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Hexagonal boron nitride (h-BN) and graphite are structurally similar but with very different
properties. Their combination in graphene-based devices is now of intense research focus, and it
becomes particularly important to evaluate the role played by crystalline defects on their properties.
In this paper, the cathodoluminescence (CL) properties of hexagonal boron nitride crystallites are
reported and compared to those of nanosheets mechanically exfoliated from them. First the link
between the presence of structural defects and the recombination intensity of trapped excitons,
the so-called D series, is confirmed. Low defective h-BN regions are further evidenced by CL
spectral mapping (hyperspectral imaging), allowing us to observe new features in the near-band-
edge region, tentatively attributed to phonon replica of exciton recombinations. Second the h-BN
thickness was reduced down to six atomic layers, using mechanical exfoliation, as evidenced by
atomic force microscopy. Even at these low thicknesses, the luminescence remains intense and
exciton recombination energies are not strongly modified with respect to the bulk, as expected from
theoretical calculations indicating extremely compact excitons in h-BN.

PACS numbers: 78.67.Ch,71.35.-y,71.55.Eq,78.55.Cr

I. INTRODUCTION

matching is promising for the realization of heterostruc-

Hexagonal boron nitride (h-BN) has the same honey-
comb lattice as graphite with two atoms per unit cell
and similar lattice parameters. Due to this similarity,
boron nitride materials have attracted a growing interest
in line with the development of low-dimensional carbon-
related materials. Similarly to carbon, BN materials
can be synthesized either as nanotubes (one-dimensional
(1D) form ) or as monolayers and/or multilayers (two-
dimensional (2D) form).#** In the following we focus on
this latter form. 2D layers of carbon, namely graphene
sheets, display extraordinary electronic properties which
open unanticipated routes for a new generation of elec-
tronic devices. However, the electron mobility of sup-
ported graphene typically falls short of that of suspended
graphene, due to detrimental effects of substrate disor-
der and adsorbents®™ Facing this problem, h-BN lay-
ers are of particular interest as support or capping lay-
ers of graphene. They combine several properties: They
are insulating (h-BN is a large gap semiconductor due
to the polar BN bond),®1Y they display an especially
compatible layered sp? structure with that of graphene,
they have a low concentration of charges impurities and
they can be very flat due to an easy cleavage. Ow-
ing to these properties, graphene transferred on BN
layers displays an electron mobility at room tempera-
ture of 120000 cm?/V s, which is the highest reported
value for a supported graphene14 and very close to
that of suspended graphene 2218 Beyond the high mobil-
ity of graphene supported on BN, their excellent lattice

tures of these materials for vertical transport stacking,
in which graphene layers act as tunable metallic elec-
trodes for the BN quasi-ideal tunnel barrier 118 These
promising perspectives have been demonstrated by pio-
neering experiments done using sheets mechanically ex-
foliated from both graphite and h-BN single crystals. In
the future, h-BN and graphene based devices and het-
erostructures would most probably use chemical vapor
deposited (CVD) polycrystalline films and sheets. Their
performances would only be achieved via an accurate con-
trol of the defects in both graphene and BN layers and
of the layers engineering. While the electronic properties
of graphene have been well described theoretically and
investigated experimentally, this is not the case of BN
layers and even of A-BN. This is due to both the scarcity
of high quality materials and to the nature of their elec-
tronic properties dictated by the large gap. It is thus a
basic issue to understand the spectroscopic properties of
atomically thin A-BN layers and their intrinsic defects,
which is the focus of this paper.

In contrast to graphene, usual spectroscopic charac-
terization techniques such as Raman are not easy to ma-
nipulate or they provide poor information when used for
h-BN. Absorption and luminescence spectroscopies have
been shown to be the most direct approach to investi-
gate the electronic properties of BN materials, due to
their large gap. To this aim, dedicated cathodolumnes-
cence and photoluminescence experiments have been re-
cently developed and applied to BN powders and single
crystals 21992l Both theoretical calculations?225 and the
most recent excitation photoluminescence experiments



on single crystals? converge to establish the band gap
of h-BN near 6.4eV. Furthermore, it is now commonly
accepted that h-BN optical properties are dominated by
huge excitonic effects. The near-band-edge luminescence
spectrum is composed of two series of lines. Referring to
measurements done on single crystals in Ref. [20], they
are defined as the S and D series. The four higher energy
lines, labeled S1 to 54, located between 5.7 and 5.9V,
are attributed to the excitons, whereas the lower energy
ones, labeled D1 to D4, between 5.4 and 5.65eV, are
assigned to excitons trapped to structural defects1220
The excitons in h-BN are more of Frenkel-type than of
Wannier-type (as in others usual semiconductors, such
as AIN with a 6.1eV gap). Ab initio calculations indeed
predict that the spatial extension of the exciton wave-
function is of the order of one h-BN atomic layer.2225
Moreover the experimental Stokes shift of 250 meV ob-
served for the S4-line suggests its self-trapping, 22U con-
sistent with the very localized view of the Frenkel exciton.

To complete this view, the effect of a reduction in the
h-BN thickness down to the atomic level has to be ana-
lyzed. Up to now, only scarce studies deal with the opti-
cal properties of nanometer-thick BN layers. An optical
absorption edge between 5.6 and 6.1 eV at room temper-
ature is reported 24526132l 4 ¢ ip the same range than in
bulk A-BN. Only two studies report near-band edge re-
combination luminescence, with no correlation to the BN
layer thickness under investigation 2733

In this paper we present the first study of the lumi-
nescence properties of single BN nanosheets, with well-
known thickness, by combining atomic force microscopy
(AFM) and cathodoluminescence (CL) measurements.
BN nanosheets were prepared by mechanical exfoliation
of small h-BN crystallites of a polycrystalline powder.
This material offers the advantage to give access at the
same time to the intrinsic optical response of the crys-
tallite as well as to the effect of grain boundaries and
the crystallite thickness on this response. An advanced
characterization of the starting bulk material is first pre-
sented and its near-band-edge recombinations observed
by CL are discussed with respect to those of the sin-
gle crystal. Then the luminescence of the exfoliated BN
sheets is presented and discussed as a function of their
thickness.

II. EXPERIMENTAL
A. Samples and exfoliation process

The bulk material exfoliated in this paper is the
high purity TRES BN® St-Gobain commercial power
PUHP1108, used in cosmetic applications. The h-BN
crystallites are already shaped as flakes with large (00.1)
surfaces of typically 10 pm diameter, which is particularly
convenient for the exfoliation process. Their thickness is
about 100nm. One of these crystallites is shown in the
scanning electron microscope (SEM) image of Figure

This powder was synthesized at high temperature from
boric acid and a nitrogen source. Our measurements
on this powder are compared with the ones obtained
from a single crystal of the best available quality, syn-
thesized by a high-pressure high-temperature (HPHT)
crystal process® and provided by Taniguchi et al. This
reference sample is hereafter referred to as the HPHT
sample.

Exfoliation of few-layer h-BN was carried out by me-
chanical peeling following the same method used for
graphene 3% The powder is applied to an adhesive tape,
whose repeated folding and peeling apart separates the
layers. These thin layers are then transferred on a Si
wafer covered with 90nm of SiO,, which is the op-
timal thickness for imaging BN flakes with maximum
contrast.*% Prior to the h-BN deposition, Cr/Au local-
ization marks were formed on the wafer by means of
UV-lithography using an AZ5214E photo-resist and Joule
evaporation 20 The marks facilitate the localization of
the flakes for the different measurements to be achieved
on a given flake. Still prior to transferring the layers,
the wafer is chemically cleaned with acetone and iso-
propanol, followed by several minutes of exposure to a
strong O, plasma (60 W, P < 12nbar). This last step
eliminates most contaminants but also renders the SiO,
surface hydrophilic2¥ which has the drawback of facil-
itating the inclusion of a thin water layer between the
flakes and the substrate3852 As we shall see later, this
complicates the layer thickness measurement done by
atomic force microscopy (AFM). The surface morphol-
ogy of the h-BN exfoliated layers was investigated by
atomic force microscopy with a Dimension 3100 scanning
probe microscope (Brukers) operating in tapping mode
with commercial MPP-11100 probes.

B. Cathodoluminescence procedure

The cathodoluminescence of the h-BN samples was an-
alyzed at low temperature in the (i) spectroscopic, (ii)
imaging and (iii) spectral mapping modes, using an op-
tical system (Horiba Jobin Yvon SA) installed on a high
resolution JEOL7001F field-emission scanning electron
microscope. The samples are mounted on a GATAN
cryostat SEM stage and cooled down to ~ 20K with
a continuous flow of liquid helium. They are excited by
electrons accelerated at 5kV with a beam current as low
as 0.17nA. The CL emission is collected by a parabolic
mirror and focused with mirror optics on the entrance slit
of a 55 cm-focal length monochromator. The all-mirror
optics combined with a suitable choice of UV detectors
and gratings ensures a high spectral sensitivity down to
190nm. A silicon charge-coupled-display (CCD) cam-
era is used to record spectra in mode (i) and as well
for the spectral mapping mode (iii). In mode (iii), also
referred as the hyperspectral imaging acquisition mode,
the focused electron beam is scanned step by step with
the HJY CL Link drive unit (co-developed and tested



at GEMaC) and synchronized with the CCD camera to
record one spectrum for each point. The spectrometer is
also equipped with a UV photomultiplier on the lateral
side exit for fast monochromatic CL imaging (i.e. im-
age of the luminescence at a given wavelength) in mode
(ii). For all spectra reported in this paper, it was checked
that the linewidths are not limited by the spectral reso-
lution of the apparatus (0.02nm in the best conditions).
In the case of h-BN exfoliated layers, CL was only per-
formed in mode (i) and using a fast e-beam scanning of a
1.5x1.2um? area on the sample instead of using a fixed
focused beam, in order to minimize the irradiation dose
and the e-beam induced modifications.

III. RESULTS AND DISCUSSION

A. Luminescence of the bulk material

The h-BN crystallites are often made of a few single
crystals separated by grain boundaries, as for another
powder studied in a previous work™ Owing to the elec-
tron diffraction patterns recorded by transmission elec-
tron microscopy (TEM) on the specimen presented in
Figure each grain could be precisely orientated along
the (00.1) zone axis (not shown here, for experimental
details, see Ref. [19]). The TEM analysis shows that the
two main grains of the crystallite in Figure[Ia] are slightly
tilted one with respect to the other. They are separated
by the grain boundary labeled #1.

CL spectra recorded on different areas (labelled #1 and
#2) of the crystallite in Figure [lal are shown in Figure
They are compared to the one recorded on the HPHT

FIG. 1: Tmages of the bulk material: (a) SEM image of
the analyzed crystallite; (b) (c) Corresponding
monochromatic CL images recorded at (b) 5.76 eV
(215nm), centered on the main S line emission and at
(c) 5.46 eV (227nm), centered on the main D line
emission; (d) Map of the D/S ratio between the
structural defect-related and the intrinsic excitonic
recombinations, extracted from a 64x48 CL
hyperspectral-mapping.
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FIG. 2: CL spectra of the bulk A~-BN materials in the
near-band edge region: at the top is a reference
spectrum of a HPHT high quality crystal 3 compared
to #1, registered in the grain boundary area delimited
by the red rectangle (averaged over 15 spectra) and to
#2 on the main grain of the crystallite in the area
delimited by the green square (averaged over 240
spectra), as labeled in Figure The specimen
temperature is about 20 K.

reference sample and hereafter referred to as the refer-
ence spectrum. It is worth mentioning that this reference
sample precisely displays the same exciton recombination
energies than the ones observed in photoluminescence ex-
periments done on a single crystal of the same origin as
reported in Ref. [20].

Spectrum #1 in Figure [2] is recorded at the grain



boundary of the h-BN crystallite. It presents the same
features as the reference sample, with clear Sand D se-
ries. The D lines are slightly shifted toward lower en-
ergies by about 15 meV when compared to the reference
spectrum. Since the S lines are not shifted, such a de-
crease of the emission energy is attributed to a differ-
ent binding energy of the exciton to the grain boundary,
rather than to a change of bandgap energy. Moreover
the S and D series appear broader than in the reference
sample, possibly due to an inhomogeneous distribution
of residual strain in the sample. This interpretation is
supported by the slight fluctuations of the recombina-
tion energies of a few meV, observed from point to point
in a CL mapping (not shown here).

Moreover we remark that the relative intensities of S
and D series are very different when compared to the ref-
erence spectrum. Spectrum #1 is dominated by the D
series. It is known that this series is linked to the pres-
ence of structural defects such as grain boundaries, dis-
locations, or stacking faults 122940 T confirm this inter-
pretation, monochromatic images have been registered,
at energy centered on the S4 line (at 5.76 eV, Figure
and on the D4 series (at 5.46eV, Figure. Both D and
S emission series are slightly enhanced (by a factor of two
in average) at the crystallite edges. This enhancement
confirms previous observations on single h-BN crystals
by Kubota et al.*!) and is consistent with their interpre-
tation based on a more efficient light scattering at the
grain edges. More interestingly, a clear one-to-one corre-
lation is observed between the D series emission and the
grain boundary locations (Figures [la] and .

To better quantify this view and to dispose of a com-
parison criterion, we define the D/S ratio as the ratio of
amplitudes between the D4 and the S4 peaks (at 5.46 eV
and 5.77eV, resp. 227 and 215nm). It can be viewed
as an indicator of the defect density, as introduced by
Watanabe et al% and in the same way than in conven-
tional semiconductors for the impurities content 42

Owing to CL spectral mapping facilities, the D/S ratio
is evaluated in each point of the studied h-BN crystallite
of Figure[la] and shown in Figure It exhibits a vari-
ation of two orders of magnitude (0.2 — 20). This reveals
the extremely high impact of structural defects in bulk
h-BN.

It is also remarkable that in the central part of the up-
per grain, the D/S ratio is four times lower than in our
reference HPHT sample (D/S > 0.8), suggesting a bet-
ter structural quality. As the D series almost vanishes,
new intrinsic features are revealed, which were hindered
by the D series in previous studies. Indeed in the CL
spectrum #2 of Figure [2| recorded from the central part
of the grain, three new lines are detected at 5.619, 5.457
and 5.285eV. They are shifted by n (with n = 1,2,3)
times 165 meV (1330 cm™?!) from the S3 — 4 band, a pe-
riod close to the 169 meV (1363cm~!) optical phonon
mode at the center of the Brillouin zone® They are
also characterized by a monotonous decay in intensity
upon increasing n. We thus attribute these new lines to

three phonon replica of the dominant S exciton recombi-
nations. We notice that the energy of the second phonon
replica almost coincides with the D4 line. As a conse-
quence, the D/S ratio as defined here, has an intrinsic
lower value, which corresponds to the ratio between the
n = 2 replica and the fundamental S line. The observa-
tion of phonon replica attests to the existence of a strong
electron-phonon coupling occurring in this material, as
evidenced previously on a deep impurity band 244

B. Thickness of the exfoliated layers

Turning now to the sheets exfoliated from the bulk ma-
terial studied in Section IITA, several sheets have been
studied from which we show three representative sam-
ples in Figure The surface of each h-BN flake was
scanned by AFM in the tapping mode in order to mea-
sure its thickness, consecutively to the CL studies. The
sheet surface is not completely flat, with some promi-
nent dots being visible. Most probably they are adhesive
tape glue residues from the exfoliation process. Some
small 10-100 nm size holes are also observable. It is not
clear whether they were already in the bulk material or
whether they are due to electron exposure as reported
in the literature. Indeed when etching under an electron
beam in a transmission electron microscope, even at a low
acceleration voltage, they are often observed 4248 Agide
from this, the flakes appear to be well spread on top of
the SiO, substrate.

Particular attention has been paid to the thickness de-
termination because of the water adsorbed at the SiO,
surface and trapped under the BN flakes. This problem
is well known in the case of graphene on Si0,*%3% and al-
ready mentioned for h-BN on SiO, % Due to the presence
of the water layer, the height profiles recorded by AFM
on steps at the flake edges overestimate the A-BN thick-
ness. The special geometry of sample A, which displays
a folded part on itself, gives a key to solving this prob-
lem. The step height of the folded part provides a thick-
ness measurement independent of the amount of water
trapped between h-BN and SiO,, and this measurement
has been used as the reference for the thickness measure-
ment as follows. The h-BN flake thickness is found to
be equal to a value of 2.1 nm averaged over five measure-
ments of the step height along the edge (see Figure .
The standard deviation is found to be below 0.3305 nm,
the interplanar distance along the ¢ axis in A-BN, in-
dicating that the thickness of flake A is homogeneous.
Knowing the hA-BN interplanar distance and assuming
an integer value of the layer number, we consider that
the exfoliated sample A is 6 atomic layers thick. Then
the water layer thickness is deduced by difference with
the step edges and is found equal to 1.9nm + 0.25nm
over seven measurements. The thickness of samples B
(8 ML) and C (10 ML) is measured assuming a homoge-
nous water layer thickness over the wafer. The results
are summarized in Table[Il
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FIG. 3: AFM images of exfoliated h-BN layers transferred onto a SiO,/Si substrate: (a) sample A; (b) sample B; (c)
sample C. The image size unit is the micrometer. (d) Profile taken across the fold back part of the sheet A, along
the arrow shown in (a).

Sample A

Sample B Sample C

Average thickness (nm)

21401 (5)|2.8£0.4 (5)]3.4+0.27 (4)

Number of atomic layers

8 10

TABLE I: Summary of AFM thickness measurements on exfoliated ~A-BN layers shown in Figure |3} The number of
measurements over which the average and the standard deviation are calculated is indicated in parenthesis.

One can notice that the areas scanned during the CL
acquisition appear as dark rectangles in AFM images,
which indicates a lower height. This could be interpreted
by an electron beam induced etching. As we can also
observe a lower height on the SiO,, it is more probably
a reduction of the volume of the amorphous silica under
irradiation %2

C. Excitonic recombinations in h~-BN exfoliated
layers

The CL spectra of the three exfoliated h-BN layers
presented above are shown in Figure[d] First, we observe
that the CL intensity decreases when decreasing the h-
BN layer thickness. Since a nanometer-thick h-BN layer
is transparent to the electron beam, the electron-hole
generation in such a thin layer is directly proportional
to its thickness. In spite of this effect, exfoliated layers
show a significant luminescence in comparison to their
nanometric thickness, which is a result in itself. Indeed
in semiconductor nanostructures, the surface to volume
ratio, being extremely large, often results in non radia-
tive surface recombinations, responsible for the quench-
ing of luminescence 5%51 Our results indicate that such a
surface effect is weak in h-BN, probably due to the sp?
character of the bonding combined with the strong lo-
calization of the exciton at the atomic layer scale. This
is an advantage of this material compared to other semi-
conductors, for which passivating the surface is necessary
for enhancing the luminescence 5255

The CL spectra of exfoliated layers are dominated by
the D4 and D2 lines related to the D series. Weaker and
unresolved S3 — 54 and S1 — S2 lines correspond to the
S series, clearly attributed by comparison with the ref-
erence HPHT spectrum. Looking in more detail at the
excitonic recombination emission, we observe a shift from
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FIG. 4: Near-band-edge exciton recombinations from
exfoliated h-BN layer A (6 ML), B (8 ML) and C
(10ML) compared to the normalized reference spectrum
(from the HPHT crystal). The zero of the CL spectra
was shifted for clarity.

5.471 eV for the reference spectrum to 5.479, 5.477 and
5.499 eV for exfoliated samples C (10 ML), B (8 ML) and
A (6 ML) respectively. For the 8 and 10 ML-thick sam-
ples, the blueshift is observed for the defect-related D
lines but also for the S' lines, indicating a modification in
the intrinsic exciton emission energy (change in bandgap
and/or in exciton binding energy). For the thinnest sam-
ple, the intrinsic S line emission is not observed possibly
because of a too low signal-to-noise ratio.

To interpret our results, it has to be emphasized first
that a calculation including excitonic effects still needs



to be performed to describe the influence of the num-
ber of atomic layers on h-BN optical properties. How-
ever, inside bulk h-BN crystals, the strong localization
of the exciton wavefunction around a single atomic basal
plane has been evidenced by Arnaud et al?? It indicates
that the regime of quantum confinement is still far to
be reached with BN sheets in the range of 6-10 ML, and
that exciton recombination properties are probably close
to the ones of bulk h-BN.

It is also interesting to consider the theoretical work
of Wirtz et al% It deals with the optical response of a
single sheet of h-BN as a function of the intersheet dis-
tance. When the interdistance between h-BN planes be-
comes large, the situation tends to uncoupled BN sheets
of atomic thickness. The calculation results as follows:
The exciton binding energy increases when the inter-
sheet distance increases, but simultaneously the quasi-
particle band gap increases, so that the net result is a
weak blueshift, about 200 meV, in the error bar of such
calculations. Similar effects have been predicted in the
case of BN nanotubes when their diameter decreases 297
and more recently in nanoribbons 8 These arguments in-
dicate that the change of the exciton recombination en-
ergy in monoatomic BN sheets should be weak compared
to the bulk and should not exceed a few tenths of eV
anyway.

Our experimental results show a slight increase (=
30meV) in the D-series exciton recombination energy
from the bulk to the thinnest sample (6 ML), consistent
with these theoretical predictions. Further calculations
as well as experiments for less than six layers would be
of great interest in the future to see if larger effects are
observed.

When comparing the exfoliated materials with the bulk
from which they were exfoliated, it is remarkable that
excitonic recombinations of exfoliated layers are system-
atically dominated by the D series. In the bulk source
materials, various crystallites have been investigated. We
found that the D/S ratio varies from one crystallite to
another but stays between 0.2 and 0.5. By contrast, the
D/S ratio is found to be equal to about 4 in the 8 and
10 ML sheets (samples B and C) and to about 10 in the
6 ML sheet (sample A), that is hundred times larger than
in the bulk crystallites. These results are summarized in
Figure [} As discussed previously, this increase of the
D/S ratio indicates a dramatic increase in the density
of defects. They are probably induced by the exfolia-
tion process, even if we cannot exclude layer deformation
induced by the water layer freezing arising during CL ex-
periments at 20K, or etching under the electron beam.
These results raise the question of the suitability of the
mechanical cleavage exfoliation process. h-BN has in-
deed been proven to be extremely fragile and subject, for
instance, to easy stacking fault generation 4 The exfolia-
tion process may be a violent mechanical experiment for
such a material and can be obviously incriminated as the
source of new defects responsible for the D/S increase.
The nature of the substrate is also questionable. The
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FIG. 5: D/S ratio in the three exfoliated layers,
compared with the bulk material, consisting of the
crystallites from which the layers were exfoliated.

roughness and surface charges of the used SiO, substrate
can affect the h-BN band structure and degrade some
properties as for graphene 1

IV. CONCLUSION

In conclusion, we have studied high quality h-BN crys-
tallites by cathodoluminescence and compared them with
exfoliated sheets in the near-band edge region around
5.5eV. First owing to the high quality of the crystal-
lites, we could clearly discriminate the luminescence of
high structural quality areas (dominated by the S series)
and that of defective zones (dominated by the D series).
From this, for evaluating the structural defect density in
h-BN samples, we define a simple quantitative parameter
as the ratio of the intensity of the D series over that of
the S series. Furthermore the observation of high qual-
ity areas has revealed new intrinsic features, attributed
to phonon replica of the excitonic recombinations.

Second, investigation of the emission of exfoliated
sheets has shown that the reduction in thickness induces
a slight increase of the exciton emission energy. These
observations are consistent with theoretical results ob-
tained on single layers and on BN nanotubes. This ex-
planation still deserves to be confirmed as one cannot
exclude for the moment surface and strain effects. The
dominant defect-related emission of exfoliated samples
also questions the exfoliation process and the role played
by the substrate. This indicates that special care should
be taken in the sample preparation. Presently, our mea-
surements evidence that in A-BN, exfoliation can degrade
some of the properties and should be used as a guideline
to further optimize this process. Further experiments on
free-standing sheets are thus in progress, with the ad-



vantage to make possible correlations between the emis-
sion and structural features owing to TEM observations.
More generally this work reports luminescence spectra of
a semiconductor only a few atomic layers thick, which
is not common and can be of great interest for future
optical applications.
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