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Efficient single photon emission from a high-purity hexagonal boron nitride crystal

L. J. Martinez', T. Pelini', V. Waselowski?, J. R. Maze?, B. Gil', G. Cassabois', and V. Jacques'*
! Laboratoire Charles Coulomb, Université de Montpellier and CNRS, 34095 Montpellier, France and
2 Facultad de Fisica, Pontificia Universidad Catdlica de Chile, Santiago 7820436, Chile

Among a variety of layered materials used as building blocks in van der Waals heterostructures,
hexagonal boron nitride (hBN) appears as an ideal platform for hosting optically-active defects
owing to its large bandgap (~ 6 e¢V). Here we study the optical response of a high-purity hBN crystal
under green laser illumination. By means of photon correlation measurements, we identify individual
defects emitting a highly photostable fluorescence under ambient conditions. A detailed analysis of
the photophysical properties reveals a high quantum efficiency of the radiative transition, leading
to a single photon source with very high brightness. These results illustrate how the wide range
of applications offered by hBN could be further extended to photonic-based quantum information

science and metrology.

Hexagonal boron nitride (hBN), also known as “white
graphite”, is a wide-bandgap material which is commonly
used in the industry since several decades owing to its
high thermal and chemical stability [1, 2]. Continuous
improvement of growth techniques has recently enabled
to decrease the density of intrinsic defects in the hBN
matrix [3, 4]. The resulting high-purity crystals have re-
leased the engineering potential of this material for the
development of efficient light-emitting devices in the deep
ultraviolet [5, 6]. More recently, hBN has even attracted
a renewed interest because it exhibits a two-dimensional
(2D) honeycomb structure similar to graphene, which can
be used as a building block for the design of complex van
der Waals heterostructures [7-10]. Given this wide range
of promising applications, it is essential to precisely char-
acterize intrinsic defects hosted in the hBN crystal in or-
der to further optimize the properties of this material. In
addition, the possibility to isolate defects at the “single-
atom” level would offer new opportunities for applica-
tions of 2D materials in quantum technologies [11, 12].

In early experiments, the characterization of point-
defects and stacking faults was mainly realized through
ensemble measurements using cathodoluminescence and
optical spectroscopy in the deep ultraviolet [13-16]. Mak-
ing use of hBN/graphene heterostructures, it was re-
cently shown that impurities hosted in the hBN matrix
can also be detected by measuring local modifications of
the conductivity in the graphene layer [17, 18]. Using
scanning tunnelling microscopy, this original approach
was even used to isolate and manipulate individual de-
fects with nanoscale resolution [18].

In this Letter, we follow a conceptually simpler strat-
egy to probe individual defects in a high-purity hBN crys-
tal by measuring the photoluminescence (PL) response
under optical illumination with an energy much lower
than the bandgap [19-22]. This method is relatively easy
to implement in hBN owing to its very large bandgap
E, ~ 6 €V [23]. Here we isolate individual defects emit-
ting around 2 eV with a high photostability under ambi-
ent conditions. A detailed analysis of the photophysical
properties indicates a highly efficient radiative transition
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FIG. 1: (a) Microscope image of a high-purity hBN crystal
from HQ graphene. (b) PL raster scan of the sample. (c)
g@ (7) function recorded from the PL spot shown by the white
arrow in (b) for a laser excitation power P = 150 pW and a
bin width w = 200 ps. The solid line is data fitting using
a three-level model while including the IRF of the detection
setup [see main text]. For this experiment we obtain A1 =
0.51 ns™", Ao = 0.14 ps™" and a = 0.6. Inset: IRF measured
using 50-ps laser pulses. The solid line is a Gaussian fit.

leading to one of the brightest single photon source re-
ported to date.

The optical response of a commercial high-purity hBN
crystal [Fig. la] was analyzed using a scanning con-
focal microscope operating under ambient conditions.
Optical illumination was carried out at the wavelength



A = 532 nm, which allows to probe deep defects with
energy levels far within the bandgap of hBN. The ex-
citation laser was focused onto the sample with a high
numerical aperture oil-immersion microscope objective
(NA=1.35) mounted on xyz-piezoelectric scanner. The
PL response of the hBN crystal was collected by the same
objective and spectrally filtered from the remaining ex-
citation laser with a razor-edge longpass filter at 532 nm
(Semrock). The collected PL was then focused in a 50-
pm-diameter pinhole and finally directed either to a spec-
trometer or to silicon avalanche photodiodes operating in
the single-photon counting regime. A typical PL raster
scan of the sample is shown in Fig. 1b, revealing bright
diffraction-limited spots, which correspond to the emis-
sion from deep defects hosted in the hBN matrix.

The single-atom nature of the emitters was verified by
measuring the second-order correlation function ¢(®(r)
using two avalanche photodiodes, D; and Dy, mounted in
a Hanbury-Brown and Twiss (HBT) configuration. Such
a detection scheme is commonly used in a “start-stop”
mode to record the histogram of time intervals K (7) be-
tween two consecutive single-photon detections. Once
properly normalized to a Poissonian light source, the
recorded histogram is equivalent to the second-order cor-
relation function ¢(®)(7) provided that 7 < R~', where
R is the photon detection rate [24, 25]. We stress that
significant deviations from this equivalence have been
experimentally evidenced as soon as 7 2 100 ns for
R ~ 10° 571 [26]. The “start-stop” method is thus limited
to correlation measurements at very short time scales.

In order to record the ¢ () function without any
temporal restrictions, the HBT setup was rather used
to measure J(7), defined as the number of photons de-
tected at time 7 provided that a photon is detected at
time t = 0. To this end, a photon detection event on de-
tector D1 was used to trigger the acquisition of a PL time
trace on detector Dy using a large-range time-to-digital
converter (FastComtec, P7889). After N repetitions of
the measurement, the resulting time trace J(7) is directly
linked to the second-order correlation function through
g (1) = J(1)/(NwRy), where w is the bin time and
R5 is the photon detection rate on detector Ds. Experi-
mentally, an electronic delay 7; was introduced in order
to obtain the full profile of the ¢(®(7) function at short
time scale.

Figure lc shows a typical ¢®)(7) measurement
recorded over five temporal decades from an isolated
PL spot of the hBN cristal. The anticorrelation effect
observed at short time scale, g?(74) ~ 0.25 < 0.5, is
the signature of single photon emission from an indi-
vidual defect. The deviation from an ideal anticorre-
lation [¢%(74) = 0] cannot be explained by a residual
background PL from the host matrix owing to the high
value of the signal-to-background ratio (> 20) [27]. It
rather results from the instrumental response function
(IRF) of the detection setup, which is mainly fixed by

the time jitter of the single photon detectors [see inset in
Fig. 1c] [28]. The correlation function also reveals photon
bunching ¢(®(7) > 1, which indicates that optical cycles
involve a non-radiative relaxation path through a long-
lived metastable level. Modeling the defect as a three-
level system [see Fig. 4a], the second order correlation
function can bhe expressed as [29]

9(2)(7—) —1-— (1 + a)e—>\1|7'_7'd| + ae— 2Tl , (1)

where a is the photon bunching amplitude and A; (resp.
A2) is the decay rate of the anticorrelation (resp. bunch-
ing) effect [30]. As shown in Fig. 1c, the experimental
data are well fitted by the convolution of Eq. (1) with
the independently measured IRF of the detection setup.
A detailed analysis of the dynamics of optical cycles by
means of photon correlation measurements is given in the
last section of the paper.

An important property of any individual defect act-
ing as a single photon source is its photostability over
time. Representative PL time traces recorded at low laser
power from individual defects hosted in hBN are shown
in Fig. 2. Most defects exhibit a pronounced blinking be-
havior, as often observed for solid-state emitters at room
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FIG. 2: (a) to (d) Typical PL time traces recorded from dif-
ferent individual defects in a high purity hBN cristal. The
laser excitation power is set to P = 10 pW. Bin size: 10 ms.
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FIG. 3: (a,b) PL spectra recorded from individual defects in hBN at room temperature under green laser illumination. The

solid lines are data fitting with Gaussian functions. The insets show the corresponding second-order correlation function g (7).
(¢) Histogram of the ZPL energy for a set of 13 single defects. Two families of defects can be observed with ZPL energies at
1.97 £ 0.02 eV and 2.08 + 0.01 eV. (d) Bottom: Histogram of the energy detuning between the ZPL and the phonon replica.
Top: phonon density of states (DOS) in hBN extracted from Ref. [39].

temperature like quantum dots [31], dye molecules [32]
and deep defects in wide-bandgap materials [33-36]. The
switching rate between the on and off states varies sig-
nificantly from one emitter to another [Fig. 2a-c|, which
suggests that the blinking dynamics are strongly linked to
the local environment of the defect. Such a blinking could
originate from optically-induced charge state conversion
mediated by a charge exchange with other defects acting
as electron donors/acceptors. Permanent photobleach-
ing, i.e. the irreversible conversion of an optically-active
defect into a non-fluorescent entity, was also observed
after few minutes of optical illumination for most emit-
ters. However, we stress that around 5% of the emitters
exhibit a perfect photostability over time [Fig. 2d], even
under high laser excitation power, as observed for few
types of defects in diamond and SiC at room tempera-
ture [37, 38]. This ratio might be improved through an-
nealing procedures and/or chemical modifications of the
sample surface [35, 36]. On average, one stable defect
could be found in each 50 x 50 um? scan of the sample.

Typical emission spectra recorded at room tempera-

ture from individual emitters are shown in Figs. 3(a,b).
We identify two families of spectra with zero-phonon
line (ZPL) energies at 1.97 + 0.02 eV (629 nm) and
2.08 £ 0.01 eV (596 nm) [Fig. 3(c)]. The overall struc-
ture of the spectra is very similar for the two families, in-
cluding well-resolved phonon replica with a characteristic
energy detuning of 150 £ 10 meV [Fig. 3(d)]. A similar
energy spacing was recently reported in the case of sin-
gle defects in multilayer hBN flakes [19-21]. In fact, this
value fairly matches an extremum of the phonon density
of states in bulk hBN linked to transverse (TO) and lon-
gitudinal (LO) optical phonons at the K and M points
of the Brillouin zone [Fig. 3(d)] [39]. Our defects be-
ing linked to deep levels with a transition energy much
smaller than the 6 eV-bandgap of hBN, we expect an
extension of the clectronic wavefunction comparable to,
or smaller than the lattice parameter of the hBN ma-
trix [40]. As a consequence, the defect wavefunction in
k-space is spread over the whole Brillouin zone with a sig-
nificant coupling to the zone-edge phonons, e.g. at the K
and M points. Since the interaction with optical phonons
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FIG. 4: (a) Three-level model including a radiative transition between the ground (1) and excited (2) levels, and a non-radiative
decay through a metastable level (3). The coefficient 7;; denotes the transition rate from level (¢) to level (j). (b) PL decay
recorded under optical excitation with 50-ps laser pulses. The solid line is data fitting with a single exponential function.
(c) Decay rate of the metastable state r31 as a function of the laser excitation power. The solid line is data fitting with a linear
function [see main text]. (d) PL saturation curve of the defect. The inset shows a PL time trace recorded for a laser excitation
power P = 400 pW. All these measurements are performed on the same individual defect.

is much more efficient than with acoustic ones [23], we
interpret the systematic 150 meV-energy detuning of the
phonon replica as resulting from a dominant coupling to
the zone-edge optical phonons of highest density of states
[see Fig. 3(d)].

Individual defects in wide-bandgap materials can often
be found in various charge states having very different op-
tical properties. A well-known example is the nitrogen-
vacancy (NV) defect in diamond, whose ZPL energy is
shifted by ~ 200 meV depending of the charge state
NV?/NV~ of the defect [41, 42], and becomes even opti-
cally inactive in its positively-charged state NVT [43, 44].
Using scanning tunnelling microscopy (STM), it was re-
cently shown that individual defects in hBN can also be
found in positive, negative and neutral charge states. Ac-
tive charge state manipulation was even demonstrated
by tuning the Fermi energy level with respect to the de-
fect’s charge transition level by locally applying an elec-
tric field with a STM tip [18]. We tentatively attribute
the two groups of spectra shown in Fig. 3 to different
charge states of the same defect, while the small varia-
tion of the ZPL energy in each group (+20 meV) might
result from local variations of the strain in the hBN ma-
trix. Optically-induced charge state conversion towards
a dark-state might also play an important role in the
blinking/bleaching dynamics of the defect.

We now investigate the dynamics of optical cycles for
a stable defect modeled as a three-level system [Fig. 4a].
The lifetime of the excited level was first measured
through time-resolved PL measurements under pulsed
laser excitation [Fig. 4b]. The PL decay is well fitted
by a single exponential function, leading to a lifetime
of the excited level 75;' = 3.1+ 0.1 ns. This value is
in good agreement with the one recently measured in

hBN flakes for individual defects showing similar spec-
tral properties [19, 20]. To gain insights into the dy-
namics of the metastable level, the characteristic param-
eters of the bunching effect (a,A2) were inferred from
g (1) measurements recorded at different laser excita-
tion power P [see Eq. (1)]. Using a three-level model, the
relaxation rate of the metastable level r3; is then simply
given by [29]

A2
1+a’

731 = (2)
As shown in Fig. 4c, our results indicate a pronounced
increase in r3; with the laser power, which suggests that
optical illumination induces deshelving of the metastable
level [Fig. 2¢]. This effect is often observed for individual
emitters in solid-state systems [26, 28]. By fitting the
data with a linear power-dependence of the deshelving
process 131 = r$; (1 + BP), we obtain an estimate of the
metastable level lifetime [r§;]~! = 210 + 80 us.

The PL rate R was finally measured as a function of P
[Fig. 4d]. Data fitting with a simple saturation function
R = Ro/(1 + P/Pst) leads to a saturation power
Psat = 310 £ 20 pW and an emission rate at saturation
Ree = 3.9 £ 0.1 x 10% counts.s™!, corresponding to
one of the brightest single photon source reported to
date. For comparison, the emission rate at saturation
is ~ 20 times larger than the one obtained from a
single nitrogen-vacancy (NV) defect in diamond with
the same confocal microscope. Such high counting rates
indicate that the short excited-level lifetime results from
a strong radiative oscillator strength with near-unit
quantum efficiency rather than PL quenching involving
fast non-radiative decay processes (rag < ro1).



To summarize, we have isolated individual defects in a
commercial high-purity hBN crystal, leading to a robust
single photon source with high brightness under ambient
conditions. The analysis of the photophysical properties
of the defect provides important informations for under-
standing its structure using ab-initio calculations [45].
These results pave the road towards applications of hBN,
and more generally van der Waals heterostructures, in
photonic-based quantum information science [46] and
optoelectronics [17].
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