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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 meets now a huge research focus, and it
becomes particularly important to evaluate the role played by crystalline defects in them. In this
work, 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 bound-excitons, the so-called D
band, is confirmed. Low defective h-BN regions are further evidenced by CL spectral mapping (hy-
perspectral 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 ener-
gies are not strongly modified with respect to the bulk, as expected from theoretical calculations
indicating extremely compact excitons in h-BN.

I. INTRODUCTION

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 attract a growing interest in line
with the development of low-dimensional carbon-related
materials. As for carbon, BN materials can be synthe-
sized either as nanotubes (1D form)*? or as mono/multi
layers (2D form).>* In the following we focus on this lat-
ter form. 2D layers of carbon, namely graphene sheets,
display extraordinary electronic properties which open
unanticipated routes for a new generation of electronic
devices. However, electronic performances, initially ob-
served in suspended graphene, can be dramatically de-
graded by detrimental effects of substrate disorder and
adsorbents. Facing this problem, h-BN layers (also called
white graphene) are of particular interest as support or
capping layers of graphene. They indeed combine sev-
eral properties: they are insulating (h-BN is a large gap
semiconductor due to the polar BN bond),” 7 they dis-
play an especially compatible layered sp? structure with
that of graphene, which ensures no dangling bond or sur-
face charge trapping and a low roughness of easily cleaved
planes. As a matter of fact, graphene transferred on BN
layers displays an electron mobility at room temperature
of 60 000 cm?/Vs, which is the highest reported value for
a supported graphene and very close to that of suspended
graphene.® 1! Beyond, the high compatibility between
graphene and BN sheets in terms of their lattice may
lead to the emergence of a new class of BN /graphene/BN
heterostructures for in plane or vertical transport stack-
ing. In the first case, BN can act as a support or di-

electric layer that preserves the electronic properties of
graphene,® while in the second case, graphene layers act
as tunable metallic electrodes for the BN quasi-ideal tun-
nel barrier.'? These promising perspectives have been yet
demonstrated from pioneering experiments done using
mechanically exfoliated sheets from both graphite and
h-BN single crystals. In the future, h-BN and graphene
based devices and heterostructures would most probably
use CVD made 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 are well-described theoretically and investi-
gated experimentally, this is not the case of BN layers
and even of h-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 h-BN layers and their intrinsic defects,
which is the focus of this Letter.

In contrast to graphene, usual spectroscopic charac-
terization techniques such as Raman are handleless or
provide a poor information when used for h-BN. Absorp-
tion and luminescence spectroscopies have been shown to
be the most direct approach to investigate the electronic
properties of BN materials, due to their large gap. To
this aim, dedicated cathodo- and photo-luminescence ex-
periments have been recently developed and applied to
BN powders and single crystals.%1371> Both theoretical
calculations'® ' and most recent excitation photolumi-
nescence experiments on single crystals® converge to es-
tablish the bandgap 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 crys-
tals in Ref. [14], they are defined as the S and D bands.
The four higher energy lines, labeled S1 to S4, located
between 5.7 and 5.9eV, are attributed to the exciton,
whereas the lower energy ones, labeled D1 to D4, be-
tween 5.4 and 5.65eV, are assigned to excitons bound
to structural defects.'®'4 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 exten-
sion of the exciton wavefunction is of the order of one h-
BN atomic layer.26719 Moreover the experimental Stokes-
shift of 250meV observed for the S4-band suggests its
self-trapping,%'4 consistent 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 an-
alyzed. Up to now, only scarce studies deal with the
optical properties of nanometer-thick BN layers. Some
of these report an optical absorption edge between 5.6
and 6.1eV at room temperature,®%20726 j e. in the same
range than in bulk h-BN. Only two studies report near-
band edge recombination luminescence, with no correla-
tion to the BN layer thickness under investigation.?!:27

In this Letter 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.
Large CVD made BN layers being not yet easily available,
BN nanosheets were prepared by mechanical exfoliation
of small h-BN crystallites of a polycrystalline powder.
This material offers the advantage to give access in the
same time to the intrinsic optical response of the crys-
tallite as well as the effect of grain boundaries and the
crystallite thickness on this response. An advanced char-
acterization of the starting bulk material is first presented
and its near-band-edge recombinations observed by CL
are discussed with respect to that of single 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 work 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 1la.
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 called hereafter the HPHT sample.

Exfoliation of few-layer h-BN was carried out by me-
chanical peeling following the same method used for
graphene.?? 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 SiOs, which is the opti-
mal thickness for imaging BN flakes with the maximum
contrast.?® Prior to the h-BN deposition, Cr/Au local-
ization marks were formed on the wafer by means of
UV-lithography using AZ5214E photo-resist and Joule
evaporation.3! The marks facilitate the localization of
the flakes for the different measurements to be achieved
of the same flake. Still prior to transferring the lay-
ers, the wafer is chemically cleaned with acetone and
isopropanol, followed by several minutes exposure to a
strong Oy plasma (60 W, P < 12nbar). This last step
eliminates most contaminants but also renders the SiO9
surface hydrophilic,3? which has the drawback of facil-
itating the inclusion of a thin water layer between the
flakes and the substrate.3?33 As we shall see later, this
complicates the layer thickness measurement done by
atomic force microscopy (AFM).

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 suited 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 1.5x1.2 pym? area on the sample instead of using a fixed
focused beam; this, in order to minimize the irradiation
dose and the e-beam induced modifications.

The surface morphology of the h-BN exfoliated lay-
ers was investigated by atomic force microscopy with a
Dimension 3100 Scanning Probe Microscope (Brukers)
operating in tapping mode with commercial MPP-11100
probes.

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.'® Thanks to the elec-
tron diffraction patterns observed by transmission elec-
tron microscopy (TEM) on the specimen presented in
Figure 1a, each grain could be precisely orientated along
the (00.1) zone axis (not shown here, for experimental de-
tails, see Ref.[13]. The TEM experiment shows that the
two main grains of the crystallite in Figure 1a are slightly
tilted one 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 la are shown in Figure 2.
They are compared to the one recorded on the HPHT
reference sample and called hereafter the reference spec-
trum. It is worth mentioning that this reference sample
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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 band emission and at
(c) 5.46 eV (227nm), centered on the main D band
emission; (d) 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 h-BN materials in the
near-band edge region: at the top is a reference
spectrum of a HPHT high quality crystal?®, 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 la. The specimen
temperature is about 20 K.

rigorously displays the same S and D lines than the ones
observed in the high spectral resolution PL experiments
done on a similar single crystal as reported in Ref. [14].
Namely, considering the D band, the maximum of light
emission is detected at 5.466 eV, corresponding to the D4
line. The D2 line is seen at 5.557eV. The broad band
centered at 5.61 eV is probably composed of the D1 line



and of the 220 nm band (reported by Watanabe et al.34).
For the S band, the maximum is observed at 5.754 eV cor-
responding to the S4 line. A similar feature is observed
at 5.780 eV, corresponding to S3 line. Finally two peaks
at 5.847eV and 5.876 eV are observed for respectively S2
and S1 lines.

The 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 S and D
bands. We remark nevertheless that the relative inten-
sities of S and D band are very different. The S band
is very weak while the whole spectrum is dominated by
the D band. It is known that this latter band is linked
to the presence of structural defects as grain bound-
aries or dislocations.'®'* To confirm this interpretation,
monochromatic images have been registered, at energy
centered on the S4 line (at 5.76 eV, Figure 1b) and on
the D4 band (at 5.46 eV, Figure 1c). A clear one-to-one
correlation is observed between the D series emission and
the grain boundary locations (Figure la and 1c), while
the S series emission appears homogeneous over the crys-
tallite.

To better quantify this view and to dispose of a com-
parison criterion, we introduce the ratio D/S as the ra-
tio of the intensity of the D band over that of the S
band. D/S ratio can be viewed as a measure of the de-
fect density, in the same way than in conventional semi-
conductors. In this class of materials, the luminescence
ratio of bound to free exciton recombinations is an indi-
cator of the crystal purity, being quantitative for indirect
bandgap materials such as silicon®> or diamond.?¢ Con-
sidering the CL spectral mapping reported in Figure 1d,
the D/S ratio is calculated from the CL signals at 5.46 eV
and 5.77eV (resp. 227 and 215nm). It varies from 0.2
to 20 in the studied h-BN sample. By comparison, in the
HPHT sample, the D/S ratio is observed to be highly in-
homogeneous from place to place and always higher than
0.8. This means that the single crystal contains a defect
density higher than in the core of these grains, which are
almost exempt of defects.

Therefore the CL spectrum recorded from the main
grain of the crystallite of Figure la (spectrum #2 of Fig-
ure 2) can be considered as the intrinsic emission of h-BN.
Furthermore, because the D band almost vanishes, new
features are revealed which were, in previously studied
samples, always hindered by the dominant feature of the
D band. As a result, three new lines are seen at 5.619,
5.457 and 5.285eV. Since they are shifted by n (with
n =1, 2, 3) times 165meV (1330cm~?) from the S3-4
band and characterized by a monotonous decay in inten-
sity upon increasing n, we attribute these lines to three
phonon replica of the dominant S lines. The period is
close to the 169 meV (1363 cm™!) optical phonon mode at
the center of the Brillouin zone.3” Phonon replica involv-
ing local vibrational modes have already been reported
in h-BN for the deep impurity band around 4 eV.3® They
attest of the strong electron-phonon coupling which oc-
curs in this material. Such a coupling is also expected to

have some manifestation on the near-band-edge exciton
recombinations. The better quality of some parts of this
crystallite and the CL local probe allow us to elucidate
this point.

The position in energy of the different bands can also
be compared. In the spectrum #1 (at the grain bound-
ary), the D4 and D2 bands are observed respectively
at 5.457eV and 5.537eV. The S series is detected at
5.756 €V, with a shoulder at 5.78 eV, and with a smaller
peak at 5.848eV with a shoulder at 5.88eV. The D
lines are shifted toward lower energies of about 15meV
when compared to the reference spectrum. Such a de-
crease of the exciton emission energy could be attributed
to a change in the bandgap energy, caused by residual
strain differences between the reference HPHT sample
and the crystallite. Strain effects are likely to be im-
puted to the growth method, a phenomenon well known
in others standard semiconductors. Since this shift is
only observed for the D band, it can also be simply due
to a different binding energy of the exciton to the grain
boundary. For the spectrum #2, as said previously, only
the S band is seen. More precisely, we observe a domi-
nant peak at 5.762eV with a shoulder at 5.782¢eV, and
a smaller peak at 5.850eV with a shoulder at 5.880eV,
attributed to the S4, S3, S2, S1 exciton recombinations,
respectively. Compared to the reference spectrum, these
bands are broader, despite a higher structural quality.
This is mainly due to the fact that it is an averaged spec-
trum, and very small changes are observed in the exciton
emission energy at different positions on the grain. Nev-
ertheless this energy difference, and also with the spec-
trum #1 and the reference spectrum, is of only few meV,
much less than the differences seen on the D band.

B. Thickness of the exfoliated layers

Turning now to the exfoliated sheets from this pow-
der, several sheets have been studied from which we show
three representative samples in Figure 3. The surface of
each h-BN flake was scanned by AFM in tapping mode in
order to measure their thickness, consecutively to the CL
studies. The sheet surface is not completely flat, some
prominent 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 etching under electron beam in
a transmission electron microscope, even at low acceler-
ation voltage, cannot be avoided.?**? Aside from this,
the flakes appear to be well spread on top of the SiOq
substrate.

Particular attention has been paid to the h-BN layer
thickness determination because of the water layer
trapped beneath it. This problem is well known in the
case of graphene on Si05%%33 and already mentioned for
h-BN on SiO5.30 This property of graphene has even been
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FIG. 3: AFM images of exfoliated h-BN layers transferred onto a SiO5/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) [2.1+0.1 (5)|2.8+0.6 (5)|3.4+£0.4 (4)
Number of atomic layers 61 8+2 10+2

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

used recently to build membranes keeping water under
the liquid phase for TEM observation under vacuum.*?

Due to the presence of the water layer, the height pro-
files taken on steps by AFM at the flake edges overesti-
mate the h-BN thickness. The special geometry of sam-
ple A, which displays a part fold back on itself, gives
the key to solve this problem. The step height of the
fold part gives a thickness measurement independent of
the amount of water trapped between h-BN and SiOs,
and this measurement has been used as the reference for
the thickness measurement as follows. The h-BN flake
thickness is found to be equal to a value of 2.1 nm aver-
aged over nine step height measurements along the edge
(see Figure 3d). The standard deviation is found be-
low 0.33nm, the interplanar distance along the ¢ axis in
h-BN. This shows that the thickness of flake A is homo-
geneous. Still considering the h-BN interplanar distance,
the exfoliated sample A is about six atomic layers thick.
Then the water layer thickness is deduced by difference
with the step edges and is found equal to 1.9 nm=+0.25 nm
over seven measurements. The thicknesses of sample B
and C are measured assuming a homogenous water layer
thicknessover the wafer. The results are summarized in
Table I.

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 ob-
serve a lower height on the SiOg, it is more probably
a reduction of the volume of the amorphous silica un-
der irradiation.** Nevertheless, as we already mentioned,
BN materials etching under electron beam cannot be
excluded.?? 42 Moreover ice under the flake could help
this etching by a chemical effect, as it has been reported
in the case of graphene.*® Indeed an evolution of the lumi-
nescence spectra under exposure is observed, indicating
that the BN structure could have been modified.

C. Excitonic recombinations in h-BN exfoliated
layers

The CL spectra of the three exfoliated h-BN layers
presented above are shown in Figure 4. First of all,
as expected, the CL intensity decreases when decreas-
ing the h-BN layer thickness. This is understandable
as a nanometer-thick h-BN layer is transparent to the
electron beam, so that the electron-hole generation in
such a thin layer is directly proportional to its thick-
ness. Excitonic recombinations of exfoliated layers are
systematically dominated by the D series. This is some-
what surprising since we have shown that the intrinsic
S emissions dominate CL spectra outside grain bound-
aries. This could indicate a higher concentration of struc-
tural defects in the exfoliated samples. Several phenom-
ena could be responsible for this defect creation in the
exfoliated layers: (i) a water layer freezing at the low
temperature used for CL experiments and the resulting
induced deformation (ii) damages induced by the exfoli-
ation process itself or (iii) defect generation induced by
electron beam irradiation at low temperature. At the
present time, it appears difficult to discriminate between
them.

Compared to the h-BN reference spectrum from the
HPHT crystal, the spectra of exfoliated layers present
exactly the same D4 and D2 lines related to the D band,
and unresolved S3-S4 and S1-S2 lines related to the S
band. Looking in more detail at the D series emission, we
observe a shift from 5.471 eV for the bulk to 5.477, 5.479
and 5.499 eV for exfoliated samples C (10 ML), B (8§ ML)
and A (6 ML) respectively. The shift of the intrinsic S
line emissions is hard to define because of a low signal
to noise ratio. As already discussed previously, shift in
energy of the emission lines compared to the reference
spectrum is caused by strain variations. Here we have
to explain why, while the h-BN layer thickness decreases
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FIG. 4: Near-band-edge exciton recombinations from
exfoliated h-BN layer A (6 ML), B (8 ML) and C (10
ML) compared to the normalized reference spectrum
(from HPHT crystal). The zero of CL spectra was
shifted for clarity.

from 10 to 6 ML, the emission is shifting toward higher
energies.

This shift can be understood as follows. Since in h-
BN, the exciton is theoretically expected to be mostly
localized within one layer, a quantum confinement can
affect the optical response for a large reduction in thick-
ness only. Screening becomes then less efficient and the
exciton binding energy is expected to increase. Theoreti-
cal calculations by Wirtz et al.*6 show that the situation
is slightly more complex. In these calculations, the opti-
cal response of a single sheet of h-BN is considered as a
function of the intersheet distance in a supercell geome-
try. The result is that indeed the exciton binding energy
increases when this distance increases, but that simulta-
neously the quasiparticle band gap calculated within the
GW approximation increases, so that the net result is a
weak blue shift, about 200 meV, in the error bar of such
calculations. Similar effects are observed in the case of
BN nanotubes when their diameter decreases,?%4” and
more recently in nanoribbons.*® Although no calculation
has been performed explicitly concerning the effect of the
number of layers, the above arguments indicate that the
effect is expected to be weak down to a few layers and
should not exceed a few tenths of eV anyway. This is in
agreement with our results, which show a small increase
(20meV) in the exciton recombination energy for a 6 ML
sheet. Further calculations as well as experiments for less
than five layers would be of great interest to see if larger
effects are then observed.

More generally, this work reports luminescence spectra
of a semiconductor only a few atomic layers thick, which
is not common. Indeed in nanostructures, the lumines-

cence is often quenched at very low size, due to dominat-
ing surface effects, since extremely large surface to vol-
ume ratio is present in nanomaterials such as nanowires
or colloidal quantum dots. Surface band-bending and as
well non radiative surface recombinations are often re-
sponsible for the absence of luminescence in these mate-
rials in the nanometer range.***% The presence of dan-
gling bonds or adsorbed atoms could also change the op-
tical response of the nanomaterial. The control of the
surface by its passivation is thus the subject of intense
research. This is often achieved by growing a shell made
of a higher band gap material. This results in a dra-
matic enhancement of the quantum efficiency, sometimes
of several order of magnitude.’'>* In few layers BN our
results indicate that such a passivation is not necessary.
The layered nature of h-BN with a sp?-bonding combined
with the strong localization of the exciton at the atomic
layer scale could prevent surface effects. This can be of
great interest for future optical applications and devices.

IV. CONCLUSION

In conclusion, we have studied high quality crystal-
lites by cathodoluminescence and compared them with
exfoliated sheets in the near-band edge region of h-BN;
around 5.5eV. Two main results have been obtained.
First thanks to the high quality of the crystallites, we
could, for the first time, clearly discriminate the lumines-
cence of structure defects free areas (dominated by the
S band) and that of defected zones (dominated by the D
band). In defected zones such as grain boundaries, exci-
tons are bounded to the defects, resulting in a red-shift
of their emission energy. From this, we propose a sim-
ple and workable parameter for evaluating the structure
defect density in h-BN samples, using their near-band-
edge emission. This parameter is defined as the ratio
of the intensity of the D band over that of the S band.
Furthermore, the observation of defect free areas has re-
vealed new features, attributed to phonon replica of the
excitons. Secondly, investigation of the emission of exfo-
liated sheets has shown that the reduction in thickness
induces a slight increase of the bound-exciton emission
energy. Although confinement effects are expected to oc-
cur in very thin layers, one cannot exclude detrimental
effects, such as roughness and surface charges of the SiO9
substrate used for supporting exfoliated sheets. Further
experiments on free-standing sheets are thus in progress,
with the advantage to make possible correlations between
the emission and structural features thanks to TEM ob-
servations.
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