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Hexagonal boron nitride is a van der Waals material that hosts visible-wavelength quantum emitters
at room temperature. However, experimental identification of the quantum emitters’ electronic struc-
ture is lacking, and key details of their charge and spin properties remain unknown. Here, we probe
the optical dynamics of quantum emitters in hexagonal boron nitride using photon emission correlation
spectroscopy. Several quantum emitters exhibit ideal single-photon emission with noise-limited photon
antibunching, g®(0) = 0. The photoluminescence emission lineshapes are consistent with individual
vibronic transitions. However, polarization-resolved excitation and emission suggests the role of multi-
ple optical transitions, and photon emission correlation spectroscopy reveals complicated optical dynamics
associated with excitation and relaxation through multiple electronic excited states. We compare the exper-
imental results to quantitative optical dynamics simulations, develop electronic structure models that are
consistent with the observations, and discuss the results in the context of ab initio theoretical calculations.
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I. INTRODUCTION

Hexagonal boron nitride (4-BN) is a wide-bandgap
(about 6 eV) van der Waals material that hosts fluores-
cent quantum emitters (QEs) at room temperature [1-7].
The QEs in #-BN are bright and photostable with nar-
row emission linewidths and high single-photon purity, as
required for quantum technologies [6,8—10]. Recent obser-
vations of room-temperature magnetic field dependence
and spin resonance of QEs in #-BN make them attractive
for spin-based quantum sensing and computation [11-15].
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Despite intense interest in 4#-BN’s QEs, their chemi-
cal and electronic structures remain uncertain, as do key
details regarding their optical, spin, and charge dynamics.
The pronounced heterogeneity of observations suggests
that QEs originate from multiple distinct defect struc-
tures [6,16—19]. Ultraviolet emission around 4.1 eV has
been attributed to the carbon dimer CgCy [20], whereas
near-infrared emission around 1.7 eV and an associated
optically detected magnetic resonance signal is attributed
to the negatively charged boron vacancy, ¥y [12]. For
QEs in the visible spectrum, experiments utilizing various
forms of electron and optical microscopy, spectroscopy,
and materials growth and treatments have generated a
detailed, yet complicated, empirical understanding of the
QEs’ creation, stabilization, and principal optical signa-
tures [3,21-39]. Theoretical work suggests that vacan-
cies and their complexes, along with substitutional carbon
atoms and dangling bonds, are likely candidates, although
consensus is still lacking [40—45]. Specific candidates
include V'xNg, V'nCg, VBCn, and the boron dangling bond.

Even less is known about the visible QEs’ opti-
cal dynamics. Optical dynamics arise from a QE’s

Published by the American Physical Society
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electronic structure together with radiative and non-
radiative transitions between electronic states. State
transitions can involve multiple processes including
electron-phonon interactions, intersystem crossings between
different spin manifolds, and ionization or recombination
events. For QEs in 4-BN, previous studies have reported
photon bunching associated with metastable dark states
[3,6,11], and yet the nature of these states and the tran-
sitions between them remains unclear. Some QEs exhibit
magnetic-field-dependent modulation of their photolumi-
nescence (PL) signal, consistent with a spin-dependent
intersystem crossing, whereas others do not [11,14]. An
optically detected magnetic resonance signal was observed
for a particular QE under excitation at 633 nm but not
at 532 nm [13]. Such observations present a compli-
cated picture of the visible QEs, likely involving multiple
defect classes (e.g., different chemical structures or charge
states), strong local perturbations, and complex excitation
and relaxation pathways. Improved understanding of the
QEs’ optical dynamics can resolve these mysteries. Such
understanding is also a prerequisite to designing quantum
control protocols that would facilitate their use in quantum
technologies. Here, we use quantitative spectral, spatial,
and temporal PL spectroscopy to investigate the optical
dynamics of #-BN’s QEs.

Photons emitted by a QE carry a wealth of information
about its electronic structure and optical dynamics. For
vibronic optical transitions, the photon energy and polar-
ization distributions reflect the details of electron-phonon
coupling and optical dipole selection rules, respectively.
The QEs in 2-BN generally exhibit linearly polarized PL
and strong electron-phonon coupling associated with a sin-
gle vibronic transition [6], and yet other experimental and
theoretical evidence points to the involvement of multiple
excited states in the optical dynamics [10,28,43,46]. Time-
dependent measurements provide complementary infor-
mation. The second-order photon autocorrelation function,
g@ (1), is widely used to identify single-photon emit-
ters. As a more general analytical tool, photon emission
correlation spectroscopy (PECS) yields quantitative infor-
mation about a QE’s optical dynamics [47]. Qualitatively,
we distinguish between photon antibunching (g (7) < 1)
as a signature of nonclassical light, with single-photon
emission as a special case when g®(0) = 0, and photon
bunching (g¥(r) > 1 for T # 0) as a signature of dark,
metastable states accessed via nonradiative transitions.
Quantitative measurements of g (7) as a function of opti-
cal excitation power or wavelength can elucidate a QE’s
excitation and emission pathways as well as bunching
mechanisms.

Prior observations of #-BN’s visible QEs feature both
bunching and antibunching signatures, although with some
unusual, conflicting patterns. Some QEs respond to applied
dc and ac magnetic fields in a manner consistent with
spin-mediated intersystem crossing transitions, whereas

others do not [11,13,14]. A lack of evidence for pure
single-photon emission motivated a proposal that #-BN’s
QEs occur in pairs as “double defects” [48]. In this work,
we compare quantitative PL spectroscopy and PECS mea-
surements of #-BN’s QEs with theoretical simulations. We
show that QEs in room-temperature #-BN can exhibit pure
single-photon emission, with g®(0) = 0 within exper-
imental uncertainty. Furthermore, we find evidence for
multiple electronic states connected by radiative and non-
radiative transitions, with associated timescales spanning
over 5 orders of magnitude. Comparing the experiments
to theoretical proposals, we find that the boron dangling
bond model provides a consistent, quantitative understand-
ing of the observations for individual QEs as well as their
heterogeneity.

II. RESULTS

The results and discussion are organized as fol-
lows. First, we report the basic optical characteristics of
five well-isolated QEs across three samples, specifically
including their PL spectra, PL saturation as a function
of excitation power, polarization properties, and single-
photon purity. Next, we investigate the QEs’ optical
dynamics using PECS as a function of excitation power
and wavelength. We consider different models for the
electronic level structure and simulate the correspond-
ing optical dynamics. Finally, we compare the theoreti-
cal simulations to experimental observations and discuss
the implications for understanding the QEs’ electronic
and chemical structure along with their spin and charge
dynamics.

A. Photoluminescence characterization

We use a custom-built confocal microscope to study
individual QEs in A-BN under ambient conditions. The
h-BN bulk crystals are mechanically exfoliated into thin
flakes using a dry transfer process [49] and transferred to
a Si0,/Si substrate patterned with circular trenches [6].
Prior to the optical studies, the samples are annealed in
a tube furnace at 850°C in Ar atmosphere for 2 h. This
annealing process has been shown to brighten the emit-
ters [35]. The QEs are illuminated with either of two
continuous-wave lasers operating at 532 and 592 nm wave-
lengths, where excitation power and polarization are con-
trolled. To differentiate between excitation wavelengths in
this work, data recorded under 532 nm (592 nm) excitation
are plotted in deep jungle green (light brown) in the rele-
vant figures. Some QEs disappeared during experiments;
hence, the set of measurements is not identical for each
QE. See the Appendix for additional details on sample
preparation, data acquisition, and analysis.

Figure 1 summarizes the PL characterization measure-
ments. Each row corresponds to a particular QE (labeled
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FIG. 1. Photoluminescence characterization. In all panels, data plotted in green (orange) are acquired under 532 nm (592 nm)
excitation. (Column 1) The u-PL images of the QEs (circled), acquired under 592 nm (QEs A—D) or 532 nm (QE E) excitation. Scale
bars denote 1 um. (Column 2) Second-order photon autocorrelation function (colored points), fit using an empirical model discussed in
the text (black curve). Error bars represent Poissonian uncertainties based on the photon counts in each bin. (Column 3) Steady-state,
background-subtracted PL intensity as a function of excitation power (points), fit using an empirical saturation model discussed in
the text (solid curves). Saturation data for QE E are missing since the QE disappeared before the measurement could be performed.
Error bars represent one standard deviation based on three measurement repeats. (Column 4) PL spectra and polarization data. Vertical
colored lines represent the excitation laser wavelengths, and black dotted lines indicate cut-on wavelengths for long-pass optical filters
in the collection path. Insets: PL intensity as a function of the linear excitation polarization angle (colored circles) or filtered by the
linear polarization angle in emission (black squares). Solid curves are fits to the data using an empirical model discussed in the text.
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A-FE), and each column corresponds to a different experi-
ment. The first column includes p-PL images of each QE,
acquired by scanning a fast steering mirror and recording
the accumulated counts at each pixel. A two-dimensional
Gaussian fit to each u-PL image yields the background
and signal levels for subsequent studies. The second col-
umn displays g® (r) measurements over short delay times,
showing characteristic antibunching dips fit by an empir-
ical model for a multilevel system (see the Appendix).
The third column displays the steady-state PL signal as a
function of excitation power. These data are fit using an
empirical saturation model,

ch P
Cp:S—at, 1
(P) P PL (1)

where C is the background-subtracted, steady-state PL
count rate, P is the optical excitation power, C%, is the sat-
uration count rate for a particular excitation wavelength, A,
and P2 is the corresponding saturation power. The best-fit
results are reported in Appendix Table II.

The fourth column of Fig. 1 presents PL emission spec-
tra and polarization measurements. In each PL spectrum,
the long-pass filter cut-on wavelength is indicated as a ver-
tical dotted line, and the excitation wavelength is a solid
line. The inset to each PL spectra panel presents measure-
ments of the QE’s excitation and emission polarization
properties. These data are acquired by varying the linear
polarization of the excitation laser (colored circles) or by
passing the PL through a linear polarizer placed in the
collection path (black squares). For excitation polarization
measurements, the linear polarizer in the collection path is
removed. For the emission polarization measurement, the
excitation polarization is set to maximize the PL. At each
polarization setting, we record the steady-state PL intensity
as well as a background intensity from a spatial location
offset of about 1 um from the QE, which is subtracted to
yield the PL signal. The order of the polarization angles
is set randomly to minimize effects of drift and hysteresis.
Solid curves are fits to the data using the model function

14(0) = A* cos*(6 — 67) + B, 2

where X indicates the excitation wavelength, s indicates
excitation (ex) or emission (em), A* is the amplitude, 6}
is the polarization angle of maximum intensity, and B? is
the offset. From the fit results, the visibility is calculated as

. [Smax _ Islnin B A?
s Jmax Jmin - A* + 2B* ’ (3)
S N s N

where [™ and ™ are the maximum and minimum
intensities, respectively. The misalignment between the

excitation and emission polarization angles is
AO* =0k — 6L . 4)
The best-fit parameters are reported in Appendix Table II.

B. Spectral emission lineshapes

For spectra that are not cut off by the excitation filter
(namely, the 532 nm excitation spectra for QEs A, C, and
E, and the 592 nm spectrum for QE B), we find that the
lineshapes are consistent with a Huang-Rhys model for a
vibronic transition associated with a single zero-phonon
line (ZPL). We use the analysis method described by Ref.
[6] to fit the observed PL spectra using an empirical model
in which the ZPL energy, ZPL width, Huang-Rhys fac-
tor, and vibronic coupling lineshape are free parameters;
see the Appendix for additional details. The results are
shown in Fig. 2. In the left column, we plot the normalized
observed emission lineshape, L(AE) o S(AE)/E?, where
S(AE) is the spectral intensity distribution as a function
of the relative energy AE = Ezpp — E, with E denoting
the photon emission energy and Ezp; denoting the ZPL
energy. The factor 1/E3 accounts for the photon energy
dependence in spontaneous emission. Each solid curve is
the result of a weighted least-squares fit of the model to the
experimental lineshapes. The right column of Fig. 2 shows
the corresponding one-phonon vibronic coupling lineshape
for each fit. Best-fit parameters are reported in Appendix
Table II.

C. Photon emission correlation spectroscopy

Temporal correlations between fluorescence photons
reveal information about a QE’s excitation and emission
dynamics. In this work, we use PECS for two purposes:
to verify the single-photon purity of the QEs and to probe
their optical dynamics as a function of the optical exci-
tation rate. We calculate g@ () from the photon arrival
times acquired from two detectors in a Hanbury Brown
and Twiss interferometer using a time-correlated single-
photon counting module. For QEs in /4-BN, the timescales
over which antibunching and bunching occur can vary over
at least 6 orders of magnitude [6,11,16]. For this reason,
we initially calculate and analyze g® (t) over a logarith-
mic scale spanning from 100 ps to 1 s as shown in Fig. 3
for each QE. We fit the background-corrected data using a
general empirical model for a QE’s optical dynamics with
a varying number of levels:

g(2)(r) =1-Cle 4+ Zcie—}’i\fl_ (5)
=2

Here, y; is the antibunching rate, C; is the antibunch-
ing amplitude, y; for i > 2 are bunching rates, and C;
for i > 2 are the corresponding bunching amplitudes. We
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FIG. 2. PL emission lineshapes. Left column: observed spec-
tral emission lineshapes (black points) and fits according to
Huang-Rhys theory (blue curve). Experimental uncertainties are
comparable to the size of the data points. Right column: one-
phonon vibronic coupling lineshape corresponding to the fits in
the left column.

determine the number of resolvable timescales, n, by cal-
culating and comparing the Akaike information criterion
(AIC) and the reduced chi-squared statistic for each best-
fit model. The right column of Fig. 3 shows standardized
residuals for each QE for the best-fit empirical model (red
curve in the left column plots). In optical dynamics mod-
els, an N-level system is characterized by N — 1 rates,
corresponding to the nonzero eigenvalues of the generator
matrix [see, e.g., Eq. (A13) in the Appendix]. Therefore,
the inferred value of n places a lower limit on the number
of electronic levels required to describe the observations,
N >n+ 1. We extract the rates, amplitudes, and their
corresponding uncertainty from these fits for comparisons
with theoretical simulations. The resultant fit parameters
of the best-fit empirical model determined for each QE in
Fig. 3 are summarized in Appendix Table IV. In order to
assess the single-photon purity associated with the value of
2?(0), we perform a subsequent analysis of g®(7) cal-
culated over a linear scale of delay times, t € [—20,20]
ns. Examples of such data are shown in Fig. 1, along with

constrained fits in which only the antibunching parame-
ters y; and C; are allowed to vary, and which account
for the instrument response function (IRF) associated with
detector timing jitter. See the Appendix for further details.

D. Verifying single-photon emission

Any observation of sub-Poissonian statistics, g (0) <
1, indicates the presence of quantized photon emission.
The threshold g®(0) < 0.5 is often used to indicate
single-photon emission; however, a more precise inter-
pretation is that a PL signal is dominated by a single-
photon emitter when g (0) < 0.5 [47]. An observation
of g®(0) > 0 implies a nonzero probability of observ-
ing two detection events simultaneously, either due to
background fluorescence, detection timing jitter, or the
presence of multiple QEs. Studies of #-BN’s QEs rou-
tinely report g®(0) < 0.5; however, we are unaware of
any prior room-temperature observations of pure single-
photon emission with g®(0) = 0. Partially on the basis
of such observations, Ref. [48] proposed that #-BN’s QEs
actually occur in pairs as double defects with parallel
emission pathways.

We find that QEs in A-BN can indeed exhibit pure single-
photon emission at room temperature. Figure 4 shows
uncorrected and corrected g (0) for each QE as a function
of excitation power. The uncorrected g'® (0) data are with-
out background fluorescence or IRF correction whereas
the corrected g®(0) data accounts for both factors, as
described in the Appendix. For QEs C, D, and E, we
observe g (0) = 0 within the experimental uncertainty,
particularly at low excitation powers. For QEs A and
B, we observe g (0) ~ 0.1 — 0.2. The offset from zero
could reflect a contribution from additional dim emitters;
however, we believe that it is more likely to result from
incomplete estimation of the background. For instance, QE
B sits on an extended background feature whose contribu-
tion is not captured by our standard analysis method. For
QE C, we attribute the increase in g® (0) as a function of
excitation power to limitations in the instrument-response-
function correction as the antibunching rate exceeds the
detector timing resolution.

E. Probing the optical dynamics

Figure 5 summarizes the results of fitting the empiri-
cal model of Eq. (5) to PECS measurements as a function
of optical excitation power. The figure includes the best-
fit antibunching rate (top row) as well as the first two
bunching rates and amplitudes (lower rows). The PECS
data for QEs B, D, and E are best described by a three-
timescale model (n = 3), whereas QE A exhibits four
resolvable timescales (n = 4). For QE C, we resolve two
or three timescales depending on the excitation power and
wavelength. The best-fit results for QE A’s third bunch-
ing component (y4 and Cy), as well as the antibunching
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FIG. 3. Photon emission correlation spectroscopy. Left column: Experimental autocorrelation data [ggq),(r)' blue data points], binned
on a logarithmic delay axis and fit using an empirical model discussed in the text [gﬁt) (1); red curve]. Error bars represent Poissonian

uncertainties o, (7) based on the photon counts in each bin. Right column: Standardized residuals, [géz) (1) — gﬂt)(r)] /04(T).

amplitude (Cp) for all emitters are shown in Appendix

Figs. 12 and 13, respectively. As in previous figures, colors Model IIT (Second-order saturation):  R(P)

indicate the opticgl excitation wavelength. The PL dpcay (moPy P + my P2)

rate of QE A is directly measured to be 355 MHz using a =Ry + PP . (6¢)
sat

picosecond pulsed laser (see Appendix A 7 and Fig. 12 in
the Appendix); this measurement is shown in the upper-
leftmost plot of Fig. 5 as a dashed black line. The PL

. _ 2
lifetime measurement is only performed for QE A given Model IV (Quadratic): ~ R(P) = Ro + moP + m P~

the susceptibility of #-BN’s QEs to disappear under pulsed (6d)
excitation.

To fit these metadata, we consider the following empir- ~ Here P is the excitation power and the other variables are

ical models. free parameters representing zero-power offset Ry, low-

power slope my, high-power slope m;, saturation value

Model I (Linear): R(P) = Ry + mgP. (6a) Ry, and saturation power Pg,. Dotted curves in Fig. 5

show the best-fit results for the model listed in each panel;

Model II (First-order saturation): R(P) in each case, we select the model with the fewest free

parameters that qualitatively fits the data. Best-fit parame-

=Ry + Rl ) (6b)  fers and uncertainties for each fit are reported in Appendix

P + Py Tables V and VI.
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FIG. 4. Single-photon emission characteristics. Zero-delay
photon autocorrelation function as a function of optical excita-
tion power. The open circles (triangles) represent uncorrected
g2®(0) for excitation at 592 nm (532 nm). The orange (green)
solid circles represent background and IRF corrected g (0) for
excitation at 592 nm (532 nm). Error bars represent one standard
deviation derived from fits, as described in the text.

The antibunching rate y; exhibits a markedly nonlin-
ear power dependence for QEs A, B, and C, whereas
the dependence appears to be linear for QEs D and E.
However, we note that the power range in the data for
QEs D and E might not be large enough for nonlin-
earities to emerge. For comparison, QEs B and C are
excited with up to about 4P , whereas QE D is excited
with up to about 2P% (see Appendix Table II). The

zero-power antibunching-rate offset (Ry) for QEs B—E is

clearly nonzero, whereas the fits using Model II for QE
A are poorly constrained, yielding Ry = 0+261 MHz
and Ry = 0 £+ 167 MHz for green and orange excitation,
respectively. The antibunching amplitudes (see Appendix
Fig. 11) for all QEs show a nonlinear saturation depen-
dence on excitation power with an expected convergence
to C; ~ 1 at zero excitation power.

The bunching dynamics exhibit significant quantita-
tive and qualitative variations across emitters. The fastest
bunching rate, y,, scales linearly with excitation power
and has a nonzero offset for QEs A, D, and E, whereas
it exhibits saturation behavior and zero offset for QEs B
and C. The magnitudes of y, range from several kilo-
hertz (QEs A, B, and D) up to several megahertz or faster
(QEs C and E). The slower bunching rate, y;, exhibits
the largest qualitative variation across emitters, including
linear (QE D), quadratic (QEs A and E), and saturation
models (QEs B and C). Only QE D exhibits clear evi-
dence for a nonzero offset for 3. The magnitudes of y;
are typically in the kilohertz range, with the exception of
QE C, whose y3 increases beyond 1 MHz at high powers.
The bunching amplitudes primarily depend nonlinearly on
excitation power, except for C; of QEs B, C (green excita-
tion) and E, which scale linearly with excitation power. All
of the bunching-amplitude fits are consistent with zero off-
set, except for QE E, where small residual offsets (Ry <
0.1) likely reflect minor systematic errors in the analy-
sis or inaccuracies of the empirical models. For QE A,
we restrict the meta-analysis of bunching parameters to
the orange-excitation data, which extend to higher exci-
tation power. However, we note that the green-excitation
bunching parameters generally track the data for orange
excitation.

F. Electronic model and optical dynamics simulations

We find that the key features observed in Fig. 5 can be
understood using the four-level electronic model shown
in Fig. 6(a). Figure 6 summarizes the results of optical
dynamics simulations for this model. Given a set of transi-
tion rates for the model, we simulate g'® (7) including the
effects of timing resolution and shot noise [e.g., Fig. 6(b)],
and we subsequently fit the simulated data using the empir-
ical model of Eq. (5) with n = 2 to extract the antibunching
and bunching parameters, as shown in Figs. 6(c)-6(e).
For reasons explained later in this section, the simulated
data are best described by an » = 2 model despite having
three eigenvalues. See the Appendix for more information
regarding the simulations.

The four-level model consists of a ground state (level 1),
an excited radiative state (level 2), a higher-lying excited
state (level 3), and a nonradiative metastable state (level
4). We consider two optical excitation pathways from
the ground state to excited state 2 or 3, represented by
the rates I';p and I'j3, respectively. The magnitudes of
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FIG. 5. Photon emission correlation spectroscopy. Excitation power and wavelength dependence of (row 1) the antibunching rate

(y1) denoted as circles, (row 2) the bunching rate (y,;) denoted as circles, (row 3) the bunching amplitude (C,) denoted as circles, (row
4) the bunching rate (y3) denoted as squares, and (row 5) the bunching amplitude (C3) denoted as squares, of the five QEs presented
in each column. The black dashed line in the upper-leftmost plot (QE A) represents the lifetime. Orange (green) data correspond to
excitation at 592 nm (532 nm). The error bars represent one standard deviation. The dotted lines are fits to the metadata, as discussed

in the text.

these two rates depend on the corresponding optical cross
sections for absorption at the excitation wavelength. A dif-
ference in cross section can result from the difference in
electric dipole matrix elements between the different elec-
tronic states, the atomic configuration coordinate overlap
for vibronic transitions, or both of these factors. For the
simulations in Fig. 6, we set I'j; = 0, since we are par-
ticularly interested in the situation where I'jp/ M3 < 1,
such that the dynamics feature indirect excitation of the
radiative state 2 via nonradiative relaxation from excited
state 3, at a rate k3. This is informed by the nonlin-
ear power scaling of y; for QEs A, B, and C. In the
Appendix, we report simulations over a range of settings
where "5/ '3 € [0,2], with qualitatively similar results
(see Appendix Fig. 13). In addition to the indirect excita-
tion pathway formed by states 1, 2, and 3, optical excitation
results in population and relaxation of metastable state 4
via nonradiative transitions with rates k4 and k4;. We con-
sider two types of nonradiative transition mechanism for
the metastable state: spontaneous and optically pumped.

Spontaneous transition rates are independent of the opti-
cal excitation rate (in this case, I"13), whereas optically
pumped transition rates scale linearly with I'j3. In this
model, the optically pumped transition rates k4 and kg4
can approximate more complicated processes; for exam-
ple, they could involve repumping from levels 2 — 3 or
from levels 4 — 3 with subsequent nonradiative relaxation
(see Appendix Fig. 16), or they could involve transient
population of additional levels. Their approximation as
individual pumped transitions remains accurate as long
as optical pumping remains the rate-limiting step. The
key observable difference between spontaneous and opti-
cally pumped transitions manifests in the excitation power
dependence of the corresponding bunching rate [Fig. 6(d)];
the bunching rate for spontaneous transitions features a
nonzero zero-power offset and saturates at high power,
whereas the bunching rate for optically pumped transi-
tions has zero offset and scales nearly linearly with power,
even as the corresponding bunching amplitude [Fig. 6(e)]
saturates.
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FIG. 6. Electronic level structure and optical dynamics simulations. (a) An investigative four-level electronic model consisting of
the ground state (level 1), radiative state (level 2), excited state (level 3), and metastable state (level 4). Orange arrows represent
excitation pathways (with rates I'j, and I'13), the wavy red arrow represents radiative emission (with rate I'y;), and dotted black arrows
represent nonradiative transitions (with rates «3», k24, and k41). (b) Simulated g@ (t) for I'j; = 0, I'j3 = 84 MHz, I'y; = 300 MHz,
k33 = 600 MHz, k4 = 60 kHz, and «4; = 30 kHz. Error bars represent simulated photon shot noise. (c)e) Best-fit parameters y,, 5,
and C, determined by fitting simulated g‘® (7) data using Eq. (5) with n = 2. The results are plotted as a function of I"j3/ I'y;, where

[';; = 300 MHz is a fixed parameter.

For both bunching mechanisms, the simulated data are
best described by only a single bunching level [# = 2 in
Eq. (5)] despite the fact that there should be 3 eigenval-
ues that describe this system. The reason for this is that
the indirect excitation and emission process through lev-
els 1, 2, and 3 can lead to two of the eigenvalues being
complex. These eigenvalues have the largest real values
and are responsible for the antibunching dynamics. When
we include practical limitations on timing resolution and
signal-to-noise ratio at short delay times, the fit cannot
distinguish these two values, and the goodness-of-fit anal-
ysis prefers a single real rate that approximates the true
model. The result is an effective antibunching rate that
scales nonlinearly with increasing excitation rate. This
effect persists even when a direct transition from state
1 — 2 is included. We performed simulations varying the
ratio I';5/ 13, and observed qualitatively similar results
(see Appendix Fig. 13).

II1. DISCUSSION

A. Photoluminescence, spectral, and polarization
properties

Our experiments provide clear evidence that visible QEs
in A-BN occur as isolated point defects with emission
originating from a single, dominant optical transition. The

QEs are spatially resolved in high signal-to-background
u-PL images. They exhibit PL saturation, high polariza-
tion visibility in emission, and emission spectra consis-
tent with individual vibronic transitions. Most convinc-
ingly, several emitters exhibit pure single-photon emission,
with g (0) = 0 within small experimental uncertainty, as
shown in Fig. 4. This finding contrasts with previous sug-
gestions that #2-BN’s QEs occur in pairs [48]. We do not
contend, however, that such pairing cannot occur. On the
contrary, in the course of our experiments we observed
multiple instances of spatially isolated emitters with high
polarization visibility, and yet g® (0) is substantially larger
than zero. We have focused here on emitters showing the
highest likelihood of being single defects.

Qualitatively, the QEs’ room-temperature PL spectra
are similar to those reported elsewhere in the literature
[6,19,27,28]. The analysis shown in Fig. 2 indicates that
the PL spectra are consistent with individual vibronic
transitions between two optical-dipole-coupled electronic
states. The one-phonon lineshapes for QEs A, B, C, and
E are all qualitatively similar despite the fact that QEs A
and B feature ZPL energies near 1.9 eV, compared to 2.1
eV for QEs C and E. All four emitters exhibit strong cou-
pling to low-energy phonons (< 50 meV) as well as to
higher-energy phonons (150200 meV) that are typically
associated with longitudinal optical modes in bulk 4#-BN
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[4]. Coupling to low-energy phonons is a key feature in
determining the asymmetric shape of the dominant emis-
sion peak [27,50]. The ZPL corresponds to the transition
from the lowest vibrational level of the initial (excited)
state to the lowest vibrational level of the final (ground)
state. When low-energy phonons are involved, transitions
can occur from the lowest vibrational level of the initial
state to the first vibrational level of the final state, show-
ing up on the low-energy side of the ZPL and leading to
the asymmetric shape. Failure to account for low-energy
phonons in interpreting experimental spectra leads to an
underestimation of the Huang-Rhys factor, Syr, which
quantifies the strength of the vibronic coupling and is a
crucial parameter for comparing with theoretical calcula-
tions. Our model captures the asymmetric spectral shape.
However, the precise details of the low-energy phonon-
coupling lineshape become correlated with the ZPL width
(assumed to be Lorentzian) and Syr when fitting the model
to experimental data. We account for these correlations
by performing the fits using varied constraints on the
low-energy phonon coupling motivated by scaling con-
siderations. We follow the method described in Ref. [6],
in order to estimate uncertainties on Syr and the ZPL
linewidth. Overall, we find that the best-fit ZPL linewidths
are narrower or comparable to those reported in the liter-
ature for off-resonant excitation of #-BN’s QEs at room
temperature [10,51,52], and the values of Syr are some-
what higher. We consider comparisons to theoretical pro-
posals in detail later; we note here that the ZPL energies
and Syr values closely match the calculated properties of
boron dangling bonds [43,53].

The QE’s polarization-resolved PL excitation and emis-
sion characteristics (Fig. 1) begin to reveal more compli-
cated features of their optical dynamics. Both QEs A and
C exhibit linearly polarized emission with nearly complete
visibility, again consistent with emission through a sin-
gle optical dipole transition. For QE A, the PL intensity
varies as a function of excitation polarization angle in a
manner consistent with excitation through a single opti-
cal dipole, with high visibility and an angle aligned with
the emission dipole, independent of excitation wavelength
(532 or 592 nm). In the case of QE C, the emission polar-
ization visibility and dipole angle is similarly independent
of the excitation wavelength. However, QE C’s excitation
polarization dependence varies dramatically as a function
of excitation wavelength; the excitation dipole is aligned
with the emission under 592 nm excitation, but misaligned
under 532 nm excitation with substantially reduced visibil-
ity. Emission polarization data are not available for QEs B,
D, and E, but the excitation polarization measurements are
qualitatively similar to those for QEs A and C. All three
QEs show polarized absorption with varying degrees of
visibility.

The heterogeneous polarization responses are consistent
with previous observations for QEs in 4-BN [6,18,27,28].

In particular, Ref. [28] studied the variation of polarization
visibility and alignment between excitation and emission
as a function of the energy difference between the exci-
tation photon energy and the ZPL photon energy, AE.
They observed that the excitation and emission dipoles are
aligned (AO = 0) when AE < 200 meV, whereas if AE 2>
200 meV, Af can take any value. Our observations are
consistent with this empirical finding. For QE A, the exci-
tation and emission angles are aligned despite relatively
large energy differences, AE>? = 169 meV and AE>* =
405 meV, for 592 and 532 nm excitation, respectively. For
QE C, the dipoles are aligned for excitation at 592 nm
(AE?? =10 meV; A6>? = 0.0° £ 1.4°) but misaligned
at 532 nm (AE>3? = 247 meV; AG>¥ = 46.5° + 1.6°).

Misalignment between absorption and emission dipoles
is expected if the optical dynamics involve multiple
excited states. Whereas the invariance of the PL polar-
ization, visibility, and spectral shape to excitation energy
implies that PL emission occurs through a single opti-
cal transition, off-resonant optical pumping can involve
transient excitation of higher-lying excited states through
transitions with different optical dipole orientations, which
subsequently relax to the radiative state as shown in
Fig. 6(a). Depending on energy level arrangement and the
vibronic coupling strengths, a single excitation laser can
drive both transitions between states 1 — 2 and 1 — 3.
The excitation polarization dependence will then reflect
a superposition of two optical dipole transitions, with
an orientation and visibility determined by the underly-
ing dipole transition orientations and their relative opti-
cal cross section. To test this hypothesis, we perform a
simultaneous fit of QE C’s emission and excitation polar-
ization data under 532 nm excitation assuming a single
shared dipole for excitation and emission via states 1 <> 2
together with a second dipole for excitation via 1 — 3 (see
Appendix A5 and Fig. 8). We find that the data are con-
sistent with such a model, in which the dipole projection
for transition 1 — 3 is misaligned from that of transi-
tion 1 < 2 by 63° & 1°, and the ratio of excitation cross
sections is "1/ "3 ~ 0.5.

In interpreting these results, we note that the obser-
vation of highly polarized emission implies the presence
of at least one symmetry axis for the underlying elec-
tronic states. For most defect models under consideration,
symmetry allows for optical dipole transitions aligned per-
pendicular to the 2-BN plane (along z) or within the plane
either parallel or perpendicular to the defect’s symmetry
axis (along x or y). Hence, the observation of dipoles mis-
aligned by about 60° seems surprising. However, since
our polarization-resolved experiments are primarily sen-
sitive to the projection of the dipole perpendicular to the
microscope’s optical axis, it is possible that sample mis-
alignment or local distortions of the defect that tend to
tilt the z axis could explain the observations. Alternatively,
our model of two superposed excitation dipoles might not
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capture all salient features of the excitation process; more
than two transitions might be involved, and yet the super-
position of any number of dipole absorption patterns will
ultimately yield a polarization dependence consistent with

Eq. (2).

B. Optical dynamics

PECS experiments reveal key details regarding the
nature of the QEs’ excited states and optical dynamics.
The PECS results summarized in Fig. 5 resolve individ-
ual dynamical processes, their associated timescales, and
their dependence on optical excitation power. All QEs
feature three or more timescales in their autocorrelation
spectra, which implies that the optical dynamics involve
at least four electronic levels. In addition to antibunch-
ing on nanosecond timescales, all QEs exhibit bunching
with two or more resolvable timescales that are orders
of magnitude longer (typically microseconds to millisec-
onds). These bunching timescales are broadly consistent
with past observations [3,4,6,14,26,54], and they indi-
cate the role of metastable dark states in the optical
dynamics. Here, we emphasize and discuss two key fea-
tures of the PECS measurements in Fig. 5: the nonlinear
power dependence of the antibunching rate, y,, that is
clearly observed for QEs A, B, and C; and the hetero-
geneous behavior of the bunching rates and amplitudes,
which feature qualitatively diverse power-dependent vari-
ations.

For a QE featuring a direct optical transition between
a ground state and a radiative excited state, the anti-
bunching rate scales linearly as a function of optical
excitation power, with a zero-power offset corresponding
to the QE’s spontaneous emission rate. This is the case
even for QEs that also feature metastable charge and spin
states, such as the nitrogen-vacancy (N-V) center in dia-
mond [55]. In Appendix Fig. 9, we present measurements
of the antibunching rate of single N-J centers in nan-
odiamonds as a function of excitation power; the results
show clear linear scaling and a zero-power offset for y;
consistent with the expected optical lifetime. The PECS
observations of 4-BN’s QEs in Fig. 5 defy this expec-
tation. The power scaling of y; for QEs A, B, and C
is clearly sublinear, with a saturation behavior (Model
IT or Model III) characterized by a steep slope at low
power tapering off to a shallow slope at high power. More-
over, the y; measurements for QE A are all less than
or equal to the measured spontaneous decay rate (dashed
line in the upper left panel of Fig. 5), whereas y; always
exceeds the spontaneous rate for a direct optical transi-
tion. The zero-power offset for y; in QEs A and B is
consistent with zero but is poorly constrained due to the
steep low-power slope; the offset is nonzero for QEs C,
D, and E. QEs D and E exhibit linear power scaling of
y1; however, the range of available powers is smaller

than for the other emitters, and we cannot rule out a
saturation behavior at higher power. Previous studies of
QEs in 4-BN have revealed hints of power-independent
antibunching rates [54] and nonlinear power scaling [3,
26]; however, these observations were never satisfactorily
explained.

The antibunching rate’s nonlinear power dependence
can be understood in the context of an indirect excitation
mechanism, as illustrated in Fig. 6(a), where optical excita-
tion leads to the population of multiple states: levels 2 and
3, with competing rates ', and I'y3. Indirect population
of the radiative state (level 2) through such a mechanism
creates a rate-limiting step (3 — 2) to the optical emis-
sion pathway (2 — 1) that leads to nonlinear scaling of
the observed antibunching rate, as shown in Fig. 6(c). The
rate-limiting nature of this process is intuitively obvious in
the limit where I'1;/ "3 < 1. However, we find that the
nonlinear saturation behavior remains qualitatively consis-
tent, independent of the pumping-rate ratio across a wide
range of simulation settings where '}/ T"13 € [0, 2] (see
Appendix Fig. 13). In the regime I'1,/ "3 <« 1, the popu-
lation of level 2 is still mostly determined by the indirect
excitation pathway through level 3, with rate «3,, and the
dominant antibunching rate saturates to a value close to
k32 + ['p1. In the regime where ',/ '3 > 1, two under-
lying rates in the dynamical system are associated with
the antibunching dip. As discussed previously, the eigen-
values associated with these rates can be real or complex
depending on the relative magnitudes of transitions in the
system. However, the fast rate associated with the direct
population of level 2 and the subtle signatures of complex
eigenvalues on the shape of the antibunching dip turn out
not to be detectable when we include realistic assumptions
for the experimental limits on timing resolution and shot
noise. Instead, we observe a single effective antibunch-
ing rate y; that exhibits nonlinear saturation similar to the
slow rate. In principle, the indirect population of the radia-
tive state should also manifest as a delay and rounding
of the initial peak in the time-dependent PL following a
laser pulse. We observe hints of these features in Fig. 12;
however, analysis is complicated by the detector’s finite
IRF. Moreover, the excitation dynamics due to a short laser
pulse are likely different than those under continuous-wave
excitation.

The bunching dynamics observed in Fig. 5 can also
be understood within our optical dynamics models by
including metastable shelving states. In Fig. 6, the key
qualitative difference between spontaneous population of
the metastable state(s) (e.g., spin-dependent intersystem
crossings) and optically pumped transitions (e.g., ioniza-
tion, recombination) appears in the power scaling and
zero-power offset of the associated bunching rate. Spon-
taneous transitions are characterized by a rate with a
nonzero offset that tends to saturate with increasing pump-
ing power, whereas optically pumped transitions have zero
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offset and increase quasilinearly. Previous studies consid-
ering the power scaling of bunching rates for QEs in #-BN
nanoflakes and exfoliated flakes have proposed similar
optically pumped models [3,26]. Similar behavior has also
been observed in color centers such as the silicon-vacancy
center in diamond, attributed to power-dependent deshelv-
ing from higher lying states to the metastable state [56].
However, the heterogeneity and complexity of these pro-
cesses for QEs in A-BN, both regarding the number of
levels and the type of transitions, have not been considered
before.

We observe both qualitative bunching behaviors in
the data of Fig. 5, with several QEs exhibiting multiple
bunching levels that apparently have different transition
mechanisms. In some cases, individual bunching rates
exhibit power scalings with features of both phenom-
ena; for example, y, for QEs A, B, D, and E appears
to have a nonzero offset and yet increase linearly with
power. This could indicate that the associated state can
be populated both spontaneously and through an optically
pumped pathway. Our simulations support this intuitive
reasoning. For example, Appendix Fig. 14 shows the
results of simulations of the same four-level system as in
Fig. 6(a), but with rates chosen to reproduce the obser-
vations for QE A from Fig. 5. We indeed find that a
combination of spontaneous and optically pumped transi-
tions to the metastable state (k24 and «4;) yields a bunching
rate y, with a nonzero offset that scales linearly with
pumping power. Moreover, setting k3, < I'p; creates a sit-
uation where the spontaneous emission rate exceeds the
observed antibunching rate, I';; > y;, over a wide range
of pumping power, in agreement with our observations.
The quantitative magnitudes of y;, y», and the bunching
amplitude, C,, are also reproduced by the simulations.
This highlights the versatility of optical dynamics sim-
ulations as a valuable tool to recreate or predict optical
dynamics based on complex combinations of radiative
and nonradiative processes. To fully capture the observed
dynamics of any particular QE, including the addi-
tional bunching rates y; and y4 (where applicable), more
metastable states are required in the simulations. We fur-
ther note that the number of observed bunching timescales
represents a lower limit on the number of metastable
states, and hence some states could actually repre-
sent multiplets associated with different spin manifolds.
Even with those caveats, these observations present the
opportunity for quantitative comparisons with theoretical
predictions.

C. Consistency with theoretical proposals

Several defect structures have been proposed as the
origin of visible-wavelength single-photon emission in 4-
BN, including the boron dangling bond (DB) [43], V'nNB
[2], 'nCg [46], and VCy [34]. The negatively charged

boron vacancy, Vg, has been suggested to give rise to an
optically detected magnetic resonance signal observed for
emitter ensembles [12]; however, Vg has a ZPL of about
1.7 eV and couples more strongly to phonons (Syr ~ 3.5)
[57], producing a PL band between 800900 nm that does
not overlap with the emitters considered here. Early stud-
ies highlighted VNNp as the potential origin of visible
QEs [2], but recent calculations show that the coupling
to phonons is substantially larger than observations [46].
More recently, V'gCn has been proposed based on the
observation that carbon is correlated with the emission sig-
nal, but the calculated PL spectrum [34] does not match our
observations. The VgCy calculations also predict a single,
linearly polarized absorption dipole, which is inconsis-
tent with our measurements. The calculated PL spectrum
and strain dependence of VyCg [46] are in reasonable
agreement with the our observations. However, the opti-
cal transition for V'yCg occurs in the triplet channel, while
the calculated ground state is a singlet; the authors did
not propose a mechanism through which the triplet chan-
nel is populated quickly enough to give rise to the optical
emission they considered.

The boron DB is predicted to possess an optical tran-
sition at 2.06 eV with a Huang-Rhys factor of 2.3 [43],
which is in close agreement with the values observed in
this study. In addition, the variations in ZPL and Spr
for the observed emitters can be explained by out-of-
plane distortions [53]. There are various ways in which an
out-of-plane distortion could occur: extended defects, the
natural asymmetry from a flake edge being unsupported
on one side, interlayer bonding, local lattice relaxations in
voids, etc. Such microscopic features are difficult to dis-
tinguish optically; however, we note that QEs often occur
near extended defects (this is the case, e.g., for QE B).
The ground state of the boron DB is a singlet, and the
predicted existence of a triplet excited state can explain
the presence of level 4 in Fig. 6(a). Another important
feature of the boron DB model is the proximity of the
states to 2-BN’s conduction band [43]; this allows elec-
trons to be optically excited directly into the conduction
band, depending on the excitation energy, explaining the
misalignment of the absorptive and emissive dipole when
the excitation energy is increased. Other proposed mod-
els do not provide an explanation for the misalignment.
For instance, in the case of V'NyCg the optical transition
occurs in the neutral charge state, and for the excita-
tion energies considered here, photoionization will not
occur [58].

Within the boron DB model, we would interpret level 3
in Fig. 6(a) as the conduction band and «3, as the non-
radiative capture rate. To support this interpretation, we
have estimated the relevant capture rate 3, of a photoion-
ized electron from the conduction-band minimum into the
DB excited state [level 2 in Fig. 6(a)]. This capture rate
is a product of a capture coefficient and the density of
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electrons in the conduction band. A first-principles calcu-
lation yields a capture coefficient of 4 x 1077 cm? s~! (see
Appendix A 9). The density of electrons is estimated based
on the thermal velocity of the photoionized electron (about
10° m s~!) and a typical electron energy relaxation time of
about 1 ps [59]. In the time it takes the electron to relax
to the conduction-band minimum, it can thus travel about
100 nm; this distance corresponds to an effective electron
density of 2.4 x 10 cm™3. Multiplying this value with
the calculated capture coefficient gives a rate of k3, ~ 100
MHz, in compelling agreement with the observed satura-
tion antibunching rates of y; ~ 300-800 MHz for QEs A,
B, and C. Nonradiative transition rates can vary by more
than 10 orders of magnitude for reasonable defect param-
eters [60]. Our calculations also show that capture into the
excited state is favored over capture into the ground state
by more than 5 orders of magnitude, justifying the neglect
of k31 in the general model of Fig. 6(a).

The inclusion of photoionization allows us to further
rationalize the heterogeneity in bunching behavior of the
observed emitters: the photoionized electron is not nec-
essarily re-captured at the same QE, but may instead be
captured by a neighboring defect, leaving the QE in a
nonfluorescent, ionized configuration that likely requires
optical excitation of additional free electrons to restore
emission via subsequent electron capture. This process
would be represented in Fig. 6(a) by an optically pumped
transition, where level 4 represents an ionized state of the
QE. The emitters may therefore be highly sensitive to the
local defect environment. Unlike other proposed defect
models, we conclude that the boron DB model is thus capa-
ble of explaining numerous aspects of the experimental
observations, lending support to this proposed microscopic
structure.

IV. CONCLUSION

The observations in this work reveal that #-BN’s QEs
have intricate electronic level structures and complex opti-
cal dynamics including multiple charge or spin mani-
folds. Our proposed electronic-structure models comple-
ment previous reports [3,26,54] and explain the quantita-
tive features of our observations. In particular, the models
explain the observation of nonlinear power scaling of the
antibunching rate as well as heterogeneous magnitudes
and power-scaling behavior of multiple bunching rates.
Whereas past reports have lacked consensus on mecha-
nisms to explain the observed optical dynamics of #-BN’s
QEs, and many posited chemical and electronic structure
models have failed to adequately explain the heteroge-
neous observations, we show that the boron dangling
bond model is remarkably consistent with experiments,
especially accounting for the role of local distortions, pho-
toionization, electron capture, and the QEs’ heterogeneous
local defect environment. Future experiments should be

designed to investigate these details, for example time-
domain studies of transients associated with charge and
spin dynamics, and temperature- and excitation-energy-
dependent variations of the PL lineshape, vibronic spec-
trum, and polarization-dependent excitation cross section.
Combined with theoretical models, such experiments can
resolve the underlying transition rates and resolve the dis-
parate influences of the QEs’ intrinsic properties with
those of their local environments. The observation of
pure single-photon emission with g (0) = 0 resolves ear-
lier questions about #-BN’s QEs [48], affirming their
potential for use in photonic quantum technologies. More
generally, we hope that the approach and techniques pre-
sented in this work—especially the quantitative use of
PECS—ypresent a model to formulate optical dynamics
models for QEs in any material platform [47,61]. Our
models can be adapted to account for recent observa-
tions of magnetic-field-dependent optical dynamics [11]
and optically detected magnetic resonance [13,14] in A-
BN. Subsequently, they can be used to design protocols
for initialization, control, and readout of quantum coher-
ent spin states for quantum information processing and
quantum sensing.
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APPENDIX

1. Sample preparation

We use a confocal microscope (Fig. 7) to isolate individ-
ual QEs in #-BN under ambient conditions. The #-BN sam-
ples are sourced from two batches (purchased about two
years apart) of bulk, single crystals from HQ Graphene.
Each batch consists of roughly 20 different individual crys-
tals. The bulk crystals are mechanically exfoliated using a
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FIG. 7. Experimental setup. A simplified version of the room-temperature optical setup showing the essential optical and electronic

components used to probe the QEs in #2-BN. The green dashed line
to 592 nm (orange) excitation.

dry transfer process [49] resulting in thin (< 100 nm) and
large area (about 10 um) flakes of #-BN. The exfoliated
flakes are transferred to a Si0, /Si substrate with microfab-
ricated circular trenches 4 to 8 um in diameter and 5 um
deep [6] using a dry transfer process. Table I highlights the
crystal from which the 42-BN flake under study came.

Prior to the optical studies, the exfoliated #-BN sam-
ples are cleaned with a soft O, plasma (Anatech SCE 106
Barrel Asher, 50 W of power, 50 sccm O, flow rate) for 5
min to remove polymer residues resulting from the transfer
process. The samples are then annealed in a tube furnace
at 850 °C in low flow Ar atmosphere for 2 h. Annealing 4-
BN has been found to brighten the emitters [35]. While not
the focus of study here, annealing for longer time (2 h ver-
sus commonly used 30 min) appears to improve emitter
stability. One sample is also exposed to a focused ion-
beam chamber operated in scanning electron mode (FEI
Strata DB235 FIB SEM) but is not directly exposed to
the electron beam. Table I summarizes the three sam-
ples investigated, the QEs studied in each sample, and the
annealing treatment received by each sample.

2. Experimental details

Figure 7 depicts a simplified schematic of the room-
temperature confocal microscope used to measure the QEs.
There are two available excitation sources: a 532 nm
(green) cw laser (Coherent, Compass 315M-150) and a 592
nm (orange) cw laser (MPB Communications, VF-P-200-
592). The power and polarization of each excitation path
can be independently selected. Reported power values are
measured just prior to the objective. In addition, a shut-
ter completely blanks the excitation source when imaging
is not in use to mitigate unnecessary light exposure. The

represents the 532 nm (green) excitation path that can be switched

excitation paths are combined with the collection path
using a long-pass (LP) dichroic mirror (Semrock, Bright-
Line FF560-FDi01 for green and Semrock, BrightLine
FF640-FDi01 for orange). The LP dichroic cut-off is 560
nm for green excitation and 640 nm for orange excita-
tion. A fixed half-wave plate in each of the excitation paths
corrects for the birefringence induced by the dichroic mir-
rors. The coaligned excitation and collection paths are sent
through a 4/ lens system with a fast steering mirror (Optics
in Motion, OIM101) and a 0.9 NA 100x objective (Olym-
pus, MPI Plan Fluor) at the image planes. This allows for
the collection of wide-field, rastered, microphotolumines-
cence (u-PL) images. The objective is mounted on a stage
system for changing the field of view.

The collection path consists of a linear polarizer (Thor-
labs, WP25M-VIS) for measuring the emission polariza-
tion as well as a wide-band variable retarder (Meadowlark,
LRC-100) that compensates for the birefringence induced
by the dichroic. A LP filter specific to the excitation color
fully extinguishes any scattered excitation light and the
Raman signal. The cut-on wavelengths are 578 nm (Sem-
rock, BLP0O1-568R-25) and 650 nm (Semrock, BLPO1-
635R-25) for green and orange, respectively. The filtered
light is focused onto the core of a 50 um core multimode
fiber (Thorlabs, M42L.01) acting as a pinhole. The output
of the fiber is connected to a fiber switch (DiCon, MEMS
1x2 Switch Module) that can switch the collected emission
to either a 50:50 visible fiber splitter (Thorlabs, FCMM50-
50A-FC) or a spectrometer (Princeton Instruments, Iso-
Plane160 and Pixis 100 CCD). The outputs of the fiber
splitter are sent to two identical single-photon count-
ing modules (SPCMs, Laser Components, Count T-100),
resulting in a Hanbury Brown and Twiss interferometer.
The outputs of the SPCMs are either measured by a

030331-14



PROBING THE OPTICAL DYNAMICS OF QUANTUM EMITTERS...

PRX QUANTUM 3, 030331 (2022)

TABLEI. The samples, quantum emitters and sample treatments.
Sample® 1 I I
h-BN crystal used for 1 1 2
exfoliation®

Quantum emitters A B C,D,and E

Preannealing treatment Plasma cleaned at 50 Plasma cleaned at 50 W in Plasma cleaned at 50
W in 50 sccm O, 50 sccm O, for 5 min W in 50 sccm O,
for 5 min for 5 min

Annealing treatment 850°C for 2 hin 1. 850°C for 1 h in low- 850°C for 2 hin
low-pressure Ar pressure Ar atmosphere low-pressure Ar
atmosphere 2. Sample is in scanning atmosphere

electron microscope
chamber but not directly
exposed to e-beam®

3. 850°C for 2 h in low-
pressure Ar atmosphere

aSample represents different substrates.

PCrystals 1 and 2 represent crystals in different orders purchased from HQ Graphene, about two years apart.
°The QE is not found post treatment 1 and 2. It is only found post treatment 3.

data acquisition card (National Instruments, DAQ6323)
for general-purpose counting or a time-correlated single-
photon counting (TCSPC) module (PicoQuant, PicoHarp
300) for recording the photon time-of-arrival information
with a full system resolution of about 350 ps.

3. Spectra analysis

The PL spectra are collected as multiple exposures and
averaged after correcting for dark counts, cosmic rays, and
wavelength-dependent photon collection efficiency. The
PL spectra are measured as a function of wavelength A
and binned to determine the spectral distribution function
S()). To analyze the vibronic coupling, the measured spec-
tra must be converted to a form suitable for analysis with
the general theory of electron-phonon coupling in three-
dimensional (3D) crystals [62,63]. To do this, the spectral
probability distribution function is obtained through

he
S(E) = S(A)ﬁ, (AD)
where 4 is Planck’s constant, ¢ is the speed of light, and

E is the photon energy. The emission lineshape L(E) is
derived from S(E) as

S

LE) = 5

(A2)
which accounts for the photon-energy dependence of spon-
taneous emission. The emission lineshape is then fit fol-
lowing the method described in Ref. [6]. From the fit, the
following free parameters are determined: the ZPL energy
Ezpr, the ZPL Lorentzian linewidth I'zp , the Huang-Rhys
factor Sygr, and the one-phonon vibronic coupling line-
shape, approximated as an interpolated vector of values

spanning the phonon spectrum in 2-BN. The Debye-Waller
factor wpw can be calculated from wpyw = e SHR,

4. Photoluminescence characterization summary

Table II summarizes photoluminescence properties of
the QEs—the data are presented in Figs. 1 and 2.

5. Polarization properties

a. Simultaneous fit of emission and excitation
polarization of QE C for 532 nm excitation

The emission and excitation polarization of QE C is
independently modeled using Egs. (2) and (3) to estimate
its optical dipole orientation and visibility. Furthermore,
the misalignment of the emission and excitation dipole is
estimated from the independent fit results using Eq. (4).
However, the low visibility of excitation polarization for
532 nm excitation suggests superposition of multiple exci-
tation dipoles that means the excitation pathways could
be via multiple dipoles, one of them oriented along the
emission dipole. To check this hypothesis, the following
empirical equations are simultaneously fit to the emission
and excitation polarization data:

L :A10082 (6 —61) + By, (A3)

I = A c08% (0 — 60)) + (1 — 45) cos® (6 — 6,) + Bs.
(A4)

Here A is the normalized amplitude, B is the normalized
offset, 0; is the emission dipole orientation and orientation
of one of the two excitation dipoles, and 6, is the second
excitation dipole.
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TABLE II.

Steady-state PL as a function of power, PL spectra analysis, and optical polarization properties.

Quantum emitter

A B c? DP E
C32 (kCts/s) 84.4+5.1 170.1 + 8.4 323.0 £38.3 572+4.1
P332 (uW) 100.1 4+ 18.7 124.2 4+ 18.0 424.6 +124.3 126.2 +£22.54 .
Ezp (eV) 1.927 1.871 2.086 . 2.1
Shr 2.79 2.35 2.48 . 2.12
Wow 0.06 0.095 0.084 e 0.12
0332 (deg)° 168.17 £ 0.97 e 64.54 £1.34 108.77 £ 1.26
V332 (%) 83.6+ 1.4 38.7+1.2 56.1+ 1.4
022% (deg)° 169.71 £2.76 77.66 £ 0.81 118.29 +1.18 53.23 £2.02 .
V32 (%) 100.0 £ 5.7 80.88 + 1.7 83.0£29 57.6+23
622% (deg)° 173.83 + 1.47 e 118.29 +0.66 .
V32 (%) 88.9+24 90.5+ 1.9

10332 = 1457.7 £ 98.1 kCts/s, P32 = 752.7 £ 81.9 uW, 6332 = 111.09° £ 0.81°, V332 = 82.9% + 1.9%.

sat sat > Yem

PL spectral information is incomplete. ZPL cutoff by the filter.

°Excitation (0 ) and emission (6., ) dipole orientations, excitation (Vex) and emission (V) visibilities.

Figure 8 shows the normalized emission and excita-
tion polarization data and the resultant simultaneous fits.
Table III presents the fit result. The emission and first
excitation dipole is oriented 111.22°. This agrees with the
independent fit to the emission polarization using Eq. (2),
which gives dipole orientation of 111.09° (Table II). This
proves the hypothesis that the excitation polarization is a
superposition of two excitation dipoles, one aligned with
the emission dipole and the other misaligned by about

270

e Normalized emission data
e Normalized excitation data
Empirical fit function 1
Empirical fit function 2

FIG. 8. Quantum emitter C: emission and excitation polariza-
tions with green excitation. The normalized emission polariza-
tion is shown with blue circles and the normalized excitation
polarization is shown with orange circles. The green and yel-
low curves are simultaneous fits to the normalized emission and
excitation polarizations, respectively.

60°. Collectively, the two excitation dipoles result in an
effective dipole with low visibility.

6. Second-order photon autocorrelation function

For a given QE, all autocorrelation measurements are
performed with the excitation polarization set at the angle
of maximum excitation and the collection path has the
polarizer removed. Because of the varying QE brightness,
which affects the signal-to-noise ratio of the antibunching
signal, measurements are integrated for 10 s to 140 min
with repositioning occurring every 2 min. All errors from
the fitting denote one standard deviation.

Because of timing jitter in the SPCMs introducing sys-
tematic artifacts at short delay times, the data are analyzed
in two stages: logarithmic and linear scales. First, the auto-
correlation data are binned over a log scale for visualizing
the dynamics over 9 orders of magnitude in time (0.1 ns to
1 s) corrected for background [64], and then fit by multiple
instances of Eq. (5) with n = [2, 5]. The best fit, and corre-
sponding 7, is then determined by calculating the AIC and
comparing the reduced chi-squared statistic. This method
determines the number of bunching levels and their rates
and amplitudes that best explain the observations. The
QE’s autocorrelation data are then binned over a linear
scale that contains the antibunching features (r < 30 ns).
To account for the timing jitter in the SPCMs, the IRF is
found by measuring the autocorrelation signal of an atten-
uated picosecond pulsed laser sent through the Hanbury
Brown and Twiss interferometer and binned over the same
linear scale as the QE. A convolution of the IRF, F (1),
with a modified Eq. (5) is fit to the background-corrected
data, given by

P =F@ x(1 - Ce "+ Cp(r)),  (AS)
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TABLE III.

Result of simultaneous fit of QE C’s emission and excitation polarizations.

Emission (/)

Excitation (/)

Dipole 1 (6))

Dipole 2 (6,)

Emission amplitude (4,)
Emission background (B;)
Proportion along 111.22° (4,)
Proportion along 47.77° (1 — A4;)
Excitation background (B;)

0.89 cos? (8 — 111.2) + 0.09
0.34 cos? (9 — 111.2) + 0.66 cos? (8 — 47.8) + 0.19

111.22 £0.63°

4777 + 0.95°
0.89 £ 0.02
0.09 £ 0.01
0.34 £ 0.01
0.66 £ 0.01
0.19 £+ 0.01

where Cg(7) is the total bunching contribution found from
the log-scale analysis (first step) and only C; and y; are
allowed to vary. The autocorrelation at zero delay is then
given by

g0 =1-C+> ¢, (A6)

i=2

which is used to determine the purity of single-photon
emission from the QE.

a. Long-timescale best-fit results

Table IV summarizes the fit results of the best-fit empir-
ical models used to describe the long-timescale g¥(t)
plots shown in Fig. 3.

b. Background correction

Background correction is done to account for the back-
ground and incoherent light detected along with the signal
that can affect the autocorrelation function. The following
two background correction techniques are used.

1. Recording background from an offset spot. The
autocorrelation data are acquired from a background
spot, same as the emitter. The background spot is
an offset spot, about 1 um from the emitter that
seems to emulate the true background. The back-
ground data are acquired for the equivalent time as
the emitter, with all other experimental conditions
such as excitation power kept same. From the back-
ground data, the average background count rate is
determined. This technique is applied to QEs A and
B.

2. Recording background from a 2D scan. Instead
of recording background data of an offset spot, X
and Y line (u-PL) scans of the emitter are acquired.
Since the emitter is tracked during the acquisitions,
the p-PL line scans along X and Y pass through the
center of the emitter. A 2D Gaussian fit to the line
scans provides the background and signal of the spa-
tially isolated emitter. This technique speeds up the
data acquisition by a factor of 2 since the data from

an offset spot is no longer needed to be acquired.
This technique better approximates the background
since the estimation is done right around the emitter,
instead of an offset spot. This technique is applied
to QEs C, D, and E, and adopted as the future
autocorrelation background correction technique.

Using the background and signal acquired, we determine
the background-corrected autocorrelation function [64]:

g () — (1 —p?)

@ = 5 (A7)
o
with g2 ' (7) the measured value and
__ signal ‘ (AS)
signal 4 background

c. Akaike information criterion

For a given set of data, the AIC is a quantitative method
to determine the relative quality of a collection of statistical
models. Using the AIC, the relative quality of each of the
models compared can be estimated. It can be applied to any
data and fitting routines. Thus, it can be used to determine
which model best fits to a given data set. However, it does
not determine absolute quality. Using the AIC, the relative
quality of Eq. (5) for different » is determined. The /likeli-
hood of a model (n = [2,5]) explaining the actual data is
determined by comparing the AIC of each model.

The AIC is defined as

Z=2p—2In(L), (A9)
where p is the number of fit parameters in the model and
In(L) is the log-likelihood function.

Assuming Gaussian uncertainties, the second term

becomes

YT (er = ma(xi))?
2In(Lg) = — Z[—z + ln(aiz)]—N In (277),
i=1 i

(A10)

where N is the number of data points, ¢; is the measured
value of the ith data point, m, is the model function, m, (x;)
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TABLE IV. Long-timescale autocorrelation function fit parameters.

Quantum emitter

A B C D E
Excitation wavelength (nm) 592 592 532 592 532
X24 1.801 1.202 1.085 1.031 2.872
n 4 3 3 3 3
Ci 1.285 4+ 0.052 1.076 £+ 0.029 0.988 £ 0.020 1.938 £+ 0.039 2.204 + 0.041
7) (ns) 3.66 £ 0.31 297 £0.16 1.91 £ 0.08 6.56 £ 0.34 3.50 £0.16
G 0.208 £ 0.002 0.193 £ 0.001 0.023 £+ 0.001 0.725 £ 0.028 0.928 £ 0.022
Ty (u8) 41.200+ 0.617 75.088 £ 0.600 3.429 £ 0.218 354.67 £ 13.62 0.163 £ 0.005
(&) 0.172 £ 0.002 0.108 £ 0.002 0.013 £ 0.000 0.219 £+ 0.029 0.315 £ 0.002
73 (US) 252.49 +2.64 264.32 £2.21 90.66 £ 2.27 972.30 4+ 48.39 46.64 £ 0.31
Cy 0.035 + 0.001 Not Applicable Not Applicable Not Applicable Not Applicable
74 (ms) 5.622 + 0.317 Not Applicable Not Applicable Not Applicable Not Applicable

is the model predicted value of the ith data point, x; is the
independent ith data point, and o; is the standard deviation
of the ith data point. The likelihood of a model to explain
the actual data from a collection of models is determined
by calculating the weight of the model, defined as

Wq = €Xp ((Imin - Ia)/z)a (Al 1)

where w, is the weight of the ath model, Z,, is the mini-
mum AIC value among all models, and Z, is the AIC value
of the ath model.

The model with the highest w best explains the actual
data, amongst the collection of models. However, for rel-
atively close values of two w,, a simpler model could be
selected. Thus, the AIC is used to determine the relative
quality of n for n = [2,5].
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FIG. 9. Antibunching rate of N-J centers in nanodiamonds.
The antibunching rate (denoted by circles and squares) is mea-
sured as a function of excitation power. The lines (dashed and
dotted) are fits to the rates. The error bars represent one standard
deviation.

d. Nitrogen-vacancy center in diamond

For most quantum emitters characterized by direct opti-
cal transition between a ground and optically excited state,
the antibunching rate as a function of excitation power is
typically linear, where the zero-power intercept provides
the inverse of the radiative lifetime and the slope relates the
pumping power to excitation rate. This is the case for the
N-V center in diamond, for example. Figure 9 shows the
antibunching rate y; as a function of excitation power for
N-V centers in two nanodiamonds. The nanodiamonds are
dropcast on a silicon wafer and probed for single N-V cen-
ters. The nanodiamond sample is studied in the same setup
as the 2-BN samples discussed in the main text. The data
acquisition and analysis is as discussed in the main text (no
IRF correction is performed). The data are acquired using
green (532 nm) excitation. To check for linear dependence,
the rates are fit using Eq. (6a). The zero-power intercept is
calculated to be 51 MHz (N-V center in ND1) and 67 MHz
(N-V center in ND2), which agrees with the inverse optical
lifetimes for N-J centers in nanodiamonds reported in the
literature [65].

e. QE A: y4 and Cy

Under orange excitation, QE A is best modeled by four
timescales (n = 4). Figure 10 shows the bunching rate y4
and amplitude Cy.

f. Antibunching amplitude

Figures 11(a)-11(e) present the excitation power depen-
dence of the antibunching amplitude, C;, of the QEs.
Figure 11(f) presents the simulated antibunching ampli-
tude for spontaneous and pumped transition mechanisms.
The dashed lines are fits using the first-order saturation
model [Eq. (6b)]. The fit results are shown in Table VI.
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FIG. 10. Quantum emitter A: y4 and C; for orange excitation.
The error bars denote one standard deviation.

g. Empirical fits to photon emission statistics

Tables V and VI summarize the results of fits in Figs. 4
and 11.
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FIG. 11. Antibunching amplitudes. (a)+(e) Antibunching

amplitudes (circles) of QEs A to E. The error bars represent one
standard deviation. The dashed lines are fits using an empirical
model discussed in the text. (f) Simulated antibunching ampli-
tudes as a function of the excitation rate for the spontaneous
(circles) and pumped (squares) transition mechanisms discussed
in the main text.
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FIG. 12. Quantum emitter A: lifetime measurement. Time-
resolved PL (light orange circles) and fit (dark orange circle) to
the data. The error bars represent one standard deviation.

7. Lifetime measurement (QE A)

Figure 12 shows time-resolved PL of QE A. Time-
resolved PL is acquired by using a pulsed laser (NKT Pho-
tonics, Fianium Whitelase) with the excitation wavelength
centered at about 580 nm and a 40-MHz pulse rate. The
PL is recorded in histogram mode using a TCSPC mod-
ule (PicoQuant, PicoHarp 300). The lifetime is obtained
by fitting the convolution of the IRF and an empirical
model, F(t) * (4 exp (—t/t) + B). The IRF is obtained in
the same configuration as the time-resolved PL of the QE.
The measured lifetime is 2.82 &+ 0.004 ns, corresponding
to a decay rate of 355 MHz.

8. Electronic level structure simulations

A four-level optical rate equation is used to model
aspects of the observed autocorrelation data. The model is
defined as

P =GP, (A12)
where P is a vector of state populations, P;, and G is a gen-
erator matrix describing the transition rates. For the model
shown in Fig. 6(a),

—I'3 Iy 0 K41
. 0 =TI — ko k32 0
G= INE 0 -k 0 |’ (A13)
0 K24 0 —K41

where I'j3 is the excitation rate, I'p; is the radiative emis-
sion rate, and k; are nonradiative rates that are either fixed
or proportional to the excitation rate. The autocorrelation
function is proportional to the probability that the system is
found in the radiative state, P,, given the system started in
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state P; following the detection of a photon, and normal-
izing by the steady-state population of P,. This is given
by

Py (|P(t) = (1,0,0,0))
P>(00) ’

g?) = (A14)

where 7 =1, — t;. The differential equation Eq. (A12)
given the initial state is solved in MATLAB® using the
function odel5s. Timing resolution limitations and shot
noise are added to the simulated autocorrelation function
to best recreate the measurements. To model timing reso-
lution, the simulated data are only analyzed for zy > 0.5 ns.
To include shot noise, a standard deviation, oy, is set for
the first delay time. Assuming shot noise, this standard
deviation is converted to a mean number of photons as

-2

(No) = 02, (A15)

The log-scale processing results in the average number of

photon correlations detected in each bin increasing linearly
with the delay time,

(N(1)) = (Np) rlo (A16)

From this, a simulated, noisy g® (t) is calculated as

Poiss(g@ () (N(7)))

(2) _
g (T)Noisy = 5 (A17)
(N(7))
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FIG. 13.

where Poiss is a Poisson distribution. The simulated auto-
correlation data are analyzed with the same fitting frame-
work as the measured data. The general model parameters
are as follows: I'y; = 300 MHz, I'y3 = al'5;, where a =
[001, 10], F12 = XF13, where x = [0, 2], K3y = 600 MHz.
For the spontaneous bunching, ky4 = 60 kHz and «4; =
30 kHz. For the pumped bunching, x,4 = 6 kHz/MHz x
F13 and Kq1 = 3 kHZ/MHZ X F13.

a. Simulating optical dynamics for nonzero ratio of
pumping rates

Figure 13 presents result of simulations for I'j5/ '3 =
[0, 2] for the case of spontaneous transition via level 4. As
highlighted in the main text, the results of simulations for
different "1,/ "3 are qualitatively similar.

b. Simulating optical dynamics of QE A

Figure 14 shows the result of simulations to recre-
ate the observed optical dynamics of QE A. The same
model discussed in the main text is used in the simulations
[Fig. 5(a)]. The radiative and nonradiative rates are chosen
such that the resultant dynamics best recreates the observed
optical dynamics of QE A (first column of Fig. 4). There
are two important qualitative features of simulating QE A
that differ from the simulations presented in Fig. 5 of the
main text. The first is that, when k3, < I'»;, we find that the
observed antibunching rate y; is less than the spontaneous
emission rate [';; over a wide range of power settings.
Here, I'y; = 300 MHz and «3; = 60 MHz. The second
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°
30} e ° o '
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Simulation of optical dynamics for different I'1,/ I'j3. Antibunching and bunching parameters resulting from simulation of

the model discussed in the main text for I'}, as a factor of I'j3 for spontaneous transition. Simultaneous excitation to level 2 and level

3 takes place at different rates, which is a ratio of the two rates.
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FIG. 14. Simulating optical dynamics of QE A. Antibunching and bunching parameters resulting from simulation of the model
discussed in the main text by setting the radiative and nonradiative rates to best recreate the observed optical dynamics of QE A. The
simulation is using the parameters discussed in the text: I';; = 300 MHz, I';; = 60 MHz, I'j; = 0 MHz, k249 = 24 kHz, 8,4 = 9 kHz,
k410 = 18 kHz, and B4; = 3 kHz. The results are plotted as a function of I'13/ I'y, where I'y; is a fixed parameter.

important feature of simulating QE A is that the nonradia-
tive transition mechanism involves both the spontaneous
and optically pumped components. The nonradiative rates
ko4 and k4 are given the form

'z
ki = kij0 + By O (A18)
21

where «;; o is the spontaneous emission rate and B is
a scaling factor for the optically pumped transition, giv-
ing the corresponding transition rate at saturation when
I'13 = I'z1. Here, we set k49 = 24 kHz, k410 = 18 kHz,
B4 = 9 kHz, and 841 = 3 kHz. The combination of spon-
taneous and pumped transition quantitatively reproduces
the nonzero offset of the bunching rate and the quasilinear
power scaling.

9. Theoretical calculations

We perform first-principles density-functional theory
calculations as implemented in the VASP code [66,67]. We
utilize the hybrid functional of Heyd, Scuseria, and Ernzer-
hof [68,69] to ensure accurate energetics, electronic struc-
ture, and atomic geometries. The fraction of Hartree-Fock
exchange is set to 40%, consistent with previous studies
[43,53]. A plane-wave basis with projector augmented-
wave potentials [70] is used, and the energy cutoff for the
basis is set to 520 eV.

The boron dangling bond is modeled in a 240-atom
supercell with volume 2110 A3 within periodic bound-
ary conditions [71]. A single, special k point (0.25, 0.25,
0.25) is used to sample the Brillouin zone. Lattice vec-
tors are held fixed while the atomic forces are relaxed to
below 0.01 eV/A. To calculate the nonradiative capture

coefficient, we utilize the formalism of Ref. [72] imple-
mented in the Nonrad code [73].

a. Calculation of the capture coefficient for the boron
dangling bond

We calculate the nonradiative capture coefficient C, for
the capture of an electron from the conduction band into
the boron dangling bond using the formalism implemented
in the Nonrad code [73]. We focus on the ground state
[level 1 in Fig. 5(a)] and the optically active excited state
[level 2 in Fig. 5(a)] of the dangling bond, which are sepa-
rated by 2.06 eV [43]. In equilibrium, the dangling bond
is in the negative charge state and is occupied by two
electrons. When the excitation energy is sufficiently large,
an electron can be excited into the conduction band and
the dangling bond is photoionized, changing the charge
state from negative to neutral [process I'j3 in Fig. 5(a)].
Subsequent recapture of this electron returns the dan-
gling bond to the negative charge state. We consider two
potential scenarios for this nonradiative process mediated
by electron-phonon coupling: (1) the electron is captured
directly into the ground state of the dangling bond, with
rate «x3; [not depicted in Fig. 5(a)], or (2) the electron is
captured into the excited state of the dangling bond [«3;
in Fig. 5(a)]. Process (2) puts the defect in the optically
active excited state, from which a photon can then be emit-
ted, with an emissive dipole unaligned with the absorptive
dipole.

To evaluate the nonradiative capture coefficients, we
extract several parameters from our density-functional the-
ory calculations: the transition energy, the mass-weighted
root-mean-square difference in atomic geometries AQ, the
phonon frequencies in the initial (i) and final (f') states
Q;/r, and the electron-phonon coupling matrix element Wy
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Applied distortion h (A)

Applied distortion h (A)

Calculated parameters and capture coefficient for capture of an electron from the conduction band into the neutral boron

dangling bond, as a function of applied distortion /. Calculated (a) transition energy, (b) mass-weighted root-mean-square difference
in atomic geometries, (c) initial (up triangle) and final (down triangle) phonon frequencies, and (d) electron-phonon coupling matrix
elements. The lines are a quadratic fit to the calculated parameters and are intended to guide the eye. The calculated (e) electron capture
coefficient at 10 K (solid), 300 K (dashed), 600 K (dash dot), and 900 K (dotted). The parameters for capture into the ground state are

shown in blue and the excited state are shown in orange.

The transition level for capture into the excited state, which
is used to determine the transition energy, is above the
conduction-band minimum, while the single-particle states
are in the gap. For the purposes of our capture coefficient
evaluation, we shift the transition energy to be consis-
tent with the 200-meV difference observed experimentally
[28]; we verified that the conclusions are insensitive to
the choice of the energy shift. The degeneracy factor in
the nonradiative rate [73] is set to 1 since the dangling
bond does not possess any configurational degeneracy. A
scaling factor that accounts for charged defect interactions
(see Sec. III. E. of Ref. [72]) is not necessary in this case
because capture occurs in the neutral charge state and the
electron-phonon coupling is evaluated in the neutral charge
state.

At room temperature, we calculate C, for capture into
the ground state to be 1.2 x 107!2 cm?® s~! and into the
excited state to be 1.2 x 1077 cm? s~!. We can thus safely
assume that capture into the excited state will dominate.
These capture coefficients are larger than typical radia-
tive capture coefficients, which are of the order of 10713 —
10~ cm? s~! [74], justifying our implicit assumption of
nonradiative rather than radiative capture.

Previous work has already demonstrated that out-of-
plane distortions are important for understanding both
the symmetry [43] and transition rates [53] of the boron
dangling bond. Here we include the effect of out-of-plane
distortions on the capture coefficient, following the

methodology of Ref. [53]. In short, a plane neighboring the
dangling bond is bent to create a “bubble,” with the height
of the bubble being referred to as the applied distortion 4.
The bubble induces an out-of-plane distortion in the dan-
gling bond and allows us to study its effect on the capture
coefficient. The influence of the out-of-plane distortion on
the calculated parameters is shown in Fig. 15. For com-
parison purposes, we use the average at room temperature
4 x 1077 cm® s7! as a representative value for capture into
the excited state.

10. General state transition diagram

Figure 16 generalizes the electronic level structure and
transition diagram shown in the main text [Fig. 5(a)].
The general version shows how effective transitions that

FIG. 16. General electronic level structure.
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are proportional to optical pumping power (e.g., optically
pumped transitions x4 and «4;) can result from combina-
tions of other possible transitions such as repumping from
level 2 — 3 with rate I',3, repumping from level 4 — 3
with rate I'43, and nonradiative transition from level 3 — 4
with rate x34.
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