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Using a new time-resolved cathodoluminescence system dedicated to the UV spectral range, we
present a first estimate of the radiative lifetime of free excitons in hBN at room temperature. This
is carried out from a single experiment giving both the absolute luminescence intensity under con-
tinuous excitation and the decay time of free excitons in the time domain. The radiative lifetime
of indirect excitons in hBN is equal to 27 ns, which is much shorter than in other indirect bandgap
semiconductors. This is explained by the close proximity of the electron and the hole in the exciton
complex, and also by the small energy difference between indirect and direct excitons. The unusu-
ally high luminescence efficiency of hBN for an indirect bandgap is therefore semi-quantitatively

understood.

Hexagonal boron nitride (hBN) is a wide indirect band
gap semiconductor [1] with a honeycomb lattice similar
to that of graphene. It plays a key role in the world of
2D materials, as it is the best insulating material for use
as a substrate or as capping layers of other 2D materi-
als such as transition metal dichalcogenides (TMD) and
graphene [2-4]. Tt also exhibits many promising optical
properties in the UV range as well as in the IR range: it
is a natural hyperbolic material. Some defects in hBN
are good single-photon emitters [5, 6]. The BN material
quality used for these purposes is crucial and the best
and most widely used hBN layers by the world commu-
nity are obtained by mechanical exfoliation from single
crystals grown at high pressure and high temperature [7].
As this process produces crystals limited in size, alter-
native crystal growth methods have been proposed such
as atmospheric pressure and high temperature (APHT)
processes [8-10] polymer derived ceramics (PDC) pro-
cesses combined with a sintering process [11, 12] as well
as direct synthesis routes to thin films [13-15]. Optical
spectroscopies of the luminescence properties of hBN are
useful [16, 17] for assessing the quality of hBN samples.
Thus, for practical and fundamental reasons, it is of the
utmost importance to understand the optical properties
of hBN.

Indirect optical transitions involving phonon emissions
are generally less efficient than direct ones. hBN is an
apparent exception to this rule. First, the fine struc-

ture of the upper luminescence band at 215 nm is linked
to phonon-assisted recombination of indirect exciton [18—
20]. Second, the internal quantum yield measured for this
luminescence is surprisingly high, with values up to 50 %,
matching the level expected for direct transitions [1, 7],
and third, there is a strong Stokes shift between absorp-
tion and emission [21]. The latter point has recently been
explained thanks to ab initio calculations [1, 22], reveal-
ing that the exciton dispersion is significantly flattened
compared to that of free charge carriers. They exhibit
a close proximity in energy between the lowest energy
exciton (indirect) and the direct one, a situation com-
parable to the classical Al,Ga;_,As system at x ~ 0.3
[23]. Absorption is then governed by the stronger direct
transitions and luminescence by indirect transitions.

In this letter, we take it a step further by addressing
the root cause of the high quantum luminescence effi-
ciency. To this end, experiments were performed on a
time-resolved cathodoluminescence (TRCL) setup that
allows us to simultaneously measure the internal quan-
tum yield 7n; and the excitonic lifetime 7 of the indirect
free exciton in each bulk hBN crystal. The radiative
lifetime is then obtained from the relation 7. = 7/#;.
From measurements on different samples with quite dif-
ferent quantum yields, we check this linear relationship,
which shows the intrinsic character of the radiative life-
time. The quantum yield which measures the relative
contributions of radiative and non-radiative channels is



related to the purity and crystalline quality of hBN crys-
tals and can also be used as a valuable indicator of this
quality [16]. On the other hand, the luminescence in-
tensity due to the free exciton population is proportional
to the radiative transition probability from the lowest
bright exciton state to the ground state. Its inverse is
the radiative lifetime 7,.. We do find a value for 7,, much
smaller than those of other indirect band gap semicon-
ductors such as silicon and diamond. We explain that
from an analysis of the phonon assisted transition rate,
using standard second order perturbation theory taking
into account electron-phonon coupling.

The deep UV spectroscopy spectra were recorded at
room temperature in a JEOL7001F field-emission-gun
scanning electron microscope (SEM) coupled to a Horiba
Jobin-Yvon cathodoluminescence (CL) detection system
as described in Refs [1] and [24]. The CL intensity
under continuous beam excitation (cw-CL) is measured
within an uncertainty of 10% thanks to a monochromator
equipped with a silicon CCD camera. The setup was cal-
ibrated with a reference deuterium lamp [1], which allows
measuring the absolute CL intensity. From the incident
power, the instrumental parameters and the material re-
fractive index, it provides an estimate of the luminescence
internal quantum yield with an uncertainty of about 50%
[1]. It indicates the part of the free exciton population
that recombines via photon emission.

For the time-resolved CL (TRCL) experiments, a fast-
beam blanker was designed, built in the laboratory and
installed inside the SEM column. It consists of two
metallic plates, polarized by a voltage generator (Avtech
- AVNN-1-C-OT. 25 to 200 MHz) to quickly deviate
the incident electron beam. The TRCL signal is de-
tected with a customized UV photo-multiplier (Photo-
nis - MCP-PMT) mounted on the second exit port of
the monochromator. The PM operates in single-photon
mode with low noise in a 200-550 nm range and its signal
is recorded with a counting card (BECKER & HICKL:
SPC-130 EM) synchronised with the voltage generator.
The temporal resolution of the TRCL setup is measured
at 100 ps.

The temporal dynamics of the free exciton population
was probed following the time-dependent CL intensity,
filtered at 215 + 7.5 nm thanks to the monochromator
grating. The fast PM was calibrated from the CCD
camera so that the internal quantum yield can also be
deduced from the measurements of the steady-state CL
intensity before beam interruption. With this experi-
ment, the exciton decay time and the internal quantum
yield are both measured within a single TRCL experi-
ment recorded from a region of interest chosen with the
SEM image. In this study, the electron beam excitation is
at a high voltage of 15 keV to avoid non-radiative recom-
binations from the surface [1] and at a low current of 85
PA to prevent non-linear effects, such as exciton-exciton
annihilation [25].

The bulk hBN crystals studied in this work were syn-
thesized using three different growth methods, as listed
in Table I. A high-pressure high-temperature crystal
[7] was analysed, as the hBN reference in the 2D ma-
terial community (HPHT sample). The second fam-
ily of hBN samples was grown at atmospheric-pressure
high-temperature from Ni/Cr or Fe solvents [8] (sam-
ples APHT# 1, 2 and APHT #3 through #5 respec-
tively). With this synthesis technique, the boron isotope
content can be controlled [26] (samples APHT#4 and
#5). The last sample was synthesized using an alterna-
tive method: the polymer derived ceramics (PDC) route
followed by high temperature annealing under moderate
pressure (PDC sample) [12]. The crystals studied are
much thicker than the 3 pum stopping depth of 15 keV
electrons in hBN. All samples were mounted together on
the same rack and measured under the same conditions
in a single series of TRCL experiments.

ég 107 HPHT '
2 £ 10 APHT#1
9«
£ » 10°
2 PDC
LI) 9 103 1
2 2 200 300 400
©s Wavelength (nm)
E 10° HPHT
Lo
—
N
T O 104
Z‘E 10
g %
LS.
£T10 | APHT#1
O
2 ) PDC
2
10 APHT#4

Time (ns)

FIG. 1. (a) cw-CL spectra at room temperature of hBN crys-
tals grown from three different methods HPHT, APHT and
PDC. The spectra are dominated by the radiative recombina-
tion of free excitons at 215 nm in hBN. (b) Temporal decay of
the free exciton luminescence after interruption of the incident
electron beam at initial time. The CL intensity under contin-
uous excitation is measured simultaneously before the beam
interruption. More information on the samples are given in
in Table I.

Figure 1(a) shows typical cw-CL spectra of hBN crys-
tals made from the HPHT, APHT and PDC routes. The
main luminescence feature is a maximum peak at 215
nm, corresponding to the indirect exciton recombination
assisted with optical phonons. Note that all phonon lines



TABLE I. Fabrication methods, thickness and boron isotopic
composition of the samples studied in this work. Results of
TRCL experiments: the internal quantum yield (7;), the ex-
citon lifetime (7) and the estimated radiative lifetime of the
free exciton (7.=7/m;).

Sample Thickn. (u m) Isotopic comp. n; (%) 7 (ns) 7(ns)
HPHT 300 natural 18 4.2 23
APHT#1 100 100% Bio 4.2 1.12 27
APHT#2 5 natural 3.5 0.99 28
PDC 55 natural 1.7 0.43 25
APHT#3 8 natural 1.6 045 28
APHT#4 25 100% Bi1 0.85 0.26 31
APHT#5 5 50% Bipand B11 0.14 < 0.1 -

involved in the indirect recombinations observed at low
temperature [27] are not resolved at room temperature
due to thermal broadening. The dominant CL peak at
215 nm probably involves both transverse and longitu-
dinal optical phonons at 300K. A residual luminescence
from deep defects is also observed at higher wavelengths.
In samples grown from the PDC route, color centers are
detected with a zero-phonon line at 302 nm, as reported
in the literature from carbon-rich regions of HPHT sam-
ples [28]. In APHT crystals, the color centers are absent
but there is a broad band extended from 250 to 400 nm
also observed in many defective crystals (superimposed
or not on the color centers)[29, 30] and which will be
discussed elsewhere. Figure 1(b) shows the luminescence
decay at 215 nm after the electron beam interruption at
initial time. The TRCL signal follows a single exponen-
tial law over several decades, with a characteristic time
corresponding to the free exciton lifetime. This figure
directly shows that the cw-CL intensity (before decay) is
an increasing function of the exciton lifetime. In Figure
2 the measured lifetimes 7 of free excitons are plotted as
a function of the quantum yields 7; measured from the
plateau intensities for the hBN samples described in Ta-
ble I. The error bars correspond to two measurements
made a few micrometers apart on each sample (see also
Supp. Mat. [31]).

These results confirm that, as expected, the internal
quantum yield is proportional to the free exciton life-
time, since 7; = 7/7.. and that both the free exciton
lifetime 7 and its luminescence yield n; are global indica-
tors of the crystal quality. More interestingly, the slope
of the linear regression plotted in Figure 2 corresponds
to the radiative recombination lifetime 7, of free excitons
in hBN. We find 7. = 27 ns. Due to the uncertainty on
the measurement of 7;, the uncertainty on 7, is typically
50%.

Many excitonic properties of hBN begin to be under-
stood now [1, 5, 32]. In the case of a single layer the low-
est exciton is doubly degenerate with a very large binding
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FIG. 2. Free exciton lifetime (7) as a function of the internal
quantum yield for the intrinsic luminescence in hBN. The
radiative lifetime of hBN indirect excitons is estimated at 27
ns from the linear fit (red curve).

energy (about 2 eV). It has also very small size, on the
order of 1 nm. In bulk hBN it gives rise to two dou-
bly degenerate states which can be viewed as bonding
and antibonding combinations of localized excitons simi-
lar to the single layer 2D state. Due to the symmetry of
the AA’ stacking of the usual phase of hBN, the lowest
bonding state is dark below the bright antibonding state
a few tens of meV above. Because of screening effects, the
binding energy of the direct exciton is about 700 meV,
lower than that of the single layer but its wave function is
quite similar and strongly localized in the planes. Actu-
ally, this applies to the situation corresponding to direct
transitions, but, whereas the optical gap of the single
layer is direct, the gap of bulk hBN is indirect and the
corresponding excitonic state has an energy F; slightly
below Eg4, the energy of the direct exciton: E4y— E; = 70
meV as measured in [1]. The indirect exciton has a bind-
ing energy about 300 meV [1].

The radiative lifetime of an exciton is proportional to
1/]S|* where S is the associated transition matrix ele-
ment for the phonon assisted transition. S can be calcu-
lated using second order perturbation theory and in its
simplest form is given by [33-35]:
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where Myx is the usual optical matrix element for the
direct transition and My, x is the electron-phonon ma-
trix element coupling the direct and indirect excitonic
wave functions; Awyy, is the phonon frequency involved in
the transition. This analysis has also been used by La-



leyan et al., but without considering explicitly excitonic
effects [36, 37]. More complete calculations based on the
Bethe-Salpeter equation or on density matrix methods
have been performed recently [19, 20, 38, 39].

The value of the simple formula above is to identify
the effects responsible for the different behaviours of in-
direct semiconductors. The first matrix element Myx or
more precisely | Myx |? is related to the oscillator strength
of the direct transition. For an excitonic state it is re-
lated to the exciton wave function calculated for zero
separation between the electron and the hole. Within
a simple Wannier-Mott model the oscillator strength is
therefore proportional to 1/a%, where ax is the Bohr
radius of the excitonic state. For an anisotropic system
such as hBN, where furthermore lattice effects are impor-
tant, corrections should be introduced. Nevertheless, an
approximation can be made that the oscillator strength
strongly increases when the size of the exciton decreases.
We compare three indirect semiconductors, Si, diamond
and hBN. Within the Wannier-Mott model, the mean
electron-hole distance (d.,) = 3ax/2 is equal to 73 A
and 23 A, for Si [40] and diamond [41], respectively. For
hBN, the validity of the Wannier-Mott model is limited
as shown by the flattening of its exciton dispersion [1].
(depn) was then calculated from the ab initio exciton wave-
functions: it yields 7 A for the indirect exciton and 4.2
A for the direct one (see also Supp. Mat. for calculation
details [31]).

The second factor is the electron-phonon matrix ele-
ment Meppx, which is difficult to estimate without ap-
propriate ab initio calculations. In the case of diamond
and hBN the relevant electron-phonon coupling is prin-
cipally related to the strengths of the C-C or B-N bonds
which are similar and larger than that of Si-Si bonds,
but since the coupling with excitons is local, the matrix
element is also sensitive to the size of the excitons, and
should vary qualitatively as the first one Myx. Notice
here that for an ionic compound such as hBN the most
important contributions to the electron-phonon coupling
are usually the Frohlich ones but, in the case of neutral
excitons, the electron and hole contributions compensate
and this is not necessarily the case [35, 42].

Finally, we have to compare the denominators in
Eq.(1). This is an important point here, because in the
case of hBN, the difference E; — E; is very weak, 70 meV
to be compared with values of the order of 2 eV for dia-
mond and silicon. In the case of hBN the main phonon
contributions are due to the optical modes, for which
hwpn, ~ 160 meV (TO mode) and 185 meV (LO mode)
[43].

If we compare the different indirect semiconductors,
even assuming similar electron-phonon couplings, we ob-
tain that |S|?, proportional to 7,71, is a few 103 times
larger for hBN than for diamond, and more than 10%
times larger than for Si.

Figure 3 compares the radiative lifetimes of these semi-

conductors as a function of the electron-hole distance
(der). We have taken 7. = 2 us and 200 us for diamond
[44] and Si [45], respectively. These lifetimes are 100
times and 10* times larger than for hBN, respectively,
to be compared to our value for hBN, about 20 ns. Our
theoretical estimate is therefore too large, but several
factors can explain that. First there are the experimen-
tal uncertainties mentioned before, but also the fact that
the formula (1) is based on a second order perturbation
theory which is no longer valid when the denominator is
small, which is the case for hBN. Actually, self-energy
corrections included in the formalism by Toyozawa and
others could improve the situation, but better ab intio
theories are clearly needed. Such preliminary calcula-
tions have been performed with a partial treatment of
electron-phonon interactions. A secondary conclusion of
this work is that the indirect oscillator strength for hBN
is about 100 times less than that of the direct transition
[20]. This corresponds to a hypothetical radiative lifetime
about 200 ps for the direct exciton, which is reasonable
[46].
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FIG. 3. Radiative lifetimes of free excitons in silicon [45],
diamond [44] and hexagonal boron nitride [this work] as a
function of the average distance between electron and hole in
the indirect exciton.

In conclusion, we have developed a new TRCL sys-
tem dedicated to the UV spectral range which provides
a first estimate of the radiative lifetime of free excitons
in hBN. The radiative lifetime is evaluated from a single
experiment giving both the absolute luminescence inten-
sity under continuous excitation and the decay time of
free excitons in the time domain. By comparing hBN
crystals issued from different synthesis routes we found
that the exciton radiative lifetime could be defined intrin-
sically from the proportionality measured between the
free exciton lifetime and the internal quantum yield, and
that, with a value equal to 27ns, it is much shorter than
in other indirect bandgap semiconductors. We have per-



formed an analysis of the matrix elements of the phonon
assisted transition rate, using standard second order per-
turbation theory taking into account electron-phonon
coupling. The observed behaviour is explained first by
the close proximity of the electron and the hole in the
exciton complex, and second by the weak energy differ-
ence between direct and indirect transitions. The unusu-
ally high luminescence efficiency of hBN for an indirect
bandgap is therefore semi-quantitatively understood.

Beyond these fundamental aspects, our results have
a practical application to compare quantitatively hBN
samples. The decay time of free excitons provides an
accurate scaling of hBN sample quality, and can be mea-
sured from a single experiment carried out at room tem-
perature. This tool can be capitalized for linking hBN
quality to the expected performances of 2D materials in
devices using hBN layers.
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