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The two-dimensional material hexagonal boron nitride (hBN) hosts luminescent centres with emission
energies of ~2 eV which exhibit pronounced phonon sidebands. We investigate the microscopic origin of
these luminescent centres by combining ab initio calculations with non-perturbative open quantum
system theory to study the emission and absorption properties of 26 defect transitions. Comparing the
calculated line shapes with experiments we narrow down the microscopic origin to three carbon-based
defects: C,Cg, C,Cy, and VNCg. The theoretical method developed enables us to calculate so-called
photoluminescence excitation (PLE) maps, which show excellent agreement with our experiments. The
latter resolves higher-order phonon transitions, thereby confirming both the vibronic structure of the
optical transition and the phonon-assisted excitation mechanism with a phonon energy ~170 meV. We
believe that the presented experiments and polaron-based method accurately describe luminescent

rsc.li/nanoscale

Introduction

Luminescent centres in hexagonal boron nitride (hBN) have
gained an increased scientific interest due to the demon-
stration of single photon emission with a brightness compar-
able to semiconductor quantum dots." These luminescent
centres emit at photon energies around 2 eV and persist even
at room temperature,” making hBN a promising material to
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centres in hBN and will help to identify their microscopic origin.

realise future optoelectronic technologies such as quantum
telecommunication®* and quantum sensing.’

The microscopic origin of 2 eV luminescent centres in hBN
has been experimentally narrowed down to carbon-based
defects by bottom-up and post-growth techniques,® however
the atomic structure of the underlying defect remains elusive.
One subset of 2 eV luminescent centres are group I centres’
with pronounced phonon side bands (PSB). The chemical
composition of the defect will naturally alter the mechanical
vibrations of the crystal which will in-turn modify the structure
of the PSB observed in photoluminescence. This motivates the
comparison of experimental lineshapes with those obtained
via ab initio methods.*°

A typical approach to calculating the photoluminescence of
defect transitions is to first calculate the electronic structure
and phonon modes using ab initio methods, before using this
information to calculate the photoluminescence spectrum
with the generating function approach.®* Whilst this method
can calculate the linear absorption and emission spectra with
atomistic precision, it cannot resolve coherent dynamics
between electronic states of the defect transition, and is
limited to unstructured electromagnetic environments. As the
field strives towards coherent control of hBN luminescent
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centres,"”> and interfacing emitters with plasmonic'® and
photonic structures,'” new theoretical methods are required to
describe the behaviour of defect complexes.

In this joint experiment-theory investigation, we study the
photoluminescence and photoluminescence emission (PLE) of
2 eV luminescent centres in hBN. We combine a non-perturba-
tive master equation treatment of electron-phonon interaction
with ab initio methods to calculate the photoluminescence
line shapes of 26 candidate defect transitions. This method-
ology, based on the polaron formalism,"® maintains the ato-
mistic accuracy of the generating function approach, while
allowing to simulate PLE maps of the studied defect transition
by taking into account external driving fields. By comparing
the calculated photoluminescence against measurements of
twelve group I centres we exclude all but three candidate
defects: the neutral substitutional carbon trimers C,Cz*° and
C,C*%'"? as well as VCg.”'%?° Here, C,Cy and C,Cy are short-
hand notations of CgCnCg and CnCgCy, respectively. By com-
paring measured and theoretical PLE, which may be calculated
directly using the polaron formalism, we are able to resolve
higher-order phonon transitions. By studying the emission of
zero-phonon line (ZPL) and PSB simultaneously, we confirm
that the excitation mechanism in group I emitters is phonon-
assisted with a phonon energy of ~170 meV. The combination
of theoretical and experimental methods presented here will
help to identify the microscopic origin of luminescent centres
in hBN.

Results and discussion

To generate luminescent centres in hBN we use a process that
was developed recently in our group.” Briefly, we use bulk hBN
crystals and mechanically exfoliate them with tape onto SiO,/
Si substrates with a 100 nm oxide thickness. The typical flakes
studied in this work showed thicknesses ranging from 15 nm
to 30 nm, which corresponds approximately to 50 and 100
layers, respectively. We then irradiate our high-quality multi-
layer hBN with oxygen atoms and use subsequent annealing to
achieve high densities of luminescent centres emitting at
photon energies around 2 eV. In our previous work, we carried
out room-temperature characterisation of group I and group II
centres, as defined in ref. 7. In the work presented here, we
focus our attention on low-temperature characterisation of
group I centres which show a specific line shape with pro-
nounced PSB at ZPL detunings around 170 meV, as observed
also in other works.”’ > Furthermore, these group I centres
emit at photon energies around 2 eV just like single-photon
emitters in hBN.? In this work, we define luminescent centres
as experimental line shapes while theoretical line shapes are
called defect transitions. Single-photon emitters are lumines-
cent centres with an auto-correlation function fulfilling the cri-
terion g?(0) < 0.5. In the following we will study luminescent
centres with a focus on group I line shapes.

Fig. 1a shows the photoluminescence of a group I centre at
room and low temperature. Decreasing the temperature results
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in a narrower ZPL and reveals a detailed structure of the PSB.
When comparing photoluminescence line shapes for different
group I centres at low temperature, we find variations among
the PSB line shapes as shown in ESI Lt These differences
correspond to variations in the electron-phonon coupling of
the defect transition among the luminescent centres, and may
be due to different underlying defects. It is therefore necessary
to compare several different defect transitions to individual
luminescent centres, as outlined below. This is in contrast to
comparing total Huang-Rhys factors of several defect tran-
sitions with experiments, which neglects the detailed infor-
mation about the spectral structure of the PSB.

Screening of defect transitions

To get insight into the microscopic origin of 2 eV luminescent
centres in hBN, we study 26 different defect transitions. We
focus on carbon-based defects as these have been experi-
mentally demonstrated to be responsible for luminescent
centers emitting around 2 eV.® Our generation process can
easily generate carbon-based defects by incorporating ubiqui-
tous hydrocarbons from the annealing environment as well as
by carbon impurities intrinsically present in the hBN.”
Furthermore, despite the use of oxygen atoms during
irradiation, oxygen-based defects®* are less likely to occur due
to subsequent annealing in nitrogen atmosphere.” We note
that we use the PBE functional for this screening of defect
transitions while the HSE06 functional is used for a more accu-
rate study of a selected subset of defect transitions.

To obtain the theoretical photoluminescence line shapes,
we use ab initio methods to calculate the ZPL energies and
partial Huang-Rhys factors of all studied defect transitions
(see ESI IIT). We emphasize that our calculations are done on
monolayer hBN, while our experiments are done on multi-
layered hBN. However, adding more layers in our calculations
will not significantly change the spectrum of our calculated
defects since the displacement vector between the ground and
excited state configurations lies within the plane and thus is
orthogonal to out-of-plane phonons (see also Methods).
Therefore, the out-of-plane phonons coming from adjacent
layers should not influence significantly the calculated
spectra.

With the Huang-Rhys factors at hand, we can construct the
spectral density®’

Jsim(@) = Zsk5(0)k — ) (1)
k

Here, w is the angular frequency and s; the partial Huang-
Rhys factor associated to a phonon mode of angular frequency
. To account for the natural lifetime of phonons, we approxi-
mate the §-functions with Gaussian functions as outlined in
ESI IIL.{ For details on the ab initio simulations, we refer the
reader to the Methods.

With the spectral density at hand, we can calculate the
dynamics and optical properties of the system using the
polaron method. Here, the electronic states of the defect tran-
sition are dressed by vibrational modes of the phonon

This journal is © The Royal Society of Chemistry 2023
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Fig. 1 Screening of defect transitions. (a) Room- and low-temperature spectra of emitter X under 2.37 eV excitation. a.u., arbitrary units. (b)
Comparison of low-temperature photoluminescence of emitter A (under 2.321 eV excitation) with the theoretical emission line shape of C,Cg using
the PBE functional (without acoustic phonons). The black bars show the partial Huang—Rhys factors (a.u.) obtained with the PBE functional. The
inset shows the theoretical line shape of C,Cg using the HSE06 functional with and without acoustic phonons in dashed and solid lines, respectively.
(c) Scatter plot comparing the photoluminescence mean and variance of theoretically calculated defect line shapes with the experimental data of
emitter A. The most likely defect transitions are shown in the right panel which is the region close to the experimental data, marked by the square in
the left panel. (d) Euclidean distances of all defect transitions in corresponding colors to (c) for emitter A, B and C. The histogram on the right shows
the distances for the five most likely defect candidates. (e) Euclidean distances for emitter D to L in corresponding colors to (c). All emitters show
small distances for the same five defect transitions. (f) Schematics of C,Cg, C,Cn, and VNCg Where the latter is taken from ref. 20. All experimental
photoluminescence line shapes are background-corrected as outlined in ESI V.t We note that the PBE functional is used for all defect transitions
(including C,Cpg, C,Cylpl, and VNCgIS = 1]), except for the inset in (b) where the HSEQ6 functional is used.

18,26

environment. This enables one to derive a quantum In order to screen the 26 different defect transitions calcu-

master equation that is non-perturbative in the electron-
phonon coupling strength, and thus captures phonon side-
band processes in the photoluminescence.”®*” In Fig. 1b we
compare the photoluminescence of emitter A against the line
shape for the carbon trimer C,Cg, calculated using the polaron
theory. The black bars show the partial Huang-Rhys factors
(sz) illustrating the origin of the PSB from ab initio methods.
We highlight that the line shape of C,Cg is unique for emitter
A since we fit each theoretical line shape to individual experi-
mental line shapes, with the ZPL linewidth as the only free
fitting parameter (see ESI III7).

This journal is © The Royal Society of Chemistry 2023

lated with ab initio methods, we calculate the photo-
luminescence mean S and variance o, defined as,

(s) =

zZ|=

Sos@), @ =2 (s - ()

where S(4,) is the intensity of the spectrum at the ZPL detun-
ing A; and N is the number of data points (see Methods). If
the photoluminescence mean and variance of a defect tran-
sition are close to the experimental values, the theoretical
photoluminescence line shape is similar to the experimental
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one, thus providing a coarse approach to screening relevant
defect transitions.

As an example, we apply this method to emitter A and plot
the photoluminescence mean and variance for all calculated
defect transitions along with the experimental values (Fig. 1c).
Here, different colors correspond to different defects, some of
which have several optically active transitions (details in ESI
IVT). The scatter plot (in double logarithmic scale) shows that
the photoluminescence mean and variance for most defect
transitions differ significantly from the experimental data and
thus are unlikely candidates, while the most likely defect tran-
sitions are clustered around the experimental data of emitter
A, as shown in the right panel of Fig. 1c.

Inspired by work on Raman spectroscopy,’
Euclidean distance d to the experiment

8 we define an

d=\J(s) — (B +(o — s2)%

where, (E) and sg are the experimental mean and variance
while (S) and o are the mean and variance for each defect tran-
sition. For emitter A, the line shape of C,Cg is very similar to
the experiments, thus C,Cg is located closely to the experiment
in the scatter plot (Fig. 1c) and shows a small Euclidean dis-
tance (Fig. 1d in logarithmic scale).

The scatter plot shown in Fig. 1c depends on the lumines-
cent centre studied, since the ZPL line width differs among
luminescent centres. Therefore, we calculate an individual
scatter plot for each luminescent centre (for emitter B and C
these are given in ESI IV}) with the resulting Euclidean dis-
tances shown along with emitter A in Fig. 1d. We find that the
same five defect transitions show similar photoluminescence
line shapes for emitter A, B and C. Expanding our analysis to
twelve group I centres (line shapes shown in ESI It), we find
that for all experiments the five closest defect transitions are
identical to the ones for emitter A (Fig. 1e). Therefore, we
focus our attention on these five defect transitions while dis-
carding the other 21 transitions.

Second screening step

The statistical analysis described above is independent on the
theoretical ZPL energy because we match the theoretical line
shapes with the experimental ZPL energies. Thus, comparing
theoretical with experimental ZPL energies can help to narrow
down the microscopic origin even further. For twelve group I
centres the experimental ZPL energies are between 2.0 and 2.3
eV (see Table 1) and thus theoretical ZPL energies much
different to this range reveal less likely candidates. Among the
five defect transitions showing small Euclidean distances to
these twelve centres (Fig. 1), we neglect ViVg[] and CopVn
[S = 1] since their predicted ZPL energies are too high and too
low, respectively (see Table 1). Furthermore their total Huang-
Rhys factors are too low, 0.3 and 0.6 (see ESI II{), respectively,
to reflect the relatively strong electron-phonon coupling
strength observed experimentally in the form of marked PSBs.
On the contrary, the ZPL energies of C,Cg, C,Cy[f], and
VnCg[S = 1] are similar to the experiments as shown in Table 1.
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Table 1 Theoretical and experimental ZPL energies. The applied func-
tional (PBE or HSEO06) for the calculations of the defect transitions is
given by the column name while the range of ZPL energies of emitter A
to L are shown in the rightmost column (details in ESI IT). We did not use
the HSE06 functional for VgVglgl and CogVyN~YS = 1] since their PBE
results are very different to the experimental ZPL energies. The spin
minority channel is labelled by s and S = 1 denotes the triplet state while
we suppress the notations for spin majority channel and other spin
states (details in ESI II)

Defect transition PBE HSE06 Experiments
C,Cg 1.16 eV 1.36 eV 2.0-2.3 eV
C,Cnl[/] 1.51 eV 1.67 eV 2.0-2.3 eV
VnCgl[S = 1] 1.39 eV 1.75 eV 2.0-2.3 eV
VAAL 2.70 eV — 2.0-2.3 eV
CosVn [S=1] 0.90 eV — 2.0-2.3 eV

In the following, we call these three defects C,Cg, C,Cy, and
VnCg. The ZPL energies of these three defects show good
agreement with experiments, while even the relatively more
accurate HSEO06 functional shows slightly smaller energies
compared to the experimental values.

Interestingly, the Euclidean distances for emitter A, B, and
C (Fig. 1d) indicate that these emitters are of different micro-
scopic nature. Indeed, the Euclidean distances, for the defect
transitions C,Cg and C,Cy, are the shortest for emitter A and
B, respectively, while the defect transition VNCg is the closest
defect to emitter C. Added to the energy variations in the ZPLs
between emitters A, B, and C (ESI I}) observed experimentally,
we can infer that these three emitters have probably a different
microscopic origin.

All in all, we can exclude 23 defect transitions for twelve
group I centres and identified three most likely candidates:
C,Cg, C,Cy, and VNCg. Fig. 1f shows the schematics of these
three defect transitions. We note that VyCg needs a nearby
defect to populate the ground state, because the intersystem
crossing from the singlet state can be neglected at our experi-
mental detunings (see ESI VIT).

PLE spectroscopy

In contrast to the generating function approach, our polaron
formalism allows to introduce an external driving field in the
system Hamiltonian, thereby directly simulating PLE experi-
ments. For the latter, the photoluminescence is measured as a
function of laser detuning which is defined as the laser energy
minus the ZPL energy of the studied luminescent centre.

Fig. 2a shows the experimental PLE data (in logarithmic
scale) of emitter A, i.e. the photoluminescence as a function of
laser detuning (details and further group I centres in ESI VII
and VIII{). The ZPL emission at photon energies around 2.15
eV is strong at a detuning of 168 meV and shows intermediate
strength at 341 meV detuning. Moreover, the PSB emission
around 1.99 eV is enhanced at the same laser detunings. In
particular, the enhanced PSB emission at 341 meV detuning
(highlighted by the white box) shows strong evidence of a
phonon-assisted mechanism, as outlined below.

This journal is © The Royal Society of Chemistry 2023
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Fig. 2 PLE spectroscopy. (a) Experimental PLE map of emitter A at 10 K,
background corrected as outlined in ESI IX.f The photoluminescence
(PL) in the highlighted box is multiplied by 5. The dim upward line in the
bottom right corner corresponds to the silicon Raman ~520 cm™. (b)
Theoretical PLE map of C,Cg, shifted to the experimental ZPL energy of
2.153 eV. Here, the HSEO6 functional is used and acoustic phonons are
included in the spectral density. (c) Comparison of the experimental ZPL
intensity (solid black line), indicated by white vertical dashed lines in (a)
and (b), with C,Cg (orange dashed line), C,Cy (purple dashed line), and
VnCe (green dashed line). We note that the experimental ZPL intensity is
rescaled to 170 meV and background-corrected as outlined in ESI IX.}
Furthermore, all theoretical curves include acoustic phonons as
described in the main text.

To model the PLE results precisely, we use the relatively
more accurate HSE06 functional and study the photo-
luminescence line shape of emitter A in more detail. The
experimental and theoretical line shape disagree at ZPL detun-

This journal is © The Royal Society of Chemistry 2023
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ings from 10 to 50 meV, as shown by the inset of Fig. 1b.
While this spectral range was previously associated with
another, independent electronic transition,> we assign this
range to a low-energy, acoustic PSB from the same electronic
transition since its PLE characteristic shows excellent qualitat-
ive agreement with the ZPL (see ESI IXf).

The experimentally observed acoustic PSB is not reproduced
by our ab initio calculations, since the latter are carried out in
a perfectly planar system with high symmetry that exhibits van-
ishing coupling to acoustic phonons, ie. the corresponding
partial Huang-Rhys factors are zero. This is in contrast to our
experiments where the symmetry can be broken by local strain,
non-radiative defects close by, non-parallel hBN layers as well
as the vicinity of edges, kinks, and grain boundaries. Such a
symmetry breaking allows the coupling to acoustic phonons
which we observe in several experimental photoluminescence
line shapes as asymmetric ZPL lines (see ESI IT). We highlight
that the asymmetric ZPL observed in our experiments has
been reported in several works on group I centres®”°? inde-
pendent on the generation process.

To account for the aforementioned coupling to acoustic
phonons, we modify the spectral density shown in eqn (1). We
include acoustic phonons by adding a Gaussian contribution
such that the total spectral density is written as J(@) = Jsim(®) +
]acoustic(w) with

Jacoustic(w) = awcizw exp(fwz/wcz)a

where a and . are found by fitting the photoluminescence
spectrum. This form of spectral density is commonly used to
describe the bulk acoustic phonons in three dimensions
resulting from deformation potential coupling observed in
semiconductor quantum dots."®** We find that the experi-
mental photoluminescence at small ZPL detunings is closely
resembled by calculations that include acoustic phonons,
showing a very precise theoretical description (see inset of
Fig. 1b). We refer the reader to the Methods section for more
details on the theory and the fitting procedure used.

With the total spectral density at hand, we calculate the
complete PLE spectrum of several defect transitions. While the
commonly-used generating function approach is limited to the
comparison of photoluminescence line shapes, our polaron-
based method allows to directly calculate the theoretical PLE
maps by introducing an external driving field into the system
Hamiltonian. For each laser detuning we calculate the photo-
luminescence spectrum by sweeping out the experimental
detuning range. We highlight that for the obtained PLE maps
we use the phonons of the ground state, ie. the identical
phonons utilised for the emission line shape. To the best of
our knowledge, this is the first time that PLE measurements of
2 eV luminescent centres in hBN are replicated by a theoretical
model.

Fig. 2b shows the complete PLE map of C,Cg while the
maps of C,Cy and VnCg are shown in ESI IIL.¥ We find excel-
lent agreement of the experimental PLE map with C,Cg and
C,Cy, reflecting a very good match of both emission line shape

Nanoscale, 2023,15, 14215-14226 | 14219
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as well as PLE maps. The theoretical PLE of C,Cy shows a
slightly stronger enhancement at 341 meV detuning compared
to the experimental data. This may be due to other non-
radiative decay channels like shelving states®® which are not
considered in our model.

To compare our PLE experiments with several defect tran-
sitions, we study the ZPL intensity which is defined as the area
under the ZPL (indicated by vertical lines in Fig. 2a and b).
Fig. 2c shows excellent agreement of the experimental ZPL
intensity with C,Cg and C,Cy while VyCg shows poorer
agreement, thus allowing us to exclude the latter defect for
emitter A.

All in all, our excellent agreement of the complete experi-
mental PLE with our polaron-based calculations for C,Cg and
C,Cy is outstanding compared to previous work.>> This
finding infers that, among the studied defect transitions, C,Cg
and C,Cy are the most likely microscopic origins for emitter
A. We highlight that the generation mechanism of emitter A,
outlined in ref. 7, also holds for C,Cg and C,Cy, since both
defects can be formed by merging of Cy and Cg during
thermal annealing.

Previously, experimental photoluminescence line shapes
were compared with vacancies,>*® oxygen-based defects®” and
carbon-based defects.®® Although emitter A shows good agree-
ment with C,Cyz and C,Cy, other luminescent centres, also
generated by our process, show agreement with different
defects. One example is emitter C (see Fig. 1d) showing a
small Euclidean distance for VyCg, i.e. a good agreement with
this defect. Furthermore, our irradiation-based process also
generates luminescent centres with line shapes different to
group I centres that show small Euclidean distances to defects
different to C,Cg, C,Cy, and VyCg (see ESI Xt). We are con-
vinced that our process generates several types of defects that
appear as 2 eV luminescent centres in our experiments.
Therefore, comparing PLE maps of individual luminescent
centres with our polaron method helps to identify their micro-
scopic origins.

Excitation mechanism

The microscopic origin of twelve group I centres has been nar-
rowed down to three defect transitions (Fig. 1). These three
transitions have relatively large Huang-Rhys factors around
170 meV and thus can be modelled as two-level systems with
discrete vibronic energy levels (see ESI IIf). To verify the vibro-
nic structure of these energy levels, which are directly related
to the excitation mechanism, PLE is a strong tool since it
probes off-resonant transitions in both ground and excited
states.

The excitation mechanism of 2 eV luminescent centres in
hBN does not involve interband transitions since the photon
energy of the excitation laser (~2.5 eV) is much smaller than
the band gap E; ~ 6 eV.*® Supported by charge transfer experi-
ments,*® the excitation mechanism most likely involves only
electronic states inside the band gap, so-called deep levels.
This makes the energy of the driving laser very important
since only few, discrete electronic states are available - in con-
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trast to a continuum of states for interband transitions in
semiconductors.

For 2 eV luminescent centres in hBN, one possible configur-
ation of these deep levels is the empiric mechanism illustrated
in Fig. 3a. Here, the driving laser excites an electron from a
deep level below the Fermi level Er to another level lying far
below the conduction band. From here, the electron relaxes to
the excited state |e) by dissipating energy A.. Then, a photon
belonging to the ZPL is emitted by a transition to the ground
state |g), followed by another relaxation with energy 4,.

Recent PLE experiments®>*° observed an enhanced ZPL
emission at detunings around 170 meV. While the authors
assigned these results to a phonon-assisted process, the
empiric mechanism can in principle also be the underlying
excitation mechanism with 4. + 4, ~ 170 meV. On the con-
trary, our PLE measurements show enhanced ZPL intensities
both at detunings around 170 and 340 meV (see Fig. 2c). The
empiric mechanism could be expanded by another electronic
level, but the simplest explanation of our PLE results is the
phonon-assisted excitation mechanism.

Phonon-assisted mechanism

As shown above, our PLE measurements cannot be explained
by the empiric mechanism. Therefore, we introduce the
phonon-assisted excitation mechanism, also called Huang-
Rhys model (see Fig. 3a) which was proposed in previous
works on hBN.*>*! Here, two electronic states couple to one
phonon mode with energy A, resulting in discrete vibronic
energy levels |e, n) and |g, m). The driving laser excites a high
laying vibronic state |e, n) in the excited electronic manifold
which rapidly relaxes to its lowest state |e, 0). A photon is then
emitted through an electronic transition to the ground-state
manifold, producing ZPL and PSB emission.

By varying the photon energy of the driving laser, we can
resonantly excite different vibronic states |e, n) in the excited-
state manifold (see Fig. 3a). In particular, the ZPL and PSB
emission are enhanced at equally-spaced laser detunings of
hQ and 2hQ, also called one- and two-phonon detuning. We
observe this in our PLE experiments by studying the ZPL inten-
sity (see Fig. 2c¢) but also by studying two PSB intensities, as
outlined below.

To study PSB emissions as a function of laser detuning, we
define the PSB intensity as the area under the PSB, indicated
by shaded areas in Fig. 3b. We find an excellent qualitative
agreement of the ZPL intensity with the two PSB intensities
that are taken at ZPL detunings of around 160 and 190 meV
(see Fig. 3c). This finding shows that the ZPL and the two
optical PSB have the same excitation mechanism and thus can
be used to investigate the excitation mechanism of emitter
A. To the best of our knowledge, this is the first time that ZPL
and PSB intensities of 2 eV luminescent centres in hBN are
directly compared with each other.

The ZPL and PSB intensities are enhanced at equally-
spaced detunings of ~170 and ~340 meV, as shown in Fig. 3c.
This experimental finding agrees excellently well for 7Q ~
170 meV with the phonon-assisted mechanism where ZPL and

This journal is © The Royal Society of Chemistry 2023
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Fig. 3 Excitation mechanism of emitter A. (a) Empiric, phonon-assisted, and advanced excitation mechanisms. The zero-phonon line (ZPL) and the
phonon sidebands (PSB) are shown in yellow and red, respectively. The empiric mechanism has relaxation processes with energies A, and 44 while
the phonon-assisted mechanism shows relaxation via phonons with energy hQ2. Here, the excited states are labelled with |e, n) corresponding to the
electron in the excited state and its environment occupied by n phonons. The advanced mechanism is also phonon-assisted but with split first-
order states |e, 1) and |g, 1). The rightmost panel shows the partial Huang—Rhys factors (HR) and the photoluminescence line shape for C,Cg in
black and red, respectively. This photoluminescence line shape is obtained with the HSEO6 functional and acoustic phonons. Further details are pre-
sented in the Methods. (b) The spectral ranges of two optical PSB are shaded in orange and yellow on top of the photoluminescence spectrum at
168 meV laser detuning. The bandwidth for the PSB intensities is 10 meV, identical to the one used for the ZPL intensity. The spectral range of the
ZPL (green) is identical to the dashed lines in Fig. 2a. We assign the peak around 270 meV to another luminescent centre while the peak around
340 meV corresponds to the second-order PSB. (c) ZPL and PSB intensities in colors corresponding to the spectral range of integration shown in (b).
We highlight that the ZPL intensity is identical to Fig. 2c. (d) ZPL intensity in green and flipped photoluminescence in black. The first- and second-
order phonon states are shaded in colors corresponding to the advanced mechanism in (a). The vertical dashed lines are at detunings of 160 and
190 meV, respectively. We note that all photoluminescence (PL) and PLE intensities are background-corrected and normalised (see ESI V and IX¥).

PSB emission are enhanced at detunings of 72 and 2A€Q. At mental findings such as high-temperature

22,43

photo-

detunings between the two aforementioned energies, we
obtain small ZPL and PSB intensities because the excitation
laser energy is between the two states |e, 1) and |e, 2).
Furthermore, the photoluminescence (Fig. 3b) shows first- and
second-order PSB at detunings around 170 and 340 meV
corresponding to optical transitions from |e, 0) to |g, 1) and
|g, 2), respectively. Therefore, our experiments allow us to
discard the empiric mechanism for emitter A and confirm
indications of a phonon-assisted mechanism for group I
centres in hBN. This might pave the way towards a universal
excitation mechanism, which could also explain other experi-

This journal is © The Royal Society of Chemistry 2023

luminescence®” and photophysics.

In the phonon-assisted excitation mechanism (see Fig. 3a),
the ZPL emission via |e, 2) (two-phonon detuning) and the
PSB emission via |e, 1) (one-phonon detuning) are both pro-
cesses involving two phonons, and thus should show compar-
able intensities (details in Methods). Indeed, our experimental
ZPL intensity at two-phonon detuning shows similar strength
as both PSB intensities at one-phonon detuning, since both
processes involve two phonons (see ESI IXt). Furthermore, the
ZPL intensity via |e, 1) involves only one phonon and thus is
stronger than both aforementioned two-phonon processes.

Nanoscale, 2023,15, 14215-14226 | 14221
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These results further support the phonon-assisted excitation
mechanisms of emitter A.

Detailed phonon coupling

The experimental photoluminescence of emitter A shows a
first-order PSB at detunings around 170 meV which consists of
two distinct peaks at 160 and 190 meV, shown by dashed lines
in Fig. 3d. Furthermore, we find that the ZPL intensity also
shows a strong peak at detunings around 170 meV with two
shallower peaks at 160 and 190 meV. This reveals that both
first-order states |e, 1) and |g, 1) are split into two distinct
levels, reflected in the advanced excitation mechanism (see
Fig. 3a). Here, the second-order phonon replicas |e, 2) and
|g, 2) are shown as continua since our experiments do not
show distinct peaks at two-phonon detuning (see Fig. 3d). The
calculated HR factors of C,Cp (Fig. 3a) as well as split first-
order PSB of several group I centres (see ESI It) support that
several phonon modes are involved in the excitation mecha-
nism of group I centres in hBN. We note that previous works
have assigned a split |g, 1) to longitudinal and transverse
optical bulk phonons.*>?*** In our work, we provide a more
accurate description since we calculate the phonon modes
coupled to the defect in the lattice, thereby taking into
account both localised and delocalised phonon modes.

In Fig. 3d we compare the ZPL intensity with the flipped
photoluminescence line shape. For the 160 and peaks we
observe a blueshift and a redshift between the photo-
luminescence and ZPL intensity, respectively. This could point
towards different phonon coupling between ground and
excited states. While the redshift of the 190 meV peak is in
agreement with previous work,*® the blueshift for the 160 meVv
peak has not been observed. Both spectral shifts (around
10 meV) are, however, on the same order of magnitude as the
spectral resolution of both PLE setups (around 5 meV) and
thus further PLE experiments with higher spectral resolution
are needed to confirm the presence of fine differences in the
phonon coupling between ground and excited states.

Conclusion

In summary, we have studied the photoluminescence of lumi-
nescent centres in hBN with a focus on group I centres
showing pronounced PSB around 170 meV and a ZPL energy
around 2 eV. By combining ab initio methods with the non-per-
turbative polaron method, we calculated the emission line
shapes of 26 different defect transitions. Studying both the
theoretical ZPL energy and the Euclidean distance between
experiment and theory showed that C,Cg, C,Cy, and VyCg are
the most likely defect candidates for twelve experimental line
shapes. Our method of using the Euclidean distance rep-
resents a new tool to narrow down the number of possible
defects responsible for luminescent centres in insulators as
well as to make accurate predictions of their optical properties
when integrated in photonic structures.
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Our method of analysis represents a complement to the
common methodology, which compares theoretical values of
the total Huang-Rhys or Debye-Waller factor with values
extracted from the experiment. Indeed, in this work, variations
in the calculated photoluminescence intensity S(4,) due to the
finer structure in the PSB are taken into account through the
variance o. Capturing these fine details in the PSB is crucial to
construct accurate models of the electron-phonon coupling
dynamics. Indeed, large variations in the spectral density
caused by spectrally sharp phonon modes can induce non-
trivial phonon-electron-photon correlations.?®

The full potential of our new approach, combining ab initio
calculations with the polaron method, comes into light when
compared to PLE measurements of our group I centers. In con-
trast to the generating function approach, our polaron model
allows introducing an external driving field and thereby
enables us to calculate theoretical PLE maps. By focusing on
the most likely defect candidates and adding acoustic
phonons to the spectral density, we found excellent agreement
of the experimental PLE of one group I centre with C,Cg and
C,Cy while we could exclude 24 other defect transitions. Our
excellent agreement of experimental PLE with ab initio calcu-
lations is outstanding compared to previous work.**

In our PLE experiments, we observed enhanced ZPL and
PSB emission at one- and two-phonon detunings, the latter for
the first time to the best of our knowledge. By resolving first-
and second-order phonon transitions, we confirmed indi-
cations of a phonon-assisted excitation mechanism with a
phonon energy around 170 meV. In particular, it is very un-
likely that other electronic states are equally-spaced by
170 meV for both ground and excited states. Moreover, such
additional electronic states are not predicted by ab initio calcu-
lations for the most likely defect transitions. Our findings are
supported by split first-order PSB of several group I centres as
well as by a decent agreement of our excitation mechanism
with ab initio calculations of C,Cg. The methodology of com-
bining PLE measurements and the polaron method with input
from ab initio methods can be applied to identify the micro-
scopic origin of other luminescent centres or single-photon
emitters in hBN and other materials.

We are convinced that the presented comparison of experi-
mental PLE maps with advanced models, able to combine ato-
mistic calculations with open quantum system theory, provides
the most accurate description of 2 eV luminescent centres in
hBN and their excitation mechanism. For luminescent centres
showing excellent agreement with C,Cy and C,Cy, lifetime
measurements can give further insight since the theoretical
values differ significantly.” To prove the quantum nature of the
studied luminescent centres, auto-correlation (¢ function)
and cross-correlation measurements®' as well as polarisation-
dependent measurements®*® are required. Furthermore,
bleaching®*** and blinking”*>*® of 2 eV luminescent centres
are unresolved challenges since only few centres were stable
over minutes>”*"**%” or even months.?* All in all, further
experimental and theoretical work is needed to both un-
ambiguously identify the nature of group I centres and to

This journal is © The Royal Society of Chemistry 2023
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make 2 eV luminescent centres in hBN suitable for appli-
cations in quantum technologies.

As a last observation, we would like to point out that the
ubiquitously used 532 nm laser efficiently excites luminescent
centres with ZPL energies around 2.15 eV because the laser
energy of 2.33 eV matches the one-phonon detuning of around
170 meV. This fortunate coincidence of the energy of an ubi-
quitously used laser with the one-phonon detuning has been a
gift for the research field and explains why the majority of
works on hBN report 2 €V luminescent centres.

Methods

Scatter plot

The mean and variance shown in Fig. 1c and ESI IVT are calcu-
lated for ZPL detunings from —440 to 10 meV. We note that
the only fitting parameter is the ZPL line width while the
phonon broadening is kept constant (see ESI IIIt).

The scatter plots reflect the agreement of the partial
Huang-Rhys factors of each defect transition with the experi-
mental line shape. The discussed scatter plots are similar to a
recent theoretical study'> focusing on the combined defect
and PSB emission spectrum (i.e. accessing the vibrational fine
structure).

We note that in our scatter plots we focus on the mean and
variance while higher-order variances need to be considered
for perfect agreement between theory and experiment.

Ab initio calculations

All the ab initio calculations for the ground states, excited
states and normal modes were performed within the GPAW
electronic structure code®® using a plane-wave basis set with
800 eV plane wave cut-off and a I'-point sampling of the
Brillouin zone. All the defects were represented ina 7 x 7 x 1
supercell (monolayer) and allowed to fully relax until the
maximum force was below 0.01 eV A™". A vacuum of 15 A was
used in the vertical direction.

The PBE exchange correlation (xc-)functional®® was used for
all calculations. In addition, for C,Cg, C,Cy, and VNCg the rela-
tively more accurate HSE06 functional was used for the calcu-
lation of the ZPL energies. The excited states were calculated
using the direct optimisation-maximum overlap matrix
(DO-MOM) method®® with a maximum step length, pmay, for
the quasi-Newton search direction of 0.2. Compared to the
standard A-SCF approach, the DO-MOM method yields
improved convergence and avoids variational collapses during
the SCF optimisation.’® We highlight that the C,Cy described
here is the transition studied in ref. 9. For further details on
the theory and calculation details we refer to our previous
work.>!

In all calculations, we considered in-plane defect structures
and verified their dynamical stability by the absence of imagin-
ary frequencies in the I'-point phonon spectrum. Only for the
excited state of VNCp, ie. (2)°By, does the carbon atom of the
defect relax out of plane. The out-of-plane configuration is

This journal is © The Royal Society of Chemistry 2023
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stable compared to the planar configuration by 0.23 eV for
monolayer hBN. This energy difference is only 0.036 eV in a tri-
layer hBN with a VyCp defect embedded in the central hBN
layer (of the trilayer hBN).”

For specific defects we have considered charge states 0, +1,
—1 (see ESI IIT). These defects were selected based on the pres-
ence of nearby in-gap states that can capture or release an elec-
tron to the optically active electronic states (HOMO-LUMO).

Optical spectroscopy

The optical characterisation is described in detail in ESI XL}
For PLE measurements at low temperature, we used a super-
continuum white light laser in combination with a tunable
laser line filter resulting in a PLE resolution of ~5 meV.

Open quantum system

To model experimental PLE maps we use information about
the phonon modes extracted from the ab initio calculations to
construct an open system model for the defect transition. The
emitter is modelled as a two level system with ground and
excited states |g) and |e) respectively, with transition energy
hw.. The emitter is driven by a continuous-wave laser with
angular frequency wy, and interacts both with vibrational and
electromagnetic environments. The form of this interaction is
given in the ESI XII.f To account for strong electron-phonon
coupling and resultant PSB observed for luminescence centres,
we make use of the polaron method."®>* This approach
dresses the system energy levels with modes of the vibrational
environment using a unitary transformation, providing an
optimised basis in which to do perturbation theory. We then
derive a Born-Markov master equation in the transformed
frame which is non-perturbative in the original electron
phonon interactions. This allows us to describe the dynamics®?
and, crucially, the PSB of the optical transition in
question.”®*” For further details of the model described above,
we refer the reader to the ESI III and XII. ¥

We note that the expression of Jcoustic(®@) uses a different
definition of the spectral density compared to ref. 18 which
can be obtained by multiplying Jacoustic With @” and a with
@ >. The physical description remains unchanged, i.e. in both
cases a three-dimensional acoustic phonon environment is
used.

Excitation mechanism

In Fig. 3a, the band gap is given by E, ~ 6 eV (ref. 38) and the
Fermi level is Er. Within the empiric mechanism, the two
relaxation processes 4. and A, are associated with |e) and |g),
respectively. In the phonon-assisted and advanced excitation
mechanisms, we do not show the Fermi level for clarity.
Furthermore, the excited states are labelled with |e, n) corres-
ponding to the electron in the excited state and its environ-
ment 160 occupied by n phonons. Similarly, |g, m) describes
the electron in the ground state with m phonons in its
environment.
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One- and two-phonon processes

To identify one- and two-phonon processes, we use the elec-
tronic states |e, n) and |g, m) of the phonon-assisted excitation
mechanism presented in Fig. 3a.

At a laser detuning of ~170 meV, we excite the electronic
state |e, 1) that relaxes to |e, 0) by the emission of one
phonon. From |e, 0), the ZPL emission is realised without any
further phonon emission, while the PSB process involves
another phonon that is emitted by the relaxation from |g, 1) to
|g, 0). Therefore, the ZPL is a one-phonon process while the
PSB is a two-phonon process. The above described two-
phonon process holds for both optical PSB at and 190 meV as
well as the acoustic PSB at ~10 meV.

At laser detunings of ~340 meV we excite the state |e, 2),
introduced in the phonon-assisted mechanism in Fig. 3a. This
state relaxes by the emission of two phonons to |e, 0) from
where a ZPL emission is realised without any further phonon
emission. Thus, this process is also a two-phonon process like
the optical PSB at ~170 meV detuning.
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