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ABSTRACT: Optically active defects in wide bandgap materials play a central role in several emerging applications in quantum
information and sensing as they allow for manipulating and harvesting the internal degrees of freedom of single electrons with optical
means. Interactions among defect states and with the surrounding environment represent a crucial feature for sensing but can
severely hamper the coherence of the quantum states and prevent an efficient integration with photonic architectures due to
unpredictable spectral instability. Understanding and controlling defect interactions would mitigate the effects of spectral instabilities
and enable quantum applications based on long-range interactions. Here, we investigate the photoluminescence spectral dynamics of
quantum emitters in defective hexagonal boron nitride (hBN), a material whose emission spectrum notoriously displays spectral
wandering and diffusion, and we identify several optical transitions with discrete energy jumps. We associate the spectral jumps with
the interplay amid competing recombination pathways available to the defect states in a process like donor—acceptor-pairs (DAP).
The discrete spectral jumps observed in the emission spectrum of hBN arise from interactions between the harmonic states of
nitrogen 7 orbitals of delocalized defects, and their energies can be ascribed to a DAP-like transition sequence. Our results allow
mapping of the defect geometry in an hBN lattice, setting the basis for mitigating the effects of spectral jumping in this platform and
paving the way toward using the long-range interaction of defect ensembles for quantum technology.

Bl INTRODUCTION be affected by several underlying physical mechanisms such as
variations in temperature, - magnetic,14 and electric fields.'>'°
Among these effects, spectral diffusion is common across many
materials and appears as the wandering of the emission
wavelength around a central value.'”'® Spectral diffusion
linked to an electromagnetic environment evolving faster than
the radiative lifetime can induce severe broadening of emission
lines which can be detrimental to many applications.'”"**’
Spectral blinking refers to the dynamic switching on and off of
the emission, and in some systems has been explained with the
presence of long-lived dark states within the energy landscape
of the emitter.”’ Spectral jumps can also occur in solid-state
emitters through the random swapping of the emission energy

Solid-state quantum emitters like quantum dots and color
centers are viable systems for a variety of applications in
integrated photonics and quantum technology due to their use
as single-photon sources, spin qubits, and sensors."”” Moreover,
their straightforward integration onto complex photonic
architectures makes them advantageous for the development
of on-chip quantum photonic technology.”* The mutual and
environmental interactions of such emitters provide several
opportunities for enhanced quantum sensing™* while present-
ing challenges for their application in quantum simulators’ and
qubits.® Environmental interactions with electrons, ions, or
phonons are associated with spectral instabilities, namely, the
random changes of energy and intensity of the photo-
luminescence emission. Spectral instabilities in solid-state Received:  October 21, 2024
emitters present several practical drawbacks by limiting photon Revised:  December 16, 2024
indistinguishability,” quantum coherence,'’ sensitivity,”® and Accepted:  December 23, 2024
effective coupling with high-quality optical resonators and Published: January 16, 2025
waveguides.'"'* The amplitude and time scales of the

dynamics of the spectral emission of solid-state emitters can
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Figure 1. Characterization of defective hBN samples. (a) PL map of sample 1 with blue and green circles corresponding to the position where the
spectra in Figure 1b,d are taken, respectively. (b) Emission spectrum taken from a bright, isolated emitter (indicated by the blue circle in Figure
1a), showing a sharp ZPL emission followed by low-energy phonon sidebands. (c) Measurement of the second-order autocorrelation function
(g(z)(t)) of the emitter whose spectrum is shown in Figure 1b. Antibunching with g(z)(O) = 0.45 confirms the single photon emission (experimental
data in black, fit line in blue). (d) Emission spectrum taken in a region with high density of emitters (green circle in Figure 1a) showing multiple
sharp peaks. (e) PL map of sample 2 with blue and green circles corresponding to the position where the spectra in Figure 1fh are taken,
respectively. (f) Emission spectrum taken from a bright, isolated emitter (indicated by the blue circle in Figure le), showing a sharp ZPL emission
followed by low-energy phonon sidebands. (g) Measurement of the second order autocorrelation function (g(z)(t)) of the emitter whose spectrum

is shown in Figure 1f. Antibunching with g(2

(0) = 0.16 confirms the single photon emission. (h) Emission spectrum taken in a region with high

density of emitters (green circle in Figure le) showing multiple sharp peaks.

between two or more discrete values.””** Several experimental
schemes have been proposed to mitigate the effects of spectral
instabilities, including the use of tailored sequences of optical
pulses,”* anti-Stokes excitation,” capping or isolating
layers,”**” specific growth techniques,””* and postgrowth
methods such as high-temperature annealing in different gas
environments.’’ Nonetheless, fluctuations in the optical
response of defect-based emitters can also provide a valuable
opportunity to shed light on hidden physical processes such as
long-range dipole interactions and help reconstruct the
recombination dynamics within defective states.

The emergence of defect-based quantum emitters in
hexagonal boron nitride (hBN) has spurred interest due to
their room temperature operation,”"*” advantageous optical
properties,33 and promising spin structures.”* " However,
defect emission in hBN shares the same limitations due to
spectral instabilities with other materials such as NV centers in
diamond,*”*" SiN,** and several quantum dot plat-
forms.'"®**~* The challenges associated with spectral insta-
bilities in hBN are aggravated by the uncertainty regarding the
microscopic origin of hBN emitters that prevents the
development of methods to target and correct for the physical
mechanisms underlying their photoluminescence (PL) emis-
sion.*®*” Emitters in hBN span a large portion of the spectrum,
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from the infrared to the UV,*"*%% suggesting that quantum
emitters could have different microscopic origins. However,
only a few structures have been clearly identified, such as the
Vg defect, responsible for emission at around 800 nm.*° Other
studies have suggested the involvement of carbon®® or
oxygen®' impurities in the defective structures responsible for
optical quantum emission. Recently, experimental evidence
showed that most of the quantum emission in the visible range
in defective hBN samples can be ascribed to nonlocal radiative
recombination similar to donor—acceptor-pair (DAP) pro-
cesses”” whose fundamental energies are associated with
harmonic states stemming from the 7* orbitals of nitrogen.”’
The uncovering of these elementary excitations of quantum
emitters in hBN and their recombination processes has opened
new avenues to model hBN emitters and explain associated
phenomena that are still under debate including their mutual
interaction and the resulting spectral instabilities.

Here, we investigate the low-temperature PL spectra of
defective hBN samples prepared in two distinct ways. The first
method creates defects in a bottom-up process by flux growth
synthesis in bulk crystals, which are then exfoliated and
annealed to activate defect-based emission. The second is a
high-quality pristine hBN® that is exfoliated, irradiated with
argon plasma, and then annealed at high temperature to

https://doi.org/10.1021/acs.jpcc.4c07147
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Figure 2. DAP-like recombination in defective hBN samples. (a) Cartoon illustrates the principles of DAP-like recombination processes for single
layer hBN hosting DAP-like pairs. Inset describes the definition of R, where m is an ordered index starting from the closest transitions and working
toward larger jumps in the in-plane direction, and [ is the number of layers among which the transition occurs. (b) RIXS spectrum of a plasma-
treated defective hBN measured at the N K pre edge in resonance with the nitrogen 7* orbitals showing harmonic series of states. Harmonic states
corresponding to Ey, = 1.403 eV, ES, = 1.676 €V, and E%, = 1.941 eV are highlighted in colors used to define the different DAP-like sequences
associated with them. (c) DAP-like sequence computed from the model of the SPE emission pattern (Egpg) from the harmonic states Ey,, ES,, and
El (d) Composite PL spectrum of sample 1 produced by combining 60 spectra taken in the same location of the flake. The breakdown of the time
evolution of the spectrum is shown in Figure 3a. Vertical lines indicate the matched DAP transitions to the fit. (e) Results of the DAP fitting of the
peak energies extracted from the composite spectrum of Figure 2d showing the coincidence counts among the sequence of the experimental peaks
and the DAP model for an hBN lattice as a function of the energy of the fundamental transition. Three local maxima (highlighted by vertical blue
dashed lines) at EY, = 1.424 €V, ES, = 1.683 €V, and E};, = 1.916 €V emerge in the neighborhood of the RIXS values (indicated by vertical red
dashed lines). The matched energies of the experimental data are indicated by dotted vertical lines in Figure 2b. (f) Composite spectrum of sample
2 built by combining 60 spectra taken in the same location of the flake. The breakdown of the time evolution of the spectrum is shown in Figure 4a.
(g) Results of the DAP fitting of the peak energies extracted from the composite spectrum of Figure 2d showing the coincidence counts among the
sequence of the experimental peaks and the DAP model for an hBN lattice as a function of the energy of the fundamental transition. Three local
maxima (highlighted by vertical blue dashed lines) are found in the neighborhood of RIXS values for EY;,, ES;;, and EX, (indicated by vertical red
dashed lines). The matched energies of the experimental spectrum are indicated by overlaid vertical lines in Figure 2f. Shaded regions in (e, g)
indicate the interval of confidence for the energy of the harmonic states as measured from RIXS, corresponding to +20 meV, roughly
corresponding to the resolution of RIXS measurements.

generate a high density of active defects in a top-down was loaded in a furnace, which was flushed with argon under a
fashion™® (see Methods). We refer to these as sample 1 and vacuum and heated to 1000 °C. Subsequently, the furnace was
sample 2, respectively. By analyzing the PL emission spectra of filled with a mixture of ammonia and hydrogen. The ratio of
both samples with a model that includes the harmonic states at gases was 50 sccm of NH; and 100 sccm of H,. The furnace
the N-7* orbitals and a DAP-like nonlocal recombination was then heated to 1600 °C using a heating rate of 5 °C/min
process,””>> we show that the spectral jumps in both hBN and after 24 h cooled to 1000 °C using a cooling rate of 1 °C/
samples stem from the interplay between nonlocal recombi- min and subsequently freely cooled to room temperature
nation processes among neighboring defective sites. We overnight. Formed hBN crystals were mechanically removed
observe spectral jumps following a discrete pattern that can from the metal surface and subsequently exfoliated on a Si/
be well reproduced by a DAP-like process. From a microscopic SiO, substrate. Sample 2 was prepared by exfoliating highly
perspective, this observation indicates that the change in the pure hBN>> on a Si/Si0, substrate, followed by a treatment
emission energy is due to the switch of the dipole transition based on reactive ion etching (RIE) in a 50 mTorr argon
from multiple sites. Our approach allows us to reconstruct the environment with a flow rate of 30 sccm using S0 W of forward
defective configuration of the sample and formulate hypotheses power for 5 min. Both treatments of hBN are subsequently
regarding the electronic dynamics underlying single photon annealed in a nitrogen environment for 2 h at 950 C.
emission. PL Measurements. Time-dependent PL measurements
and mapping are performed in a home-built micro-PL setup
B METHODS coupled to a closed-cycle cryostat (T = 8K). Spectra in Figure
Sample Growth and Preparation. Sample 1 was 2, as well as in Figure 1b,f, are produced by exciting hBN with
prepared from molten metal flux in an ammonia atmosphere a continuous wave (CW) 532 nm laser in a reflection geometry
in a vacuum tight bottom loading furnace. The growth was with an incident power of 250 yW and a laser spot with a
performed from 100 g of iron (99.98%, 2—4 mm, Alfa Aesar) diameter of 2 ym on the sample. The 532 nm laser signal is

mixed with 6 g of hBN powder (99.5%, 30 ym). The mixture removed from the collection path using a 550 nm long-pass

2046 https://doi.org/10.1021/acs.jpcc.4c07147
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filter. To capture additional defective emission at higher
energy, spectra in Figure 1d,h are taken using excitation from a
CW 473 nm laser, and laser signal is filtered using a 500 nm
long-pass filter. Due to the lower efliciency of the optical setup
when the samples are excited with the 473 nm laser, all other
measurements are taken by using the 532 nm laser. g(z)(t)
measurements are performed in a home-built Hannbury—
Brown—Twiss (HBT) interferometer. Time-dependent spectra
are taken on a spectrometer with a grating of 150 lines per
millimeter paired with an electron multiplied charge coupled
device (EMCCD).

RIXS Data. RIXS measurements were performed at the 2-
ID (SIX) beamline at NSLS-II, Brookhaven National
Laboratory. All of the samples are aligned with the surface
normal (001) parallel to the scattering plane. The spectrometer
arm is positioned at a fixed scattering angle of 90°. The
incident light is o polarized. The energy resolution is about 20
meV full width at half- maximum (FWHM) at the N—K edge.
All of the RIXS measurements are performed at 300 K.

B RESULTS AND DISCUSSION

We initially characterize the emission of the hBN samples by
recording the PL maps of the whole flakes and the spectral
emission in different regions. Figure la shows the PL map of
sample 1, which is characterized by an intense sub-band
emission due to the presence of a large density of optically
active defects. However, in some locations, like the one
highlighted by the blue circle, single emitters are much
stronger than the background, exhibiting a spectrum with a
single zero-phonon-line (ZPL), as illustrated in Figure 1b.
Measurement of the second-order autocorrelation function
(g¥(0)) returns an antibunching of 0.45, below the threshold
of 0.5, confirming the quantum nature of the emission.
Autocorrelation data are fitted with the function g®(t)=1-
Ae", where 7 is the lifetime of the excited state, and A is the
fitting parameter. Other locations across flakes of sample 1 host
a high density of emitters, and the spectra (typified by Figure
1d collected from the green circle in Figure la) display many
sharp peaks emerging from the background due to the
presence of a larger density of active defects. As discussed
below, this sequence of lines can be matched within a DAP-like
model that considers several delocalized recombination
processes. Similar PL properties are observed in sample 2
(Figure 1e—h). As with sample 1, it is possible to isolate single
ZPLs from localized emitters whose spectrum includes a single
dominant peak (Figure 1f) and regions of higher defect density
with multiple peaks (Figure 1h). Second-order autocorrelation
measurements confirm the presence of quantum emitters in
this hBN sample with an antibunching of g®(0) = 0.16.

To rationalize the complex spectrum from sample regions
with high density of defects, we follow the approach used in ref
47,55 and the phenomenological model therein developed.
Resonant inelastic X-ray scattering (RIXS) performed in highly
defective hBN samples revealed the presence of a harmonic
series of electronic states stemming from the 7* orbitals of
nitrogen, which are strongly correlated to the defect-based
quantum emission. This correlation becomes evident when the
peaks in the PL emission spectrum are framed within a DAP
series whose fundamental energies are given by the harmonic
states at the N-7* orbitals. In ref 47 it was proven that
electrons excited to the harmonic states at the N-7* orbitals
can recombine nonlocally with other electronic states available
in different lattice sites, generating quantum emission

2047

(Supporting Information note 1). Figure 2a—c illustrate the
basic principles of this model that predicts an emission
spectrum that follows the sequence

Egpg = {Ell\m +

of the harmonic states at the N-7* orbitals measure by RIXS
(shown in Figure 2b) indexed by the integer number i, ¢ is the

2
€

oS- } , where Ey, is the series of energies
wleRd ) 4

dielectric tensor of hBN, and Rj are vectors connecting all
possible atomic sites within the hBN lattice. These vectors,
indexed by the integer number d that indicates the shell
number of the Coulomb DAP pair,56 are calculated starting
from the lattice vectors in a 3D hBN structure with
Ry=id +jb + kZ + Id: i,j, k € N, 1= (0, 1). Examples
of the R, vectors within a single hBN layer and the nonlocal
recombination processes are depicted in the cartoon of Figure
2a. To parametrize the DAP shells and include the information
regarding the transitions occurring among different layers, we

—_—

will refer to Ry vectors with the label R, where m is an
ordered index starting from closest transitions and working
toward larger jumps in the in-plane direction, and [ is the
number of layers among which the transition occurs (see inset
of Figure 2a and Supporting Information note 2 for more
details on this notation). To confirm the validity of this model,
we perform a fit of the energies of the peaks extracted from the
PL spectra in both hBN samples with the energy sequences
Egpp (Figure 2c) using the algorithm described in ref SS. This
statistical analysis compares two discrete sequences, the
energies of the peaks in the PL spectra, and an ideal DAP
sequence, Egpp, and returns the number of coincident peaks
among them as a function of the fundamental DAP energy
used as a fitting parameter. The coincidence represents the
fidelity of the DAP series (and its parameters) to the
experimental data. As discussed in ref S5, this approach
identifies nonlocal recombination processes from PL spectra
and has been proven to be effective to understand the emission
spectra of defective hBN, confirming the results of previous
experimental works.*”*> We note that this model explains most
of the emission peaks in the visible spectrum of defective hBN
but does not preclude the presence of other active defects
whose emission has a different microscopic origin and is
unrelated to the N-7* orbitals.

To include the spectral instability in our investigation of the
hBN emission, we perform the DAP analysis on composite
spectra that includes the spectral dynamics over the course of
600 seconds on both samples 1 and 2. To do so, we continually
record the spectrum from the same position of an hBN flake
with an integration time of 10 seconds. Then, we combined all
of these spectra by summing them and normalizing the
intensity. All PL spectra in this work have been measured at T
= 8K. Figure 2d,f are the combined spectra from samples 1 and
2, respectively. The corresponding coincidence plots resulting
from the DAP fit are depicted in Figure 2e,g. Here, we have
considered matches to be found when the energies of the PL
peak and a DAP transition are within a restrictive coincidence
window of 0.6 meV, which is approximately the average
broadening of the peaks observed in the spectra. In both
samples, we identify three fundamental energies for the DAP
process (characterized by a local maximum of the coincidence
plots) that are in excellent agreement with the harmonic states
measured by RIXS" and the values measured in previous

https://doi.org/10.1021/acs.jpcc.4c07147
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Figure 3. Signature of the interplay among nonlocal recombination pathways in the spectral dynamics of sample 1. (a) False color map is the
normalized time trace of the spectral dynamics of sample 1. It is composed of spectra captured every 10 seconds over 600 seconds in the same
location of the hBN flake. Top panel shows the representative DAP sequence generated with the fitting parameters extracted from the analysis in
Figure 2e. The lattice parameters are a = 2.52 A, ¢ = 6.673 A, €|| = 6.999, and €L = 3.685. The energy of the fundamental energy of the harmonic
states are B3, = 1.424 ¢V, ES, = 1.683 eV, and EJ;, = 1.916 eV, highlighted in red, orange, and blue, respectively. Bottom panel shows the line of the
DAP sequences that found matches in the emission spectrum. (b) Zoom of time-dependent spectra corresponding to the portion indicated with the
yellow box in (a). Note how peaks associated with R}, RY,, and R}, corresponding to E§, = 1.683 eV appear to be correlated in time with one
another while lines corresponding to R}, R?,, and RY; corresponding to E, = 1.683 €V appear to be similarly correlated (Figure S3). (c) Intensity
of the peaks R}, R}, and Ri; as a function of time. The almost constant sum of the intensity confirms the correlation among these states. (d) Zoom
of time-dependent spectra corresponding to the portion indicated with the blue box in (a). Peak associated with R} switch to a lower-energy state
that correspond to R};. Both states stem from the fundamental energy E, = 1.916 €V. (e) Intensity of the peaks R? and R}, as a function of time.
The almost constant sum of the intensity confirms the correlation among these states.

works on DAP processes in hBN.>> We find EY, = 1.424 + 6.673 A. For the sample 1, we find € = 6.999 and ¢, = 3.68S,
0.001 eV, ES, = 1.683 + 0.002 €V, and E{;, = 1.916 + 0.001 eV while in sample 1, we find ) = 6.916 and €, = 3.741. Each of

for sample 1, and 3, = 1.430 + 0.003 eV, EY, = 1.676 + 0.003 these pairs of values are in good agreement with the literature
eV, and E{;, = 1.918 =+ 0.001 eV for sample 2. The peaks in the on hBN,”” and small variations can be expected for samples
composite spectra that are matched with the DAP transitions grown with different methods. We note that in our
are marked by overlaid vertical bars in Figure 2d,f. experiments, we only detect the harmonic states Ey,, E%,
Corresponding values of Rl can be found in Supporting and EJ;,, whose energy is within reach of our experimental
Information note S. The values of the dielectric and the lattice optical setup.

vectors used to generate the sequence Eypy that fit the data for Having confirmed the presence of delocalized recombination
samples 1 and 2 are reported in Tables S1 and S2 in processes in both hBN samples, we now discuss the spectral
Supporting Information note 4 along with the full list of the dynamics of their emission with a particular focus on the
DAP transitions and the corresponding shell values. After spectral jumps that are frequently observed in hBN.””>* Figure
performing the initial DAP fit of the data and confirming the 3a is the time-dependent series of spectra recorded in sample
presence of fundamental energies for the DAP process 1, and when summed, it generates Figure 2d. Here, we can
comparable with the harmonic states at the N-7* orbitals, appreciate the dynamics of the emission spectrum on a time
we perform a direct search around these values by fine-tuning scale of 10 seconds, corresponding to the integration time of
the lattice and dielectric constants and performing fits to each spectrum. In sample 1, the overall emission is rather
maximize the coincidence.”® This addition fitting step is stable over time, but a few lines present clear spectral jumps
included to account for the possible local variations of the among different energy states, as in the two spectral regions
environment in different hBN samples and flakes.’® Through highlighted by the yellow and cyan boxes. The zoomed-in plot
the direct search process, lattice parameters are found to be in the energy region around 1.9 eV, shown in Figure 3b, reveals
consistent across samples with values of a = 2.520 A and ¢ = complex dynamics with the emission jumping between
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Figure 4. Signature of the interplay among nonlocal recombination pathways in the spectral dynamics of sample 2. (a) Plot is the normalized time
trace of the spectral dynamics of sample 2. It is made with spectra captured every 10 seconds over 600 seconds in the same location of the flake.
The top panel shows the representative DAP sequence generated with the fitting parameters extracted from the analysis in Figure 2g. The lattice
parameters are a = 2.52 A, ¢ = 6.673 A, ¢|| = 6.916, and €L = 3.741. The energy of the fundamental energy of the harmonic states are E},, = 1.430
eV, E&, = 1.676 eV, and El;, = 1.917 €V, highlighted in red, orange, and blue, respectively. The bottom panel shows the line of the DAP sequences
that found matches in the emission spectrum. (b) Zoom of time-dependent spectra corresponding to the portion indicated with the yellow box in a.
Note how peaks associated with Ry and RY, corresponding to ES;, appear to be correlated in time with one another. (c) Intensity of the peaks R
and R), as a function of time. The almost constant sum of the intensity confirms the correlation among these states. (d) Zoom of time-dependent
spectra corresponding to the portion indicated with the blue box in (a). Peaks associated with R and R} corresponding to Ey, appear to be
correlated in time with one another. (e) Intensity of the peaks R} and R} as a function of time. The almost constant sum of the intensity confirms

the correlation among these states.

multiple states. We are able to associate these peaks to the
nonlocal recombination processes of the EY, state (1.683 eV)
corresponding to RL = RJ, R?, R}, Rlg RY, R}, R§ (shell
values are in Supporting Information Table S1). We identify a
strong correlation among states corresponding to Rln = Rié,
RY,, R{, as manifested by their intensity traces (Figure 3c). The
sum of their intensity is almost constant over time suggesting
that this emission stems from the same underlying process that
can be associated with the delocalized recombination process
of the state E%, = 1.683 eV among different defect locations in
the atomic lattice. Another set of correlated states can be
observed in the trace of Figure 3b with an interplay present
between less intense lines attributed to R}, = R, R%,, R},, while
a faint but consistent line R, = R}, remains present for the
entirety of acquisition. Discussion on the correlation between
states associated with transitions at R1 = R15: Rﬂ, R3, can be
found in Figure S3. A similar dynamic with discrete spectral
jumps is observed in other regions of the spectrum, such as the
one around 2.2 eV (blue box in Figure 3a) and shown in the
zoomed-in plot of Figure 3d. Here, we see that at around 400
seconds, the main emission undergoes a clear jump among two
states that can be associated with R\, = R!, and R of the state
E{; = 1.918 eV. The intensities of the time traces are clearly
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correlated (Figure 3e), indicating that the interplay of these
two defective sites is the underlying mechanism of the spectral
jumps in this part of the spectrum. It should be noted that two
peaks at around 2.021eV experiences the same dynamics to the
peak associated with the states Rj; and R} (traces and
discussion in Supporting Information note 7 and Figure S4).
The energy detuning among these two emission features
(approximately 170 meV) is compatible with the phonon
sidebands of quantum emitters previously observed in
hBN.*"*#* Therefore, we ascribed these peaks to phonon
replicas of the states Rj; and R}, and we choose to remove
these lines from our DAP fit.

The analysis of the time-dependent spectrum of sample 2 is
reported in Figure 4. Figure 4a shows that the dynamics of this
sample are more complex than that of sample 1, manifesting
larger spectral wandering and complex jumps involving several
energetic states. The richer spectral dynamics of sample 2 can
be explained by the higher density of defects resulting from the
plasma treatment. A higher defect density across samples may
alter the charge distribution and enhance electromagnetic
interactions affecting the nonlocal recombination processes
and creating more spectral instabilities. Within this data set, we
can identify at least two spectral regions whose dynamics can
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be explained by nonlocal recombination processes. The
zoomed-in plot of Figure 4b shows a continuous jumping
among two well-defined states that are associated with the state
ES, = 1.676eV with R. = R3;, R3,. Their correlation is
confirmed by their time-dependent intensity traces (Figure
4c). Note that in this case, the dynamic is ascribed to purely in-
plane transitions among two defective sites at a similar radial
distance. Additionally, we observe in Figure 4d a similar
behavior with another pair of states corresponding to R}, = R3,
R} in a region of the spectrum highlighted with the blue box in
Figure 4a. It should be noted that in this region of the
spectrum, emission lines could in principle be matched to
multiple DAP states present in the proximity (+4 meV) of
1.96 V. However, R}, R} are the closest in energy to the
experimental lines (more details in Supporting Information
note 6). Due to the slow time resolution of our measurements,
we cannot exclude that what appears as spectral wandering is
the result from fast jumping between other states ascribed
present within the line width of the transitions.

Our experimental results suggest some scenarios about the
physical reasons behind the dynamic switching from different
shells. Quantum emission in defective hBN can occur through
the formation of Coulomb pairs among delocalized defects
whose elementary electronic states follow the harmonic states
of the N-7* orbitals, giving rise to peaks at specific energies in
the PL spectrum. Spectral jumping is the result of the breaking
of such pairs and the formation of new pairs between different
lattice sites. The change in the defect distance alters the
Coulomb interaction energy, generating a discrete spectral
shift. The combined measurements of the spectral emission
lines and their dynamic spectral shifts could, in principle, be
used to reconstruct the spatial distribution of defects involved
in the nonlocal recombination process. The formation and
breaking of the pairs can be tentatively attributed to two main
factors: the geometry of the defects within the hBN matrix and
the electromagnetic and dielectric environment. The former is
the spatial arrangement of defects within the lattice, is
governed by the stability of the defect clusters, and dictates
the overlap between the wave functions of defective states in
the formation of the Coulomb pairs. Perturbations of the
electromagnetic environment can generate the decoupling of
the defect sites and the consequent coupling of new pairs.
Future works should focus on precise dynamical control of the
electromagnetic environment, i.e., with applied electric fields,
to stabilize shells and possibly to dynamically tune the single-
photon emission by directing Coulomb interactions. Moreover,
the use of hBN samples with a lower local or global density of
defects can already result in the formation of a single stable
pair, in which the spectral jumps are inhibited by the lack of
possible alternatives for the recombination process, such as the
regions of our sample measured in Figure 1b,f. It is important
to note that the ZPLs observed in these spectra are ascribed to
the transition (E, R%) and (E, R?) for samples 1 and 2,
respectively, corroborating that delocalized recombination
processes, give rise to quantum emission. Experiments
conducted on hBN samples with lower density of defects
could also reveal interesting insights regarding the correlation
of the polarization of the single photon emission and the
direction of the dipole moment of the Coulomb pairs.”” In the
presence of a high density of defects, polarization-dependent
measurements are challenging due to the high degeneracy of
the Coulomb pairs and the large variation of the orientation of
their transition dipoles.”” Furthermore, ultrafast spectroscopy
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techniques should be used to acquire a more comprehensive
picture of the charge recombination dynamics, including the
formation and breaking of Coulomb pairs by measuring the
variations in the hBN spectral emission at time scales
comparable to the radiative lifetime of the emitters.”’ Such
measurements could help reveal the connection between the
time scale of the instabilities, the size, and radiative lifetime of
the pairs responsible for the single photon emission in hBN.

B CONCLUSIONS

In conclusion, we have investigated the dynamics of the
spectral emission of defective hBN from both as grown and
argon plasma treated defective hBN on a time scale much
longer than the radiative time of the emitters. We have used a
phenomenological model that considers the recent discovery of
harmonic states stemming from the N-7* orbitals and their
nonlocal optical recombination to account for the rich
spectrum of hBN emitters. Within this framework, we have
shown that spectral jumps can be ascribed to the dynamical
formation and breaking of pairs in a DAP-like process, leading
to discrete energy shifts in the defect emission. These findings
pave the way toward a rigorous control of the spectral
dynamics of hBN and its use in practical applications requiring
spectral stability and longer coherent times. Such control
would open the possibility of using such states for quantum
sensing and computation due to the long-range nature of their
interactions stemming from the large dipole moment of the
quantum emitters.””
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