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Abstract

Defect centers in hexagonal boron nitride represent room-temperature single-photon sources in a
layered van der Waals material. These light emitters appear with a wide range of transition energies
ranging over the entire visible spectrum, which renders the identification of the underlying atomic
structure challenging. In addition to their eminent properties as quantum light emitters, the
coupling to phonons is remarkable. Their photoluminescence exhibits significant side band emission
well separated from the zero phonon line (ZPL) and an asymmetric broadening of the ZPL itself. In
this combined theoretical and experimental study we show that the phonon side bands can be well
described in terms of the coupling to bulk longitudinal optical (LO) phonons. To describe the ZPL
asymmetry we show that in addition to the coupling to longitudinal acoustic (LA) phonons also the
coupling to local mode oscillations of the defect center with respect to the entire host crystal has to
be considered. By studying the influence of the emitter’s wave function dimensions on the phonon
side bands we find reasonable values for the size of the wave function and the deformation potentials.
We perform photoluminescence excitation measurements to demonstrate that the excitation of the

https://doi.org/10.1088/2053-1583/ab1188

emitters is most efficient by LO-phonon assisted absorption.

1. Introduction

Single-photon emitters are at the heart of many
promising quantum technologies such as quantum
computing and quantum cryptography. Although
there are various solid-state emitters of single photons,
there is still no system available, which simultaneously
meetsallrequirements[1].Forexample,self-assembled
semiconductor quantum dots [2, 3] represent a mature
technology platform, but presently yield optimum
performance only at cryogenic temperatures. Another
class of single-photon emitters are defect centers in
insulators, such as color centers in diamond [4-6].
These defect centers exhibit prominent single-photon
emission also at room temperature but suffer from a
high refractive index and challenging processability of
the host crystal. Recently, a new class of single-photon
emitters in atomically thin semiconductors has been
discovered [7-13] and has been deterministically

positioned on the nanoscale by strain engineering
[14-16]. Defect centers in hexagonal boron-nitride
(hBN) combine features from these material classes
[17-32]. They have the characteristics of an atomically
sized defect center and at the same time share the
advantages of a layered structure, i.e. the ultimate limit
of miniaturization due to their atomic thickness and
high mechanical robustness.

In this work, we investigate the photolumines-
cence (PL) and photon absorption of defect centers in
hBN nanocrystals. By developing a theoretical model
to calculate the PL spectrum taking into account the
coupling to bulk longitudinal optical (LO) and longi-
tudinal acoustic (LA) phonons and to the oscillation
of alocal mode, we explain measured emission spectra
achieving an excellent agreement between experiment
and theory. In addition, we verify by means of pho-
toluminescence excitation (PLE) spectroscopy that
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coupling to LO phonons provides an efficient way of
exciting individual single-photon emitters. This then
allows for the isolation of a desired single-photon
emitter from the wide range of emission energies of
various defect centers in hBN.

2. Results

2.1. Emission spectra

Localized single-photon emitters are investigated in
hBN nanopowder deposited on a Si/SiO, substrate
(see supplementary material for details about
the  structure  (stacks.iop.org/TDM/6/035006/
mmedia)). Figure 1 presents typical measured
room-temperature PL spectra of six different
localized light emitters in hBN. The transition
energy of the emitters Ezpr, which is called the zero
phonon line (ZPL) (labeled with numbers (1) to
(6) in figure 1(a)) varies over a large range between
1.6eV and 2.5eV [19]. The energy of the excited
states of the emitters has already been extensively
studied, both theoretically via DFT calculations [31,
33-35] and experimentally [19, 23-27, 29, 31, 32,
36]. Although different types of atomic defects such
as N- or B-vacancies or substitutions with carbon
or oxygen might exist, the distribution of transition
energies is remarkably homogeneous. Therefore, it
is unlikely that each emission energy in hBN stems
from a different type of defect. One promising
proposal for the measured wide range of transition
energies is that at least part of the energy spread is
due to a Stark shift [31] resulting from an electric
field which arises from a trapped charge near the
color center [23]. Another suggested origin is a local
strain distribution in the crystal [28, 30, 36, 37]. Our
results suggest that both effects might contribute to
the broad energy spread of the ZPL energies.

The narrow ZPLs of the emitters are accompanied
by characteristic phonon side bands at lower energies.
To compare the phonon side bands of the different
emitters more easily, the spectra are plotted against
the detuning from the ZPL energy in figure 1(b).
Two side bands well separated from the ZPL between
0.2eVand 0.15eV below Ezpy, are visible, which can be
attributed to two longitudinal optical (LO) phonons
[21]. The ZPL itself is always more or less asymmetric
with a steeper high energy side, which hints towards
the contribution of low-energy (LE) phonon modes
with energies below 50 meV. As will be shown later, we
assume two types of LE modes to be important. Com-
paring the phonon side bands of the different emitters
in figure 1(b) we find significant variations. Not only
the relative height of the LO phonon side bands com-
pared to the ZPL intensity, but also the detailed struc-
ture, i.e. the relative heights of the LO; and LO, peak
with respect to each other, vary from emitter to emit-
ter. Having a closer look at the LE phonon modes near
the ZPL, also this spectral phonon feature has differ-
ent shapes and strengths for different emitters as high-
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lighted in figure 1(b). In the following sections we will
study these phonon side bands and develop a detailed
understanding of their origin. In this context we will
discuss which arguments support the identification of
the LE phonons as longitudinal acoustic (LA) phonons
and local mode oscillations of the defect with respect
to the entire crystal.

2.2. Phenomenological analysis

The properties of the LE and LO phonon side
bands change significantly among the emitters.
Therefore, we first try gaining a broad, quantitative
overview of the different features. For this purpose
we use a phenomenological model to fit the room
temperature PL spectra of 165 different emitters.
Figure 1(c) shows an exemplary spectrum (blue) and
its phenomenological fit (orange). It is obvious that
two LO phonon modes with energies at Ejpo,; ~ 165
meV and Ejp, ~ 195 meV have to be taken into
account (red line). These energies are also supported
by Raman measurements and ab initio calculations
[38]. While trying different models for the LE phonons
we found that at least two LE modes are required to
achieve reasonable fits for all measured spectra. The
best agreement was found for Erg, = 14 meV and
Erp, = 30 meV. We will later show that these energies
can be well identified as representative for LA phonons
in the case of LE; and for a local mode in the case of
LE,. But for now we will stick to the label LE phonons
for the low energy side bands. The applied fit function
for the PL intensity reads

I(E) = IzpL(E) + Lio(E) + Iie(E),

where we include a ZPL, single-phonon processes
for the LO phonons and single- and two-phonon
processes for the LE phonons. We also take single-
phonon absorption processes for the LE modes into
account. For all peaks we assume a Lorentzian shape.
From each fit we retrieve the integrated peak weights
A; (j = ZPL, LOy, LOy, LE,, LE;) and respective peak
widths vy (k = ZPL, LE}, LE,), where we assume that
the LO side bands have the same broadening as the
ZPL, which is a good approximation for dispersionless
LO modes. Details about the fit function can be found
in the supplementary material. In figure 1(c) we
additionally show the two LE side bands (yellow for
LE,; and violet for LE,) in phonon emission (solid)
and absorption (dotted). The dashed turquoise line
depicts the contribution from two-phonon processes.
Note that the absorption and two-phonon side bands
are strictly related to the corresponding single-phonon
emission side bands and therefore do not introduce
additional fit parameters. The fit slightly deviates from
the measurement for energies larger than the ZPL
energy. The reason is, that a longpass filter is used close
to the transition energy to block the excitation laser.
This reduces the measured high energy side of the ZPL.
Therefore, we only used energies smaller than Ezp; for
the fits.
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Figure 1. Photoluminescence spectra. (a) Exemplary room temperature photoluminescence (PL) spectra with different ZPL
energies (1)—(6). (b) Same as (a) but plotted as a function of the detuning with respect to the ZPL energy to highlight the different
shapes of the phonon side bands. (c) Phenomenological fit (orange) of a measured PL spectrum (blue). The constituents of the
fitare the ZPL (green), single phonon LO side bands (red), the low energy (LE) side bands LE; (yellow) and LE, (violet) with the
respective absorption peaks (dotted) and the two-phonon side bands (dashed turquoise).

2.05 2.1 2.15

For the large data set of 165 emitters we identify
correlations between the different spectral features. We
start by comparing the LO phonon side bands to the
ZPL.Forthis purpose, figure 2(a) shows the LO contrib-
ution, i.e. the ratio Ajo/Azpr (Aro = Aro, + Alo,)
between the LO side band and the ZPL weight, asa func-
tion of the ZPL energy. The colors of the dots represent
the energy of the driving laser. The photon energies of
the three lasers are marked by the dashed lines. We find
transition energies almost equally distributed between
1.6eVand2.2eV [22,23,25,28,36]. Even a few emitters
appear above 2.4eV. Larger transition energies could
notbe measured, because of thelongpass filter blocking
the excitation laser. Having a look at the values of the LO
contribution, i.e. the vertical distribution of the dots, we

find that they have a clear tendency following a positive
slope. While for transition energies below 1.9V most
of the pointslie between 0 and 0.2, they appear between
0.1 and 0.45 for energies around 2.1 eV. This shows that
the emitters with smaller transition energies couple on
average less efficiently to the optical phonons. This is
in good agreement with the assumption that the shift
of the ZPL energy is associated with the Stark effect. A
static electric field acting on the emitter’s dipole should
increase the distance between the different charge cent-
ers. In consequence this should also influence the cou-
pling to the polar LO phonons. The additional spread
of LO side band strengths for a fixed energy, especially
around 2.1 eV, could be due to the effect of local strain.
Distortions of the lattice constants in the vicinity of the
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Figure 2. Correlations of different phonon features. (a) LO phonon side band ratio A1 o/Azpy with the different dot colors
indicating the excitation energy marked by the dashed lines. (b) Energy separation of the LO phonon side bands from the ZPL, LO,
inyellow and LO; in violet. A constant error of 0.01 eV is assumed because these values are fixed by hand for every spectrum.
(c) LE,; phonon side band fraction Arg, /Azpr. The dot colors and sizes represent the contribution of LE; to the entire LE side band.
(d) Width of the ZPL with the dot colors and sizes representing the LO side band fraction Aro/Azpy from (a).

defect center should not only influence the distance
between the charge centers, but also change the size of
the emitter’s wave function and therefore the effective
distance between the charge centers. Later on we will
discuss the influence of these properties on the phonon
coupling in more detail.

To shed more light on the properties of the LO pho-
nons, figure 2(b) shows the energies of the LO phonon
side bands as a function of the ZPL energy. We find two
clusters of data points, which we associate to the two LO
phonon modes near the I point. The energies of LO,
(yellow) appear around 165 meV, those of LO, (violet)
around 195 meV, which agrees well with calculated band
structures and Raman measurements [38]. As indicated
by the dashed lines, we find that the phonon energies
have a slight trend to higher values for larger ZPL ener-
gies. As we identify these energies with the phonon ener-
gies of the hBN bulk crystal, this correlation suggests
that the origin of the energy shift of the ZPL should also
influence the LO phonon energies. This could be the
case for a local strain field, which naturally changes the
phonon dispersion. But also the dielectric environment
might alter the LO phonon energies, as it affects in par-
ticular the LO-TO splitting [39].

Figure 2(c) focusses on the LE phonon side bands
by plotting the ratio between the first side band weight

Arg, and the ZPL weight Azp. as a function of the ZPL
energy. The dots are scattered over a wide range from
0 to almost 1 for any transition energy. However, the
majority of the points is equally distributed between
0.1 and 0.7. This finding does not provide any strong
correlation between the coupling to the LE; (LA) pho-
nons and the transition energy. The color and size of
the dots represents the LE; contribution to the entire
LE side band, ie. ALEI /ALE: where ALE = ALEI + ALEZ
(small dots are blue, large dots red). Also this quantity
shows no correlation in the dot pattern. Small blue
and large red dots are found everywhere. This sug-
gests that the coupling to LE phonons is not strongly
affected by the parameters that are expected to govern
the transition energy, i.e. the distance of the charge
centers. However, we find a wide spread of dots on the
vertical axis, i.e. a non-negligible variation of coupling
strengths for a given transition energy. This finding
will be traced back to variations of the emitter’s size as
discussed in more detail later.

Finally, figure 2(d) presents the ZPL width as
a function of ZPL energy. We find a slight trend to
smaller line widths at small transition energies, which
is similar to what has been found in figure 2(a) for
the strength of the LO side bands. This is in line with
established models which associate the ZPL width with

4
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second-order phonon coupling mechanisms [40]. The
mechanism suggested in [40] relies on the scattering of
acoustic phonons with the polaron formed by optical
phonons. Consequently, a weaker coupling to LO pho-
nons should result in a smaller lattice displacement
of the polaron and therefore in a smaller scattering
rate for the acoustic phonons. This could lead to the
narrowing of the ZPL we found here. Another reason
for this trend could be a stronger spectral wandering
induced by trapped charges which are also considered
as the origin of the Stark shift of the ZPL energies [23].

2.3. Theoreticalmodel

The phenomenological model used to fit the 165 spectra
in section 2.2 already includes some assumptions about
the expected phonon modes, but it does not allow
to retrieve further information about the emitters
themselves. To supportourassumptionsabout themode
energies we use a microscopically motivated model to
reproduce the measured PL spectra. We also use this
model to find possible origins for the correlations and
non-correlations of the different phonon features and
the ZPL energy found in figure 2. As already discussed
in detail, our model should include the coupling to
LO phonons to reproduce the two side bands around
165 meV and 195 meV below the ZPL. Also the coupling
to acoustic phonons, which typically leads to a low-
energy broadening of the ZPL, should be present in
these systems. From defect centers in diamond, such as
the extensively investigated NV~ center, it is well known
that the prominent phonon side band is dominated by
the coupling to local mode oscillations [41, 42]. These
modes describe displacements of the defect atoms with
respect to the entire host crystal. Due to the similarity of
the atomic defect structures, we expect that also in hBN
local modes might have a significant influence on the PL
spectrum.

We model the PL intensity spectrum of an emitter
by calculating the optical susceptibility for a two-level
system coupled to phonons, which in the time domain
is given by [43-46]

t

X (1) = i0(t) exp | —iwot + ®(t) — T

(1)
where 6(t) denotes the Heaviside step function,
hwy = Ezpy is the polaron-shifted transition energy
of the emitter, i.e. the energy of the zero phonon line,
T, the dephasing time and ® describes the phonon-
induced dephasing with

o (15 et

- 1] - isin(wpht)}dwph . (2)

This phononinfluenceis determined by the temperature
T and the phonon spectral density J; at the phonon
energy hwpp, for the phonon mode j. Note that such a
model was commonly used to simulate the phonon
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coupling of F-centers [43]. In this section T'= 300 K is
considered to allow comparison with the experimental
results in section 2.2. In the case of coupling to bulk
phonons the spectral density is given by [47]

J;(wpn) Z |g]

Here, gj(q) denotes the coupling matrix element
for the coupling to a phonon with wave vector q in
the phonon branch j and wj(q) is the corresponding
phonon dispersion relation. With equation (1) the
absorption spectrum «(w) of the emitter is simply
given by the imaginary part of the Fourier transform

a(w) = Im [/O; x(t) ™" dt] ) (4)

From this expression the emission spectrum I(w)
is then retrieved by inverting the absorption a with
respect to the ZPL at wy, i.e.

I(w) = a(—w + 2wy) . (5)

| 5 wph—w](q)] C3)

We account for the coupling of the defect to LO; and
LO; phonons via the Frohlich-interaction

_ €2wL0,(q) 1 1 1

00(@) \/ wo | g @ - A
(6a)

and for the coupling to LA phonons via the

deformation potential coupling

1 .
——— [Pk DhFh(q)(};b)

where V is a normalization volume, ¢ is the mass
density, €5 and e are the static and high frequency
dielectric functions, respectively, and D, and Dy, are
the deformation potentials for electrons and holes,
respectively. The form factors F.;,(q) are determined
by the wave function of the excited state of the emitter
as we explain in the following.

Another common coupling mechanism between
charges and LA phonons is via the piezoelectric effect.
In [48] it was shown that the piezoelectric constants
vanish with an increasing number of hBN layers. As we
are investigating nanopowder samples, we are dealing
with small bulk crystals with large layer numbers. The
thickness of the investigated hBN crystals is continu-
ously distributed between 40 nm and 100 nm as exem-
plarily shown in the supplementary material. In [48] it
was demonstrated that due to inversion symmetry the
piezoelectric constants vanish for even layer numbers.
If this coupling mechanism to LA phonons played an
important role, it should only appear for half of the
studied defects, i.e. those located in samples with odd
layer numbers. This effect should lead to a separation
of data points for crystals of even and odd layer num-
ber in figure 2(a) but one does not find such a feature.
Therefore, we conclude that the piezoelectric coupling
to LA phonons does not play an important role in our
samples and assume that this coupling mechanism can
be neglected.

ga(q) =

5
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Figure 3. Model system. (a) Schematic drawing of the wave function of the defect in a single hBN layer. The charge centers have a
Gaussian shape with an in-plane localization length a, an out-of plane localization length b and an in-plane distance d. (b) Phonon
dispersion of hBN adapted with permission from [38], copyright 2007 by the American Physical Society. The AT direction is the out-
of-plane direction and the I'M direction an example for an in-plane direction.

M

One central aspect of hBN is its pronounced aniso-
tropy arising from its layered structure. In our model
we take this into account by distinguishing in-plane
and out-of-plane directions. We assume that the
dipole of the emitter lies in the plane of one hBN layer.
Therefore, we consider a wave function of the defect’s
excited state consisting of two differently charged cent-
ers with an in-plane distance d as schematically shown
in figure 3(a). The negative charge will be referred to
as electron (e) and the positive one as hole (h). Each of
the charge centers has a Gaussian wave function with
an in-plane localization length a and an out-of-plane
localization length b. This form of the wave function
can be seen as an approximation for a wave function
typically calculated from ab initio theory. The advan-
tage of our approach is the flexibility to easily study
the influence of changes of geometrical quantities.
With this form of the wave function the form factors in
equations (6a) and (6b) read

q} and

= |- () () 4o
(7a)

qra\>2 q.b > d
Fi(q) = _ (;) _ (%2 ld.ql,
h(q) = exp 5 <z)+2 q
(7b)
where the phonon wave vector q is split into an in-

plane g, and an out-of-plane g, component and d is
the vector connecting the two charge centers. After

integrating |gj(q)|* in equation (3) over the in-plane
angle of the phonon wave vector, the influence of the
wave function geometry on the coupling strengths is

given by

|10, (dr42)|” ~ exp {f% [ (a:0)° + (qzb)z] } [1 - ]o(dqr)]
(8a)
and

|gLA(‘1n (Jz)|2 ~ exp {; [ (qra)z i (qzb)2:| }

x | D2+ D} = 2DDyJo(da,),

(8b)
where J, is the Bessel function of first kind and of
zeroth order. Due to these form factors, coupling to
phonons is essentially restricted to the wave vector
regiong, SaLq, S b

For the Frohlich coupling, different dielectric con-
stants for the in-plane and the out-of-plane direction
are considered. The energies of the phonons, which
enter the model, are extracted from the simulated dis-
persion relation shown in figure 3(b) adapted from
[38]. We assume two LO modes (LO; and LO,) with
constant dispersions. For the LA phonons we consider
linear dispersions, where we again distinguish between
the in-plane and the out-of-plane direction. More
details about the model parameters can be found in
the supplementary material. As will be shown below,
the 14 meV LE; mode introduced in section 2.2 can be
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seen as a reasonable approximation for the side band
stemming from the LA phonons. In [34] it was calcu-
lated that the CgNy center has the strongest coupling
to an in-plane breathing mode of the defect center,
which has an energy of 30 meV. Also other studies
suggest this atomic structure as promising candidate
for the hBN color center [49, 50]. This motivates us
to interpret the LE, mode in the phenomenological
model in section 2.2 as representative of such a breath-
ing mode. The coupling to this local mode is modeled
by a Lorentzian-like distribution of the phonon spec-
tral density [51-53]

1 16g2wLocAw h
Jroc(wph) = p .

(wgh — wfoc>2 + 4A2w§h ®)
The parameters entering this coupling are the local
mode energy hwroc = Eroc, the coupling strength
¢ and the width A. For the considered parameters
the spectral shape of the side band due to the local
mode agrees well with the ordinary Lorentzian
shape considered for the phenomenological fits in
section 2.2. We show in the supplementary material
that our model for the local mode coupling reproduces
PL spectra of different defect centers in diamond
very well, showing the accuracy of the model. To
reproduce the finite width of the ZPL, we assume a
constant dephasing rate 1/T5, providing us with a
dephasing time T,. We note that this dephasing time
includes pure dephasing, homogeneous broadening
mechanisms as well as inhomogeneous processes, e.g.
spectral wandering [27].

While the phonon dispersion relations and
dielectric constants are well known for hBN, the defor-
mation potentials are only hardly known. Simula-
tions indicate that the relevant values are in the range
of some hundred meV to a few eV [54]. We therefore
will try finding reasonable values for the deformation
potentials D, and Dy, for the LA phonon coupling of the
considered defect centers in hBN. The other unknown
parameters in our model are the in-plane and out-of-
plane localization lengths a and b, respectively, and
the charge separation d in the defect state. To be able
to extract information on these parameters from the
measured spectra, we will analyze their role for the
coupling to LO and LA phonon modes, respectively.

For the coupling to LO phonons the only unknown
quantities are the geometrical parameters in-plane
localization length a, out-of-plane localization length
b, and charge distance d. To investigate their influence,
we first concentrate on the coupling to LO phonons.
In figure 4(a) we plot the contribution of the LO sin-
gle-phonon side band, i.e. the fraction between the
weight of the first LO phonon side bands of LO; and
LO, and the ZPL weight, as a function of the charge
distance d for different localization lengths a between
0.1nm (blue) and 1 nm (red). The distance d is varied
on the same scale. This should be a reasonable range
for these quantities as the in-plane lattice constant of
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hBN is 0.4 nm and the extension of an atomistic defect
state should be of similar size. Under the assumption
that the Stark effect is responsible for the different
transition energies of the emitters, we additionally
plot the measured data points from figure 2(a) as gray
dots into figure 4(a). The relation between the energies
of the experimental values of figure 2(a) (gray dots in
figure 4(a)) and the charge distances d in figure 4(a)
is obtained by the fits of the measured spectra in sec-
tion 2.4, which yield values between d = 0.2nm and
d = 0.5nm. By the given choice of the ZPL energy axis
the majority of the measurement points appear in this
range. The simulated LO contributions vanish for van-
ishing in-plane distance d because in this limit there
is no dipole moment associated with the defect. For
a given in-plane localization length a the LO contrib-
ution grows with increasing d. When increasing the
localization length a the curves rise slower, because
the Frohlich coupling strength depends on the effec-
tive dipole strength of the wave function. To achieve
the same strength for larger localization lengths a the
charge separation has to be accordingly larger. The
increase of the LO contribution with increasing dis-
tance nicely resembles the distribution of the meas-
ured dot pattern, which supports the interpretation
that the shift of the ZPL is at least partially related to a
Stark shift. To further analyze the influence of the LO
phonons, we show exemplary normalized PL spec-
tra for different values of a and d in figure 4(b). The
colors agree with the corresponding curves in (a). At
the bottom for a = 0.5nm the two single-phonon
LO side bands are well resolved around —0.2 ¢V, also
the three two-phonon side bands between —0.3eV
and —0.4 eV can be seen. As expected the amplitude of
the side bands increases for larger in-plane distance d.
At the top of figure 4(b) the same spectra are shown
fora = 0.1 nm. Here, the LO side bands grow very rap-
idly when increasing d, they even become larger than
the ZPL. For the largest considered d the two-phonon
side bands are even larger than the single-phonon
side bands. Indeed, from equations (2) and (3) it can
be shown that, as long as successive side bands do not
spectrally overlap, the contributions of single-phonon
(Aro) and two-phonon (A,1 o) side bands with respect
to the ZPL are given by

Ao _ Z g10,(q) '2 Ajo 1 (ALO )2
q

Az 2

AzpL
(10)
Thus, as soon as Arp > 2Azpy the two-phonon
sideband will exceed the single-phonon one. However,
in the measured PL spectra of hBN color centers
this regime where the side bands exceed the ZPL is
not reached. Therefore, we can conclude that the
localization length should lie between a = 0.3nm and
Inm and the charge distance between d = 0nm and
1nm.
After finding reasonable values for the in-plane
size of the wave function (a and d), in figure 4(c) we

AzpL wrLo;
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focus on the values for the deformation potentials D,
and Dy,. When considering the special case of a vanish-
ing charge distance, d = 0, the deformation potential
coupling strength in equation (8b) is proportional to
(De — Dp,)?. So we will use this limit to find reasonable
values for the difference of the deformation potentials.
To provide a quantitative measure, we calculate the LA
contribution to the entire spectrum via

1 —Im|xa(t = ooswp = 0; T, — 00)| . (11)

This value is plotted as a function of |D, — Dy | in the
inset in figure 4(c) for wave function dimensions of
a=0.4nm, b =0.2nm and d = 0nm. For D. = Dy,
the LA contribution vanishes and no LA side band
appearsin the spectrum, while the side band dominates
the entire spectrum for large values of |D, — Dy|. In
figure 2(c) we found that the LA contribution in the
measured spectra also for small transition energies, i..
small d, yields values between zero and one. Therefore,
reasonable values for the difference of the deformation
potentials should lead to an LA contribution of around

0.5. We find that this is fulfilled for |D. — Dy| = 0.6
eV. However, the deformation potentials not only
determine the LA contribution but are also responsible
for the shape of the spectra. To demonstrate this
influence, we show exemplary spectra for different
values of | D, — Dy,|still for a vanishing dipole moment
d=0 in figure 4(c). We find that with increasing
|De — Dy| (blue to red) the asymmetry of the ZPL
peak increases till the entire spectrum is dominated
by the LA side band for the 1eV case (red). Here the
ZPL is only a rather small peak on the broad phonon
background. From here on we fix| D, — Dy,| = 0.6 V.
As already mentioned, we assume that the cou-
pling to the LE; mode phenomenologically describes
the coupling to LA phonons. One might wonder why
the coupling to a discrete mode with a Lorentzian line-
shape approximates reasonably well the coupling to
the continuum of LA phonons. To confirm that this
is indeed a valid approximation, the black solid line
in figure 4(d) shows a simulated room-temperature
PL spectrum, where the coupling to the continuum of
LA phonons is fully taken into account. This spectrum
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peak intensities.

was then fitted by the phenomenological model of sec-
tion 2.2 yielding the orange line. The contributions
of the two LE modes (yellow and violet) and the ZPL
(green) in the phenomenological model are plotted
separately as before. We find an excellent agreement
between the simulated spectrum including only LA
phonons and the phenomenological fit. Furthermore
we find that only the LE; mode has a relevant contrib-
ution in the fit. This shows that indeed the LE; mode is
areasonable approximation for the contribution of the
LA phonons to the spectrum.

In the next step we investigate the influence of
the sum of the deformation potentials. For a non-
vanishing charge distance d the Bessel function in
equation (8b) does not vanish leading to the fact that
the phonon coupling depends on D, and Dy, sepa-
rately. In figure 5(a) we show simulated PL spectra for
a=0.4nm, b= 0.2nm and d = 0.5nm and different
values of D, + Dy, between 0eV (blue) and 1eV (red).

We find that the weight of the LA side bands close to
the ZPL strongly increases with the sum of the defor-
mation potentials. It is also nicely visible that the LO
phonon side bands are additionally broadened by
the LA phonons, demonstrating that multi-phonon
contributions are well reproduced by the model. In
figure 2(c) we found that the LA contribution (LE,
mode) to the spectrum exhibits no significant correla-
tion with the transition energy, i.e. with d. This find-
ing should be reproduced by the choice of D, + Dy,
Therefore, in figure 5(b) we plot the LA contribution
as a function of the charge distance d for different
values of D, + Dy, between 0eV (blue) and 4eV(red)
(a =0.4nm and b = 0.2nm). All curves start at the
same value of slightly below 0.6 for d = 0nm. We
find that for deformation potential sums of 1eV or
larger the LA contribution grows significantly with
increasing d. One would therefore expect a clear cor-
relation between these two quantities. This makes us
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conclude that D, + Dy, should be smaller than 1eV.
In the special case of D, + Dy, = 0.6 €V = |D, — Dy|
the LA contribution is a straight line, because in this
case either Dy, = 0eV or D, = 0 eV, which makes the
charge distance irrelevant. However, we do not expect
one of the deformation potentials, either for electrons
or for holes, to vanish in hBN. This would mean that
either electrons or holes do not scatter with LA pho-
nons via the deformation potential coupling, which
makes us disregard this value. We found good results
for D. + D, = 0.2 eV (D, = 0.4 eV, D, = —0.2 V)
as will be demonstrated below in section 2.4 when
directly comparing the simulations with measured PL
spectra.

After having selected reasonable values for the
deformation potentials, we now study the influence
of the other two geometrical parameters, the in-plane
localization length a and the out-of-plane localiza-
tion length b of the wave function. Figures 5(c) and
(d) focus on the in-plane localization length a. In fig-
ure 5(c) exemplary spectra ford = 0.5nm, b = 0.2nm
and different values of a between 0.2nm (blue) and
1 nm (red) are shown. While the LO phonon side bands
increase significantly when reducing a4, as discussed
earlier, the LA phonon side band next to the ZPL does
not change significantly. To provide a quantitative
measure for the influence of a on the LA coupling in
figure 5(d) we plot the LA contribution as a function
of afor different values of d. All curves slightly decrease
from values between 0.6 and 0.7 to 0.4 for a = I nm.
This spread can give rise to part of the spread of LA
contributions found in figure 2(c).

Finally, the influence of the out-of-plane locali-
zation length b is considered. In figure 5(e) we again
show PL spectra for a = 0.4nm, d = 0.5nm and differ-
ent values of b between 0.2nm (blue) and 1 nm (red).
Two pronounced features are found in the spectra: (i)
the LA phonon side band increases with decreasing b;
(ii) the two LO single-phonon side bands LO; and LO,
slightly increase with decreasing b, but not by the same
rate. While LO; and LO, are almost equally strong for
b = 1nm (red), LO; is significantly stronger for 0.2 nm
(blue). These two features are quantified in figure 5(f).
The solid lines show the LA contribution and the
dashed lines the ratio between the peak intensities of
the two LO single-phonon side bands I o, /I 0, as func-
tions of b for different values of a. The LA contribution
rapidly drops from values up to 0.9 for b = 0nm to
0.2 for b = 1nm. This spread of LA phonon side band
contributions agrees well with the measured values
found in figure 2(c). The fraction of the LO side band
peaks increases for growing b. This variation of the
shape of the LO side band was also found in the meas-
ured spectra in figure 1. The reason for this variation of
the LO side bands is that the larger LO phonon energy is
not present for the out-of-plane phonon wave vectors,
as can be seen in figure 3(b). So b mainly influences the
LO; phonon side band. A larger out-of-plane localiza-
tion length b in equation (8a) leads to a smaller range
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of out-of-plane phonon wave vectors that is excited by
the emitter, which leads to a weaker effective coupling
strength. Therefore the fraction I, /I, reduces for
growing b. The out-of-plane lattice constant of hBN is
0.66 nm, which makes the considered values for b a rea-
sonable range for this parameter.

This parameter study shows that slight variations
of the geometrical parameters of the defect’s wave
function in the range of reasonable dimensions lead
to strong changes in the PL spectra. In the next step,
we apply this model to directly reproduce measured
PL spectra by varying the geometrical parameters. We
also take the local mode for the low-energy coupling in
the range of 30 meV into account and vary its coupling
parameters.

2.4. Comparison between experiment and theory
Figure 6 shows PL measurements of different defect
centers. While the spectra in figures 6(a) and (b) are
taken at room temperature, figures 6(c) and (d) are
measured at cryogenic temperatures of about 7 K.
Figure 6(e) depicts a temperature series taken on
the same emitter. The temperature decreases from
top to bottom from 300 K to 20 K. In addition to the
experiments (colored lines) we show corresponding
simulations as black lines. All parameters for the
simulations are listed in table 1.

Comparing the different spectra, we find a convinc-
ing agreement between the measured and the calculated
spectra. The theoretical approach used in [24], which
considers the phonon spectral function as a free param-
eter, also led to good agreements with measured spectra.
However, the authors did not draw conclusions on the
emitters’ wave functions and details of the electron-
phonon coupling matrix elements. From the parameters
for the dimensions of the wave functions in our model
listed in table 1 we find that all sizes (a, b, and d) are in
the range between 0.1 nm and 0.5nm. This is a reason-
able parameter range, because it shows that the assumed
emitter wave function spreads over a few unit cellsat most
and is mainly restricted to the layer in which the defect is
located. While the LO phonon energies scatter slightly
around the already discussed values of E; o, ~ 165 meV
and Ejp, ~ 195 meV, the energy of the local mode is
rather fixed. This might have two reasons. On the one
hand, the side band in the PL spectrum partly overlaps
with the LA contribution at room temperature, which
makes a precise determination of the peak position less
easy. On the other hand, strain distributions could have
less influence on the energetic position of the mode, but
rather change the coupling strength g and the width A.
We want to remark that, the low temperature spectrum
in figure 6(d) shows a pronounced peak at E = 2.05 eV,
i.e. 35 meV below the ZPL. The dashed line includes this
peak as a local mode in the simulation. However, this
spectral feature could also stem from another nearby
emitter. Usually, PL spectra at cryogenic temperatures
exhibit a large number of narrow lines in these samples,
which makes a clear identification of the lines difficult.
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Table 1. Model parameters for the simulations in figure 6 including the temperature T, the localization lengths a and b, the charge distance
d, the LO phonon energies E; o, and Ejo,, and the local mode energy Ej oc and coupling strength g/wioc. The local mode width 2A and the

dephasing time T, depend on the temperature.

Eio, Eioc

Figure 6 T(K) a(nm) b (nm) d(nm)  Epo,(meV) (meV) (meV) g/wioc hA (meV) T, (ps)
(a) 300 0.40 0.40 0.44 165 200.0 30 0.38 15 0.08
(b) 300 0.50 0.10 0.40 163 200.0 30 0.30 18 0.12
(c) 7 0.40 0.15 0.25 161 192.0 30 0.15 5.0 (0.8)
(d) 7 0.20 0.40 0.22 161 198.0 (35) (0.35) (2.0) (0.8)
(e) 300 0.25 0.30 0.30 165 200.5 30 0.21 15 0.17
150 7.0 0.33
50 40 (0.4)
20 25 (0.5)

To reproduce the entire temperature series in fig-
ure 6(e) we fix the dimensions of the wave function
and the local mode coupling strength for T = 300 K
as given in table 1. For each temperature we have to
additionally determine the local mode width A and
the dephasing time T,. We find that both the ZPL and
the local mode side band, which remains as narrow
peak slightly above E = 2.1eV for T = 20 K, become
narrower with lower temperatures. This can already be
seen when comparing the room-temperature spectra
in figures 6(a) and (b) to the low-T ones in figures 6(c)
and (d). In the supplementary material we discuss
another temperature series of PL spectra taken on a

different emitter, where we additionally measured
the PL lifetime. In agreement with [22] we find that
the life time does not depend on the temperature and
that it is in the range of a few nanoseconds [17-19,
21, 27, 36]. This indicates that the ZPL line width at
room temperature is dominated by the pure dephas-
ing mechanism and spectral wandering, which we
combine in the fit parameter of the dephasing time T5.
For decreasing temperatures, the ZPL width shrinks
significantly as also found in [20, 22]. However, the
values for low temperatures between 5 K and 50 K
are underestimated because the measured line
width is on the order of the limited resolution of the
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spectrometer (100 peV). Hence, we are not able to
draw reliable conclusions about the low-temperature
T, times from our data. The evolution of the two low-
energy phonon side bands with decreasing temper-
ature nicely supports our assumptions of their nature.
The local mode results in an isolated peak at the same
energy. This is not expected for phonons with continu-
ous spectrum, i.e. for LA modes. The LA phonons lead
to alow-energy side band directly attached to the ZPL,
as it is well known from semiconductor QDs [55]. In
the spectrain figure 6(e) we find that the spectral shape
of the LO, phonon side band is additionally broadened
to the high energy side compared to the simulation.
When moving from high to low T, all spectral features
become narrower, which makes it obvious that this
broadening evolves into another maximum just below
E = 2eV. The fits for the low-temperature spectra in
figures 6(c) and (d) show that our model reproduces
the LO phonon side bands, despite our rough approx-
imations for the phonon dispersion when assuming
constant LO phonon energies. However, it was shown
that strain strongly influences the emitters’ spectra
(28,30, 37] and that it is highly likely that the emitters
appear near the surface of the sample [19, 23]. Local
strain or the proximity to the surface will alter the pho-
non band structure and could thereby lead to varia-
tions of the spectral shape of the LO side bands. This
could be a reason for the atypical broadening of the
LO; side band for this emitter.

2.5. Photoluminescence excitation spectra

We now focus again on the distribution of ZPL energies
in figure 2(a). We find that many of the green dots
cluster around Ezp; = 2.15 €V, while the red dots
cluster around 1.8 eV. These energies are approximately
150-200 meV below the respective photon energy of
the laser used for excitation (dashed lines), which is the
range of LO phonon energies. This suggests that LO-
phonon assisted absorption could efficiently drive the
emitters. Therefore, we plot a histogram of detunings
between the excitation laser energy E; and the ZPL

energy Ezpy, in figure 7(a), where the colors correspond
to the colorsin figure 2(a). In total, nearly 50% of all 165
investigated emitters appear between 150 meV and 200
meV below the laser energy. The remaining emitters are
almost equally distributed over the remaining 800 meV.
This agrees with the findings in [26].

To confirm that the emitters are efficiently excited
by LO-phonon assisted absorption, we have performed
PLE measurements at room temperature to obtain
information about the absorption properties of the
emitters at different photon energies. The results are
shown in figure 7(b). We chose an emitter which has
strong LO phonon side bands in the PL spectrum, as
shown with the orange line. At the high-energy side
of the ZPL at 2.03 eV the spectrum is again cut off by a
longpass filter. We measure PL spectra for a wide range
of different excitation energies from 2.09¢V to 2.3eV
as shown in the supplementary material. After fitting
and subtracting the background and Raman lines as
described in the supplementary material, we extract the
PLE data by integrating the PL spectra either over the
ZPL,i.e. from 1.95€eV to 2.05€eV (blue shaded area), or
over the LO phonon sideband, i.e.from 1.75eVto 1.9eV
(yellow shaded area). The PLE data for the ZPL and for
the LO phonon sideband are shown in blue and yellow,
respectively. We find that both PLE data sets exhibit a
pronounced maximum between 2.2 eV and 2.3 eV. This
energy range nicely agrees with the phonon sidebands
of the mirrored PL spectrum (green line). This obser-
vation demonstrates that the excitation of the emitter is
very efficient via the LO-phonon assisted process.

Our study shows that the LO-phonon assisted
excitation of the excited defect state provides an
optimized way to drive the system. Therefore we can
conclude that it is conceivable that we select a specific
ZPL energy hwo, when pumping the system with ener-
gies between fuwy + 160 meV and fiwy + 200 meV, i.e.
via a LO-phonon assisted absorption. This provides
a strategy of isolating single-photon emitters with a
desired emission energy from the wide range of pos-
sible transitions.
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3. Conclusions

We have shown that the coupling to different phonon
modes plays a crucial role for localized light emitters
in hBN. On the one hand, coupling to bulk phonons
leads to an asymmetric broadening of the ZPL in the
case of LA modes and to the appearance of prominent
side bands well separated from the ZPL in the case of
LO modes. On the other hand the coupling to a local
mode oscillation contributes to the broadening of the
ZPL at room temperature, while the respective side
band is discernible at cryogenic temperatures. By fitting
measured PL spectra with our theoretical model we
were able to extract parameters for the wave function
geometries of the emitters. We have shown that the
distance between the positive and the negative charge
center may be connected to the energy of the ZPL,
supporting the assignment of the ZPL energy spread
with the Stark effect caused by nearby charges. It was also
possible to find reasonable values for the deformation
potential of electrons and holes in hBN. By measuring
PLE spectra, we have demonstrated that these sidebands
are also present in absorption and lead to an efficient
absorption via LO-phonon assisted transitions. Finally
we have shown that it is possible to preferentially select
emitters with a desired transition from the wide range of
emission energies possible in hBN by aiming at the LO-
phonon assisted absorption. Our results lead to a deeper
understanding of the fundamental properties of color
centers in hBN and pave the way to a tailored control of
the excitation process.
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