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Emission dynamics of optically driven aluminum nitride quantum emitters
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(Dated: June 26, 2024)

Aluminum nitride is a technologically important wide bandgap semiconductor which has been
shown to host bright quantum emitters. We use photon emission correlation spectroscopy (PECS),
time-resolved photoluminescence (TRPL) and state-population dynamic simulations to probe the
dynamics of emission under continuous wave (CW) and pulsed optical excitation. We infer that
there are at least four dark shelving states, which govern the TRPL, bunching and saturation of
the optical transition. We study in detail the emission dynamics of two quantum emitters (QEs)
with differing power-dependent shelving processes, hypothesised to result from charge ionization and
recombination. These results demonstrate that photon bunching caused by shelving the system in
a dark state inherently limits the saturation rate of the photon source. In emitters where increasing
optical power de-shelves the dark states, we observe an increased photon emission intensity.

I. INTRODUCTION

Single quantum emitters (QEs) in wide bandgap semi-
conductors are promising single-photon sources which
can operate up to room temperature[IH3]. In addition to
the numerous luminescent defects in diamond[4], there
are more recent reports of quantum light emission in
silicon carbide[5], silicon nitride[6] and the group III-
nitrides. Many of the QEs reported in the later cat-
egory display favourable optical properties including a
high Debye-Waller factor of 0.39 in gallium nitride (GaN)
[7], a high CW photon detection rate of 3.7 MHz from
a single emitter in hexagonal boron nitride (hBN) [§]
and availability of low-cost epitaxial wafers of AlGaN
[9]: therefore each potentially offers advantages for scal-
able quantum nanophotonics [I0]. Moreover, some QEs
in hBN and GaN have been reported with optically
detected magnetic resonance (ODMR) response[TTHI3],
which makes them attractive for quantum sensing.

Another member of the ITI-nitride semiconductor fam-
ily, aluminum nitride (AIN) is a commercially impor-
tant semiconductor for high-power and optoelectronic de-
vices. The discovery of QEs hosted in a material with
advanced crystal growth technology and established in-
dustrial fabrication processes, paves the way to wafer-
scale device manufacture at low marginal cost. Var-
ious QEs have been reported within its ultra-wide ~
6.015 eV bandgap. For example, Lu et al found QFEs
with 580 —650 nm emission and low multi-photon emis-
sion probability (¢(?)(0)<0.1) by He implantation into a
commercial AIN film on a sapphire substrate[I4]. Our
previous work also reported similar emitters in an as-
grown AIN film[T5], and recently enhanced their detected
photoluminescence (PL) saturation rate to almost 1 MHz
using an index-matched solid immersion lens [7]. Wang et
al fabricated emitters with near 0.65 Debye-Waller fac-
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tor emitting near 600 nm in free-standing AIN by laser
writing [16].

Despite this interest in AIN’s QEs, their physical origin
and electronic structure remain uncertain. Theoretical
calculations have shown that AIN QEs may host solid-
state qubits with long qubit-state lifetime due to their
small spin-orbit splitting [I7] but it is not certain that
the observed QEs are the same as those simulated. Pre-
vious studies on AIN QEs have only reported the photon
bunching associated with one metastable dark ‘shelving
state’ |7, 14}, [T6], [18], which is insufficient to explain their
full PL behaviour. This shelving process occurs when the
population of the excited state relaxes to a metastable
state without a photon being detected, either through a
non-radiative process or photon emission at a wavelength
outside the detection range. The metastable state could
be from different spin manifolds or charge states of the
quantum emitters. Better understanding of their radia-
tive and non-radiative transitions may allow optimization
of quantum emission, for example through state prepara-
tion, or by identifying features that allow pre-selection of
emitters with a certain performance. The existence of a
dark shelving state is a pre-requisite for the fluorescence
depletion mechanism which can be used for stimulated
depletion spectroscopy [19] 20], and super-resolution mi-
croscopy applications|[I9, 2I]. More fundamentally, de-
termining the electronic structure of these QEs is also an
important step in the effort to determine their physical
origin.

In this paper, we use optical excitation to probe the
emission dynamics in two emitters with differing power-
dependent behaviours. Photon emission correlation spec-
troscopy (PECS) and time-resolved photoluminescence
(TRPL) are compared to simulations showing that there
are at least six internal energy levels in each emitter (one
ground state, one radiative excited state and four shelv-
ing states). The two emitters have different laser power-
dependent shelving and de-shelving processes. These re-
sults demonstrate that photon bunching caused by shelv-
ing the system in dark states inherently limits the satura-
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FIG. 1. Characterization of two quantum emitters in AIN at room temperature: QE A (first row) and QE B (second row).
(a) and (e) show the spectra between 532 and 650 nm. (b) and (f) are the photon emission correlation histograms, normalised,
without background correction (black points) and fit using an empirical model discussed in the text (red line). Error bars
represent Poissonian uncertainties based on the photon counts in each bin. (c¢) and (g) are the CW-PL saturation behaviors
(black points) as a function of laser power, fit using equation (I). (d) and (h) show the excited state lifetime measurement, fit

with a single exponential (red line).

tion rate of the photon source. However, in the emitters
we identify that can be optically driven out of the dark
state, bunching is suppressed at high power, and we ob-
serve an increased photon emission intensity.

II. RESULTS AND DISCUSSION

We use a home-built confocal microscope to study iso-
lated single QEs in a commercial single-crystal c-plane
1pum AIN film on a sapphire template at ambient con-
ditions [I5] with an emitter density of 0.09pm~2. By
investigating ten QEs in this AIN film we identify QEs
in which shelving processes are found to increase or de-
crease with laser power, exemplified by emitters QE A
and QE B, respectively which are studied in detail. All
the measurements are made with the laser polarization
aligned to the QE’s preferred absorption polarization an-
gle [15] with no polarizer in the collection path. Typ-
ical absorption and emission polarization characteriza-
tion is available in the Supplemental Material (SM)[22].
The collection optical filter window is between 532 and
650 nm covering their dominant spectral emission range.
Further details on the system are given in the Appendix
These emitters often show spectral and intensity
fluctuations on the milliseconds to seconds timescale at
room temperature [15], but display consistent spectral
and photodynamic properties after months of measure-
ments in ambient conditions.

In Fig. [Ifa), the spectrum of QE A consists of a sin-
gle broad feature we attribute to the phonon sideband
(PSB) extending from 600 nm to beyond the optical fil-
tering cut-off at 660 nm. The absence of a resolvable zero
phonon line (ZPL) suggests a low Debye-Waller factor,
consistent with some previous reports [7, [I5]. In con-
trast, in Fig. e) QE B displays a strong ZPL at 590 nm

with a PSB more comparable to the N ;O type defect
proposed a recent study [16]. The correlation histograms
of both QEs display substantial bunching over hundreds
of nanoseconds associated with the later discussion of
shelving behavior, nevertheless, the values of g (0) for
QE A and QE B are 0.1640.042 and 0.2940.034 respec-
tively, in Figs. [Ifb) and (f). Such low ¢®(0) suggests
a single transition is involved in photon emission across
this spectral feature. Another signature of a quantized
emitter is its photoluminescence (PL) intensity satura-
tion with continuous wave (CW) excitation. Figs. [Ifc)
and (g) show this data fitted with

Con P
P =P, m

where C(P) is the steady-state PL rate as a function
of power P, Csu; is the saturation PL rate and Ps, is
the corresponding saturation power. QE B requires 6.8
times higher Pt and has 2.4 times higher Cg,t. The
phonon-sideband is truncated via a 650 nm short pass fil-
ter which suppresses the emission from the sapphire sub-
strate. Thus, were we able to detect the full spectrum
the saturated intensities would be higher. Despite the
difference in saturation behavior, the two QEs both have
a ~ bns radiative lifetime obtained by fitting a single ex-
ponential decay function to the TRPL data in Figs. [[[(d)
and (h), suggesting the difference in saturation intensity
is a result of differing non-radiative pathways |20} 21].

To further explore the dynamics of photon emission
in these QEs, PECS was recorded for QE A and QE B
(Figs. [2(a) and (b)) over 100 ps time scale. The minimum
time bin in the PECS is 100 ps. Least-squares fits to the
g® (1) data is shown using the empirical equation [23-
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FIG. 2. Photon emission correlation spectroscopy (PECS). Black lines in (a) and (b) are the PECS of QE A and QE B, fit
using empirical equation for N =2, 3,4 and 5. (c) and (d) are the corresponding residuals from the fits to QE A and QE
B, respectively. The raw data between 22-35ns is masked to hide reflections from the APDs’ backflash.
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with varying numbers of variables in the sum, denoted 1.
As we shall show later, the total number of levels in the
sum indicates the number of shelving states in the QE,
N-1. Here, r; is the antibunching rate, C; is the anti-
bunching amplitude, r; for i > 2 are bunching rates, and
C; for i > 2 are the corresponding bunching amplitudes.
Then the number of resolvable timescales, N, has been de-
termined by calculating and comparing the reduced chi-
squared statistic, r-square for each best-fit model. Figs.
() and (d) show standardized residuals for each QE for
the best-fit empirical model at different N. Interestingly,
for both QEs an adequate fit (within the noise level of the
data) is provided by the N=>5 model, suggesting at least
four shelving levels, plus the radiative state, are present.
And their timescales range from ns to tens of ps which
are much more complex than simple one shelving process
with sub ps timescale in the previous reports in AIN [I5].
However, this behaviour is comparable to some optically
addressable QEs in hBN|[I2] 27]. These shelving states
could arise from different spin manifolds or charge states
internal to the QE or fluorescence intermittency caused
by charging of nearby trap sites [26, 28] 29]. It is possi-
ble to directly probe differences in the shelving dynamics
under optical driving, and when the QEs are not illumi-
nated, using time gating. In Fig. [[a) and (b), we excited
QE A and QE B with pairs of square 2 s laser pulses with
variable spacing, Tqouble- The first pulse pumps the pop-
ulation into the shelving states, resulting in an exponen-
tially decreasing intensity until a steady state is reached.
Dependent on the delay between the two pulses Tqouble
we observe a revival of the PL emission intensity at the
start of the second pulse, as the population decays back

to the ground state in Fig. [3|a) and (b) [30]. Integrat-
ing the first 120ns PL at the start of the second pulse,
we plot the PL revival curve in Fig. [Bc) and (d). The
double exponential gives an adequate fit, indicating more
than one decay rate associated with the shelving states.
This result further supports the inference from Fig.
that multiple shelving states exist. The fact Fig. c)
and (d) can be modeled with two shelving states when
there is no optical power during Tqouble, rather than the
4 shelving states required for g(2) (1), may be a result of
some laser-driven de-shelving mechanism in QE A and
QE B.

To investigate the power-dependence of shelving, the
power-dependent ¢(? (7) under CW excitation has been
fitted with equation (2)) for N = 5. In Figs. [ffa) and (b),
QE A and QE B show nearly opposite power-dependent
bunching mechanisms, indicating the different power-
dependent shelving dynamics. Figs. c) and (d) summa-
rize the fitting results of the antibunching and bunching
rates and amplitudes for QE A and QE B, respectively.

For QE A, the dominant C33 bunching amplitudes
rise with laser power, thus the bunching increases in
Fig. [(a). This trend reveals that the increasing laser
power transfers the population from the excited state to
the shelving states, reducing the PL intensity [20]. This
power-enhanced bunching behaviour is consistent with
previous reports on these same samples [7, 15]. In con-
trast, for QE B, the bunching amplitudes C5 4 5 fall with
power, resulting in a net reduction in bunching with in-
creasing laser intensity. In other words, increasing laser
power transfers the population out of the shelving states.
This enables QE B to be an efficient radiative emitter at
high laser power [20} 211, [3T].

Furthermore, the antibunching rates for QE A and QE
B scale linearly with power, indicating a single radiative
state[I8), 25]. For QE A, bunching rate r3 shows linear
scaling and zero offset with laser power, which suggests
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inset in (a) is the train of the laser pulses. (c) and (d) represent the PL revival behavior under the second pulse excitation in
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the transition between the radiative state and the shelv-
ing states is laser-driven. Moreover, ro and r4 for QE A
have a non-zero value at low power due to spontaneous
emission and yet linearly increase with power, suggesting
both optical pumping and spontaneous decay exist[25].
Regarding QE B, the bunching rates are more compli-
cated which are zero at low power (no decay by spon-
taneous emission from excitation state) but saturate at
high power, suggesting the transitions can be optically
driven between shelving states|20, 25], 32].

The power-dependent optical dynamics can also be
probed with TRPL under 2ps square pulsed excitation
in Figs. [5fa) and (b). These saturation behaviours also
reveal that the population of the excited state in QE A is
rapidly shelved at high power leading to reduced steady-
state radiative emission. QE B requires an 18.2 times
higher laser power to saturate than QE A. In contrast,
QE B remains an effective emitter at high power. The
discrepancy between this value and the ratio obtained
from CW saturation (Figs. [[[c) and (g)) may be a result
of using short 2ps pulses, which does not allow enough
time for the longer time-scale decay processes to reach
equilibrium. We fit the TRPL with a single exponen-
tial decay function to extract a decay rate and normal-

ized steady-state PL rate in Figs. [f[c)-(f). The shelv-
ing rate of QE A is super-linear and that of QE B is
sub-linear. Referring to the example of the negatively
charged nitrogen-vacancy NV~ centre in diamond and
QEs in hBN, these saturation behaviors may stem from
optically pumped shelving (e.g. charge ionization and

conversion) [20, [25] [32].

To qualitatively understand these power-dependent
behaviours, we use a state population dynamics
simulation[24] in Fig [6] with two different shelving mod-
els. For simplicity, we perform this simulation with only
three energy levels and vary only the power dependence of
the transitions. This approach enables us to understand
the trends in the power dependence of PECS and TRPL
without the complexity of solving for all N=5 energy lev-
els. Information regarding these simulations is given in
the Appendix[A2] Each model consists of a ground state
(GS) 1, an excited state (ES) 2, and a shelving state
(SS) 3, where transitions between the states are labelled
kij, where 7 and j are the initial and final state num-
bers in insert of Fig. [6] (a). The transition rates of the
two models are shown in Table[l, but briefly, in model I
we assume both shelving and de-shelving transitions are
driven by the laser, whereas in model II there is a fixed
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(c) and (d) are amplitudes C; and rates r; arising from fitting the equation for QE A and QE B, respectively.

fast shelving rate and optically pumped de-shelving rate.
Figs. [6[c), (d), and (e) show the results fitting these
two models to PECS measurements with Eq. [2]for N =
2. The steady-state PL saturation is also simulated in
Fig. @(f) We note that there are other possible models
containing a single shelving level with power-dependent
rates (See SM[22]) and that these models could be ex-
tended to include all four shelving states inferred from
Fig. [2] however, the two models I and II considered here
are sufficient to provide qualitative agreement with our
experimental results. In Fig. |§|(c) the antibunching rates
(r1) of these two models are linearly rising with pump
power, offset by the spontaneous emission rate, which is
consistent with the results of QE A and QE B. Moreover,
model I and model II display opposite power-dependent
bunching dynamics. Specifically, model I shows an in-
creasing bunching amplitude comparable to what is ob-
served in QE A. On the other hand, model II shows a
reduced bunching amplitude comparable to what is seen
in QE B.

Interestingly, the TRPL shelving rates of model I and
model II in Fig. @(e) can be fitted by superlinear and
sublinear functions with zero offsets, which is perfectly
consistent with the TRPL results of QE A and QE B in

Figs. [ffe) and (f). Additionally, model II shows several
times higher saturation power and saturation intensity
than model I in Fig. [6{f), which is comparable to the
results of QE A and QE B in Fig. c) and (g). Thus,
comparing our simulation and experimental results, we
conclude that QE A displays model I shelving and QE B
displays model IT behaviour.

As the physical structure of the studied emitters is
unknown it is difficult to unambiguously determine the
physical origin of the shelving and de-shelving behaviours
we have observed. However, it is instructive to compare
their behaviour to other well-studied emitters in other
materials. We note that the behaviour of QE A with
shelving Model I is comparable to the NV in diamond
which displays laser-induced shelving and de-shelving to
the neutral nitrogen-vacancy (NVO) charge state at high
excitation power, as well as spontaneous shelving and
de-shelving to the NV~ singlet states[20, [33]. In con-
trast, at low power QE B is fast-decaying to the shelving
state resulting in a strong bunching in the PECS, while
at higher laser excitation this bunching is suppressed, al-
lowing higher emission rates by laser-induced de-shelving.
This is not common for single QEs under monochromatic
laser excitation, but is observed in multiple laser exci-



TABLE I. Simulation rate table

Model Shelving rate

De-shelving

Emission transition rate

I ko= 0.05%k12” ks1= 0.03%k12% ko1= 200 MHz

1I ko3= 10 MHz

ks1= 0.03%k12® ko1= 200 MHz

¢ Optically excited rate k12 = a12™ko1, a12=0.01, 0.05, 0.1, 0.2, 0.5, 1, 2, 5, 10.
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sequence. (c) and (d) are the normalized PL saturation be-
haviours of the steady states. (e) and (f) are the TRPL decay
rates observed in (a) and (b).

tation of emitters in hBN as well as the NV~ centre
[19-21, 3T]. One laser is selected to efficiently pump the
ground state, while another laser re-pumps the popula-
tion out of the shelving state, allowing recovery of the
emission|T9] 2T, BT]

Based on the discussions above, a key factor for the
achievable saturation PL rate of QEs is the shelving dy-
namics at high power. The ideal QE should have reduced
shelving at high power, as observed in QE B. A second
color laser could be used to efficiently repump the popu-
lation from the shelving state back to the bright transi-
tion. In the best case, the non-radiative transition could
be completely neglected, leading to an emitter with an
intensity determined only by the spontaneous decay rate.
For example, QE A would become ~2.5 times brighter at
saturation, giving > 0.67 MHz PL rate, and QE B would

become 1.5 times brighter leading to ~ 1.0 MHz PL rate.

IIT. CONCLUSION

In conclusion, AIN QEs display complex optical dy-
namics which indicates they have internal electronic level
structures with multiple charge or shelving states. We
identify two different optical-power-dependent shelving
behaviours associated with the charge ionization and re-
combination processes. We propose models of the dy-
namic behaviour which complements previous reports
and explains the quantitative features of our observations
which provide an important experimental reference for
future theoretical work. Future experiments could focus
on the energy-dependent behaviour of the shelving and
de-shelving processes using tunable lasers. Nevertheless,
the techniques used in this paper offer a way to study
the internal energy levels in the QEs of other materials.
Moreover, this study will help us to design a suitable pro-
tocol to minimise the time each QE spends in metastable
shelving states, resulting in an overall increased intensity.
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Appendix A: Experimental Methods
1. Experiment

The sample was excited by a CW 532 nm laser (Crystal
Laser) modulated by an acoustic-optic modulator (AOM)
(ISOMET 553F-2) with <10ns rise and fall time for
static PL characterization, PECS and TRPL experiment.
A 100 ps pulsed 520 nm laser (Picoquant P-C-520M) was
used for the radiative lifetime measurement in Fig. [[[(d)
and (h). The polarization of both lasers was set by a
linear polarizer and half-waveplate. Excitation and col-
lection of photons from the sample were performed by a
single objective with NA = 0.9. Collected PL was filtered
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The results are plotted as a function of ki2/k21, where ko1= 200 MHz is a fixed parameter as the spontaneous emission decay

rate.

by a dichroic mirror, 532 nm long-pass filter and 650 nm
short-pass filter, before detection on SPCM-AQRH sili-
con avalanche photodiodes (Excelitas) or a spectrometer
with a silicon CCD.

TRPL was recorded with an ID900 time controller. For
the lifetime measurements (Fig. [T(d) and (h)), the ID900
time controller records the PL histogram with a reso-
lution of 13 ps at 20 MHz repetition frequency. For the
double-pulse laser excitation and single-pulse TRPL (Fig.
E[), the histogram was binned with 1ns resolution. The
spacing between each laser pulse train is 50 s to reset
the ground state population of QEs.

PECS was recorded using the ID900 time-tagging
mode, with photon arrival times acquired from two detec-
tors in a Hanbury-Brown and Twiss interferometer. Cus-
tom software numerically correlates each photon detec-
tion on one detector with all the other registered photons
on the second detector, within a specified time window.

PECS and TRPL data are presented normalised and
without background correction. The spectra and satu-
ration data in Fig. are corrected by subtraction of
background emission estimated by measurements from a
location 1 pm from the QE (See SM for the raw data[22]).
In terms of the total system efficiency for an in-plane

dipole, we consider the optical collection efficiency of the
objective with NA = 0.9 (4%)[7], the fiber coupling effi-
ciency (38%), and the detection efficiency of the single-
photon detector (70%). Therefore, we estimate the total
system efficiency is ~1%. Additionally, we use a single
NV in bulk diamond as a reference to benchmark our
experiment’s excitation and collection performance (See

SM[22)).

2. Simulation

For any N-level electronic structure, the full optical
dynamics are calculated by a system of N-coupled differ-
ential equations [24].

P

> _aq.pr
dt ¢

(A1)

where P is a vector of state occupation probabilities and
G is the transition rate matrix, where the G;; represents
the transition rate from ¢ state to j state (i # j). Each
diagonal element G;; corresponds to the sum of all tran-
sition rates out of state .



Then the autocorrelation function is proportional to
the population of the radiative state, P»(t2), given the
system started in ground state P; following the detection
of a photon at t;, and then normalizing by the steady-

state population of Py(oc0) [34]. This is given by

_ By(t2|P(t))

@ (,
g (7) Pa(0)

where 7 = 5 - t; is the time delay of ¢g(® (7).
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