an insight into Raman-active
phonon modes: it is possible to identify a number of
vibrational energies from both the AlN and sapphire.23,24

The response of the sapphire substrate is to be expected given
to the limited axial resolution of the confocal microscope with
respect to the AlN thickness. Using the relation ΔE = EZPL −
EPX, where EPX is the peak energy for P1−P5 in the spectrum
for emitter C1, it is possible to correlate the Raman shift due to
the vibrational modes from the AlN with the peak locations.
Ignoring the contributions due to vibrational modes from the
sapphire, the Raman-shifted transitions ΔE; E2LOW, A1TO,
E2HIGH and A1LO are given as 31.2 ± 0.1, 76.7 ± 0.3, 81.70 ±
0.01, and 110.3 ± 0.1 meV, respectively. Therefore, we
hypothesize that the peaks P1 and P3 arise due to phonon

assisted replicas from coupling to E2LOW and E2HIGH,
respectively, as well as peaks P2 and P5 from the
corresponding two-phonon processes. In addition, P4 may be
described by a mixed two phonon emission involving E2LOW +
E2HIGH. These phonon-replica peaks are illustrated in Figure
2b. We hypothesize the higher energy peaks arise from
interactions with multiple-phonon-assisted transitions and the
broadening from the small defect size coupling to a large range
of the phonon density of states23 in the brillouin zone.
Comparable peaks are not as pronounced in the spectra from
C2 and C3, due to the contributions merging into a single PSB.
Comparatively, the reduced dimensionality of the h-BN system

Figure 2. Room-temperature spectroscopy of color centers in AlN.
(a) Spectral and autocorrelation measurements of the three emitters,
labeled C1, C2, and C3 in the intensity scan map in Figure 1c. (b)
Histogram showing the energy in which the spectra for 20 emitters
has fallen to half its maximum intensity, on the high energy side. The
orange data represents emitters where an obvious zero phonon line
cannot be identified. The spectrum for C1 is overlaid, with phonon-
shifted energies of the zero phonon line labeled. (c) Raman spectrum
showing phonon modes in the AlN on sapphire substrate.
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results in a strikingly different phonon-spectrum consisting of
replicas of the ZPL spaced by optical photon frequencies with
the fraction of the total emission via the ZPL as high as 0.82.1

Conversely previous reports on color centers in GaN2,4 and
AlN5 do not report high-energy phonon sidebands, where the
emitters reported here bear a closer resemblance to the NV
center in diamond.8

A histogram illustrating the energies of 20 emitters, with a
bin width of 50 meV, is shown in Figure 2b. All emitters
showed a broad emission shape with a ZPL not always being
resolved. Therefore, a half max (HM) value is defined that
corresponds to the energy at which each spectrum, at the
higher energy side, has fallen to half its highest intensity. The
same HM value was defined for spectra that have an obvious
ZPL (purple) as well as for no obvious ZPL (orange). The
histogram illustrates that the majority of the emitters have their
HM between 2.10 and 2.25 eV, corresponding to ZPLs
between 2.00 and 2.15 eV. This represents a smaller spectral
distribution as compared to color centers recently discovered
in GaN, where the ZPL energy between emitters within the
same sample varies over 0.4 eV.2 The smaller variation in the
ZPL energy for these AlN emitters provides obvious advantage
for their exploitation in photonic and/or optoelectronic
devices coupled to narrowband cavities or antennae. In
addition, it suggests a common origin for all the emitters we
have observed in AlN, with energy shifts between emitters
resulting from differences in strain, local dislocation density,
impurities, or point defects.
The scan image in Figure 1c shows that some defects are

unstable on a time scale comparable to the 10 ms dwell time of
each pixel. This is also apparent in the confocal scan around
the color center C1 shown in Figure 3a. Intensity slices in both

the X and Y axis are presented which demonstrate the
diffraction limited size of the emission from the color center
C1. The excitation power (P) dependence of the emission
intensity of C1 is shown in Figure 3b. The data were fitted with
the relation I(P) = I∞ × P/(P + Psat). The saturation intensity
I(Psat) = 157 kcps at Psat = 1.44 mW, which demonstrates the
brightness of the emitters at room temperature. The emitter
brightness, >105 counts s−1 at high saturation power, is
consistent with other III-nitride emitters in a high-refractive
index bulk.2,5

Intensity autocorrelation measurements as a function of
excitation power are presented in Figure 3c, vertically offset for
clarity. Antibunching on a 4.1 ± 0.2 ns time scale is observed
in parallel with bunching on a 208.5 ± 0.7 ns nanosecond time
scale at the highest pump power. The amplitude of the
bunching is greater at increasing excitation power, indicative of
an internal energy structure that is more complex than a two-
level emitter. We use rate equations8 to obtain a good fit, by
including a metastable state, which ”shelves” the excitation for
a finite time greater than the recombination rate of the excited-
to-ground state transition. An illustration of the energy level
system is shown in Figure 3f, the shelving rate being given by
τ12. The purity of the emission is given by g(2)(0) = 0.19 ± 0.01
at P = 30 μW. Photon bunching at room temperature is also
observed in diamond NV centers,8 SiC,12 h-BN,1 and GaN
color centers,2−5 with antibunching time scales having the
same order of magnitude.
A stability measurement, where the number of photons

incident on an avalanche photodiode is recorded every 10 ms
for a total of 60 s, is presented in Figure 3d. The plot shows a
10 s snapshot of the intensity detected, showing intermittent
variations between two fluorescence intensities, one centered

Figure 3. Photostability, autocorrelation, polarization, and power dependence of C1 at room temperature. (a) Confocal scan over the emitter, with
an accompanying X and Y slice. (b) Power-dependent measurement of intensity showing saturation of intensity at high pump laser power. (c)
Autocorrelation measurement at a pump power of 30 μW (orange), 350 μW (blue), and 3.2 mW (purple), demonstrating both room-temperature
antibunching and bunching. (d) Time-resolved stability measurement. (e) Polarization measurement in both excitation and collection. (f)
Illustration of the three energy level model used to fit the data in (c).
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at 63 kcps and the other at 55 kcps. A statistical analysis of the
intensities seen over the whole 60 s measurement is presented,
whereby the intensities are binned into 2 kcps bins. The data is
fit with two Gaussian distributions with the same width, where
the HWHM × e−1/2 variance represents the shot noise of n
associated with detecting n photons per sampling event. For
the more frequently occurring fluorescent state, an average of
630 counts per 10 ms are detected, giving a noise value of 2.5
kcps in the presented measurement. The occurrence of the less
intense fluorescence state is 9%. This instability is observed in
a number of other emitters, but not all, and is reported for
other III-nitride color centers. We hypothesize that this
instability is not caused by shelving the carrier into the
metastable state, as the switching has a time scale orders of
magnitude greater than the bunching observed in the g(2)(t)
measurement in Figure 3c, but rather is a caused by an
additional noise source such as a nearby impurity periodically
charging and discharging.
A measurement of the emission intensity from C1 as the

linear polarization of the excitation or collection beam are
rotated in the plane of the sample is presented in Figure 3e.
For the collection measurement, the excitation polarization is
aligned to its maximum. Both excitation and collection data
demonstrate dipole-like emission patterns. The ratio in
intensity between the maximum and minimum is 5:1 and
70:1 in the absorption and emission, respectively. This linear
polarization is observed for all emitters suggesting their
excitonic dipole is always orientated in the plane of the
sample. An angular difference between the maxima in
absorption and emission polarizations is consistent with
other reports on III-nitride color centers.2,3,5 We hypothesize
that this is due to a multilevel energy structure with excitation
and emission transitions having orthogonal polarization
selection rules in the plane of the sample. The absorption
and emission dipoles for C1 and C3 are orientated parallel to
the [1̅21̅0] plane and m-plane [101̅0], respectively. In addition,
polarization measurements for C2 demonstrate linearly
polarized collection 35° offset to the m-plane, along the
[112̅0] plane.
To gain insight into the temperature dependent properties

of the emitters the sample was cooled to 4 K using a closed-
cycle helium cryostat. A spectrum of emitter C1 at 4 K is
presented in Figure 4a. A sharpening of the ZPL is observed, as
coupling with phonon modes is reduced at lower temperature.
The intensity of the emission decreases by a factor of 2 on
reducing the temperature from 300 to 4 K.

The ZPL FWHM at 4 K is 2.4 ± 0.1 meV, which is an order
of magnitude above the resolution limit of the spectrometer.
The temperature dependence of the FWHM (orange) and the
zero phonon line energy EZPL (purple) is presented in Figure 4b.
The FWHM follows a Bose-activated broadening from 10 to
300 K, described by γ = γ0 + β/(eE/kBT − 1), where γ0 is a
temperature-independent broadening, E is the activation
energy, and β is the coupling coefficient. A good fit to the
data is achieved with the parameters; γ0 = 2.90 ± 0.04 meV, β
= 29.7 ± 0.4 meV, and E = 52.0 ± 0.3 meV. The second-order
correlation measurement in Figure 4c, taken at 4.0 mW
excitation power, confirms the photon statistics at low
temperature are comparable to the behavior measured under
ambient conditions (Figure 3c).

■ CONCLUSION
Quantum emission from the sample is attributed to point-like
defects embedded deep within the band gap of AlN. The below
band gap excitation used here suggests that the defect states
are directly being excited. The nature of the emitters is
unknown, but several theoretical studies have predicted and
studied spin-dependent defects in AlN.17−20 Secondary ion
mass spectrometry (SIMS) measurements from the manufac-
turer (Dowa Electronics Materials Co.) show trace levels of
hydrogen, carbon, oxygen, and silicon in the sample. In the
future, controlled introduction of other impurities via direct
growth or implantation may enable us to engineer desirable
spin systems in AlN. Control of the spin states may be possible
via the piezoelectric effect, similar to what has been achieved in
emitters in SiC10 or through resonant optical fields. The cross-
polarized maxima in emission and absorption dipoles presents
an ideal arrangement for efficient polarization filtered resonant
control, which conventionally limits the efficiency to 50% due
to the perpendicular excitation and detection optics required to
isolate the laser.25 Owing to significant existing investment in
AlN transducers and sensors this material may be able to
compete with diamond and SiC as a viable platform for
quantum technologies if it can be shown to host spin-
dependent emission from the color centers: in these other
materials optical manipulation and read-out of color center
spin states9,26 has enabled sensitive nanoscale sensing27,28 and
promising room-temperature qubits.

■ METHODS
Room-temperature measurements were taken on a confocal
microscope with a 0.9 NA microscope objective. The

Figure 4. Temperature dependence, spectral, and autocorrelation measurements of C1 at low temperature. (a) Photoluminescence spectrum of C1
at 4 K. (b) Temperature dependence of the zero phonon line energy and full width half-maximum between 4 and 300 K. (c) Autocorrelation
measurement at 4 K under 532 nm excitation at 4 mW.
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collection efficiency is calculated to be 5.1% into the first
lens,29 assuming a dipole orientated in the plane and with a
refractive index nAlN = 2.15 at 600 nm. Low-temperature and
temperature-dependent measurements were taken in an
AttoDry 1000 closed-cycle helium cryostat with an internal
0.68 NA aspheric lens and a custom optical head. The
collection efficiency into the first lens is 2.5%. Single mode
fiber is used to couple both the excitation and the collection
into/out of both the room-temperature and cryostat micro-
scopes.
Room-temperature confocal images were obtained by

scanning the laser using dual-axis galvometric mirrors within
a optical 4F system. Excitation and collection polarization
measurements was measured using a linear polarizer followed
by a half-wave plate in the excitation path and a thin film
polarizer in the collection path.
Time-resolved measurements were taken using two SPCM-

AQRH silicon avalanche photodiodes, with unbalanced dark
count rates of 50 and 520 cps, respectively. Autocorrelation
measurements were taken using a 45:55 fiber beamsplitter. The
y-axis offset at time zero in the autocorrelation measurements
can be accounted for by including unbalanced dark-count rates,
B1 and B2, on the two detectors, shown in eq 1. S1 and S2 are
the signal count rates on the detectors, 4700 and 3650 cps,
respectively, and CN(τ) the normalized coincidence amplitude
at large delay times. After correction, for C1 under 30 μW
excitation, we find g(2)(0) = 0.06.

τ τ=
+ + +

−
+ +

g C
S S S B S B B B

S S
S B S B B B

S S

( ) ( )
2 2

2 2

N
(2) 1 2 1 2 2 1 1 2

1 2

1 2 2 1 1 2

1 2 (1)

A frequency doubled continuous-wave 532 nm Nd:Yag laser
was used for excitation in all measurements. Optical filtering
was achieved using a ultrasteep 532 nm long-pass filter to
enable Raman spectroscopy and a short pass 650 nm filter to
isolate the color center emission from the Cr3+ emission (1.78
eV) from the sapphire.2 For spectral measurements beyond
650 nm as presented in Figure 2a, the 650 nm short pass filter
is removed and we background correct using a spectrum taken
from an area close to the emitter, which represents emission
from the substrate. In the future, the study of free-standing
AlN or AlN-on-silicon samples would eliminate the need for
this spectral filtering.
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