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Abstract

The optical response of 2D materials and their heterostructures is the subject of
intense research with advanced investigation of the luminescence properties in devices
made of exfoliated flakes of few- down to one-monolayer thickness. Despite its preva-
lence in 2D materials research, hexagonal boron nitride (hBN) remains unexplored in
this ultimate regime because of its ultrawide bandgap of about 6 eV and the technical
difficulties related to performing microscopy in the deep-ultraviolet domain. Here we

report hyperspectral imaging at wavelengths around 200 nm in exfoliated hBN at low



temperature. In monolayer boron nitride we observe direct-gap emission around 6.1 eV.
In marked contrast to transition metal dichalcogenides, the photoluminescence signal is
intense in few-layer hBN, a result of the near unity radiative efficiency in indirect-gap

multilayer hBN.

Introduction

After the advent of graphene,! the isolation of atomically-thin layers of transition metal
dichalcogenides (TMDs) has opened a novel avenue in solid state physics with a new type
of direct bandgap semiconductors.? The indirect-direct crossover of the bandgap at the
monolayer (ML) limit is an ubiquitous signature in TMDs. Stacking and combining various
2D materials was further recognized as an amazing resource enlarging the study of atomic
MLs to their van der Waals heterostructures.®

In 2D materials research, hexagonal boron nitride (hBN) is a key compound. With an
ultrawide bandgap of ~6 eV,”® hBN is used as an ideal 2D insulator, an excellent substrate
for graphene and the best barrier material in van der Waals heterostructures. hBN is also
emerging as an exciting material in its own right, offering novel material properties that
enable a broad range of optical, electro-optical and quantum optics functionalities in various
spectral domains. % It is a natural hyperbolic material in the mid-infrared range, it hosts
defects that can be engineered to obtain room-temperature, single-photon emission in the
ultraviolet, visible and near-infrared ranges, and it exhibits exceptional properties in the
deep-ultraviolet (deep-UV) for a new generation of emitters and detectors in the UV-C. !
Interestingly, in contrast to TMDs, both the ML, and the bulk phases have remarkable opto-
electronic properties in the case of hBN, particularly regarding the intense emission of bulk
hBN despite the indirect nature of its bandgap.’

As for the first demonstration of a direct bandgap in ML MoS,,>* optical spectroscopy in
2D materials largely relies on microscopy in samples fabricated by exfoliation of bulk lamellar

crystals. However hBN is notably absent from the list. This stems from its ultrawide bandgap



of about 6 ¢V and the technical difficulties related to performing optical microscopy in the
deep-UV domain around 200 nm. Cathodoluminescence is a powerful alternative technique
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with the advantages of reaching an excitation spot down to tens of nm™* and of relying

on a high-energy excitation fully appropriate for ultrawide bandgap semiconductors.!3:14
Still cathodoluminescence was proven to be of limited use for the study of few-layer (FL)
hBN samples, resolving the emission spectrum down to six MLs only!® because of intrinsic
limitations of cathodoluminescence for atomically-thin layers. Recent studies have reported
significant achievements in spatially-resolved photoluminescence (PL) spectroscopy in the
deep-UV by means of either near-field !¢ or far-field '"'® optical microscopes.

Here we use hyperspectral imaging around 200 nm in a scanning confocal PL cryomicro-
scope!® to study an exfoliated hBN flake down to the single ML limit. In ML BN we observe
direct-gap emission around 6.1 eV, reproducing in ML BN exfoliated from a macroscopic
crystal the results obtained in ML. BN epitaxially grown on graphite by high temperature
molecular beam epitaxy (MBE).! In the ML limit, thanks to our spatially-resolved mea-
surements, we further show the suppression of the PL signal around 5.5 eV that arises from
excitons bound to stacking faults in multilayer hBN. In FL area the direct-indirect crossover
of the bandgap leads to a PL spectrum consisting of the documented series of phonon-assisted
recombination lines usually detected in bulk hBN. In marked contrast to TMDs we detect an
intense PL signal in FLL hBN despite the indirect nature of their bandgap, a result of the near
unity radiative efficiency in indirect-gap multilayer hBN. We reveal the relative intensity of
the phonon replicas depends on the hBN thickness while maintaining the overall aspect of
the emission spectrum in bulk hBN. Our work opens the way to investigate the optical prop-
erties of hBN-based twistronic devices with many interesting phenomena to address such as

moiré effects, flat bands, and ferroelectricity.



Results and discussion

Exfoliated hBN flake
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Figure 1: hBN flake exfoliated from a bulk crystal: (a) widefield image in the visible domain,
(b) AFM topography, (c¢) photoluminescence raster scan in the deep-ultraviolet [208<\<217
nm, i.e. region FL in (d)] recorded at 6 K. Scale bar =4 pm. The solid lines in (a-c) are guides
for the eyes indicating the border of monolayer (white), multilayer (red) and bulk-like (green)
hBN regions in the exfoliated flake. (d) Photoluminescence spectrum spatially integrated in
the 8x8 pm? region indicated by the dotted box in (c). ML stands for monolayer BN, FL
for few-layer hBN, and SF for stacking faults.

hBN flakes are mechanically exfoliated from a bulk hBN crystal grown by the high-
pressure high-temperature (HPHT) method” and then transferred onto a silicon wafer cov-
ered by 85 nm silicon oxide (see Methods). Fig.1(a) is a widefield microscope image of the
studied flake taken with a white light. Different thicknesses are identified from the optical
contrast. Thick bulk-like h BN and FL hBN correspond to the darkest regions, delimitated
by green and red lines, respectively [Fig.1(a-c)]. A ML of hBN (delimitated by the white
line) is identified through its weaker optical contrast, around 2-3% for this SiO, thickness
as shown in Ref. 20, and checked with a reference sample where the optical contrast of a
well-characterized ML of hBN provides an etalon. Additional information on the sample

topography is provided by atomic force microcopy (AFM) (see Methods). In Fig.1(b) the
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height difference between the bare substrate and the hBN flake is larger than ~13 nm in
the bulk-like part of the sample, and it varies from 4 to 7 nm in the FL one, except for a
line highlighted by a red arrow in Fig.1(a) that may correspond to a folded flake (height
~12 nm). The spatial variations of the height difference measured by AFM match with the
variations of the optical contrast, as indicated by the green and red lines in panels (a) and
(b) of Fig.1. Note that the height difference measured between the SiO, substrate and the
hBN ML is larger (around 2 nm, see line-profile in Fig.4) than the interlayer distance in bulk
hBN (0.33 nm) due to a thin contamination or water layer between the SiO, surface and
hBN.2% In the FL region, except for the dark line, the layers number has an upper bound
varying from 6 to 15 MLs.

A map of the PL signal emitted in the deep-UV is plotted in Fig.1(c). This image
corresponds to the spatial variations of the PL signal recorded at 6 K with our scanning
confocal deep-UV PL cryomicroscope (see Methods).!® The excitation energy is 6.39 eV (194
nm) and the PL signal displayed in Fig.1(c) is integrated over the detection window labelled
FL in Fig.1(d) (green shaded area) ranging from 5.71 to 5.95 €V (208<A\<217 nm). In this
spectral domain the PL spectrum consists of the intrinsic emission lines due to phonon-
assisted recombination in indirect-gap multilayer hBN.®%21723 The PL map aligns with the
widefield image and AFM topography [see green and red lines in Fig.1], providing a first
characterization with moderate resolution (800 nm-pixel size) of our exfoliated hBN flake in
the deep-UV.

Fig.1(d) displays the PL spectrum spatially-integrated over the 8x8 pm? region indicated
by the dotted box in Fig.1(c). We highlight three spectral domains of interest in the deep-
UV optical response of hBN. In addition to the intrinsic phonon replicas in multilayer hBN
already mentioned above [green shaded area, labelled FL in Fig.1(c)|, the signal below 5.7
eV |pink shaded area, labelled SF in Fig.1(c)| arises from the recombination of excitons
localized at extended defects and stacking faults, as demonstrated by cathodoluminescence

measurements in a transmission electron microscope combined with ab initio calculations.'?



Most of the lines in the SF spectral domain stem from intervalley scattering assisted by the
emission of TO phonons at the K point of the Brillouin zone.?! Although the efficiency of
phonon-assisted processes decreases with the number of involved phonons, the emission of
up to three TO(K) phonons can give rise to a bright luminescence signal at 5.3 eV [Fig.1(d)].
This is due to the density of final states provided by the stacking faults in multilayer hBN
that make intervalley scattering a resonant process.?* The third spectral domain of interest
is the high-energy part of the PL spectrum, above 5.97 eV, labelled ML and displayed as a
blue shaded area in Fig.1(d). The line at ~6.1 eV is the emission from ML BN area, as first
revealed by reflectivity and PL in ML BN epitaxially grown on graphite by high temperature
MBE.' In the latter reference, PL measurements were performed with a standard macro-
PL setup, prior to the development of our scanning confocal deep-UV PL cryomicroscope.
The emission from ML BN was resolved thanks to the scalable fabrication of hBN with
atomic thickness control in high-temperature MBE.!'® Eventually, we point out that the PL
spectrum is displayed over four decades in the semi-log scale of Fig.1(d). Since ML BN
covers ~20% of the surface inside the dotted box in Fig.1(c), it is a first indication that the
PL signal from a single ML of hBN is not higher than in multilayer hBN. This result is in
strong contrast to TMDs?® where a ML is identified from its intense emission due to its
direct gap characteristics when performing PL spectroscopy in exfoliated flakes of various
thicknesses. Conversely, it provides evidence for a bright luminescence in multilayer hBN
despite the indirect nature of the bandgap, an effect reminiscent of the near unity radiative

efficiency in bulk hBN,7?® further discussed below.

Hyperspectral imaging in the deep-ultraviolet

Fig.2 presents hyperspectral imaging with higher spatial resolution in the region delim-
itated by the dotted box in Fig.1(c). Panels (a-c) display the spatial variations of the PL

signal intensity integrated in three spectral domains: below 5.76 eV (a), in between 5.76 and
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Figure 2: Hyperspectral imaging at 6 K in the region indicated by the dotted box in Fig.1(c).
(a-c): maps of the PL signal intensity for energies below 5.76 eV (a), in between 5.76 and 5.93
eV (b), and above 5.93 eV (c), as highlighted in panel (d). Scale bar = 1.6 pm. The dotted
lines are guides for the eyes. (d): typical PL spectra detected at three different locations
marked in (a-c). (I) is dominated by the recombination at hBN stacking faults, (II) by
the intrinsic phonon replicas in indirect-gap multilayer hBN, and (III) by the emission of
monolayer BN.

5.93 eV (b), and above 5.93 eV (c), as highlighted in panel (d). Typical PL spectra detected
at three different locations marked in panels (a-c) are displayed in Fig.2(d). Spectrum (I)
corresponds to the recombination of excitons localized at hBN stacking faults. This PL signal
is intense in a ~1 pm-large stripe crossing diagonally in Fig.2(a). This is the line observable
in the widefield image and AFM topography in Fig.1. Spectrum (II) is dominated by the
intrinsic phonon replicas in indirect-gap multilayer hBN [Fig.2(b)]. This signal is spatially
anti-correlated to the defect-related emission in Fig.2(a), in agreement with previous work by
cathodoluminescence.'? In defect-free areas, the PL signal is more or less spatially uniform,
as expected for the intrinsic phonon-assisted recombination of delocalized indirect excitons in
multilayer hBN. On the contrary, any extended defect and stacking fault opens non-radiative
relaxation channels that compete with the intrinsic phonon replicas and strongly reduce their
intensity |as shown by spectra (I) and (II) in Fig.2(d)|, resulting in the anti-correlation of
the PL maps in panels (a) and (b).

Thanks to our scanning confocal PL cryomicroscope operating in the deep-UV, we unveil



the intrinsic emission of a single ML exfoliated from a hBN crystal. This regime has been so
far inaccessible to cathodoluminescence experiments. In Fig.2(a-c) the PL signal detected
above 5.93 eV appears spatially anti-correlated to the stacking faults emission and to the
intrinsic phonon replicas. Importantly, the weak signal centered at ~6.1 eV is not detected
outside the region identified as being a ML from the optical contrast and AFM topography
[Fig.1]. Spectrum (III) is the genuine emission spectrum of ML BN in the deep-UV, confirm-
ing the results of Ref. 19 based on a radically different fabrication technique and studied with
a different setup. The characteristic quadruplet of multilayer and bulk hBN with the intense
doublet at ~5.75 eV [spectrum (II), Fig.2(d)] is not observed in the ML region. Moreover,
there is no trace of the broad defect-related emission coming from stacking faults [spectrum
(I), Fig.2(d)|. In fact, the concept of stacking fault becomes meaningless for atomically-thin
BN so that no related emission is expected. Still, the absence of emission around 5.3-5.5 eV
in MLL BN is a strong confirmation for the origin of this PL signal as arising from stacking

faults, complementing Ref. 12.

Direct-gap emission in monolayer hBIN

As mentioned above, a striking result of our hyperspectral imaging in the deep-UV is the
weak emission of ML BN in comparison to multilayer hBN, a phenomenology in strong con-
trast to the one reported in TMDs.*5 Such an effect may appear counter-intuitive with
respect to the indirect-direct crossover of the bandgap at the ML limit. In semiconduc-
tor physics, the radiative efficiency is known to be small in indirect semiconductors, the
most common example being silicon with poor optoelectronic properties for light-emitting
devices. Although bulk hBN is an indirect bandgap semiconductor,® it is a bright emitter in
the deep-UV 7™ and the radiative efficiency is of order unity.?® This means the phonon-assisted
recombination time is short enough to bypass non-radiative carrier relaxation, a quite unique
situation in semiconductor physics,? which has been only recently elucidated.?® In ML BN

the radiative efficiency is also of order unity because of the direct nature of the bandgap,’



as recently characterized in Ref. 27, so that the radiative recombination is dominant in the
relaxation dynamics of both ML and multilayer hBN. The reason for the weak emission in
ML BN stems from the photo-excitation process yielding weak absorption. Because of the
screening reduction in a ML, the calculated excitonic binding energy increases in hBN from
~0.7 €V in the bulk to ~2 €V in the ML, a record value in 2D materials.?® The onset of the
continuum absorption lies at ~8 eV, an energy lying in the vacuum UV spectral domain.
Comnsequently, the photo-generation of free electron-hole pair states in the absorption contin-
uum is no longer possible in hBN by means of the fourth harmonic of a cw-mode locked Ti:Sa
oscillator (see Methods). The detection of PL in ML BN requires a selective excitation with
a laser detuning matching the energy of two LA phonons at the M point.'” From the ratio of
spectra (IT) and (III) in Fig.2 we estimate that the phonon-assisted photo-excitation below
the free-carrier gap in ML BN has an overall efficiency one to two orders of magnitude lower

than the direct photo-generation of carriers in the continuum of free excitons in multilayer

hBN.
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Figure 3: Photoluminescence spectrum of monolayer BN exfoliated from a bulk hBN crystal
(red solid line). The signal recorded at 6 K is spatially-integrated in the region labelled ML

in Fig.1(a). The blue dotted line shows the photoluminescence spectrum of monolayer BN
epitaxially grown on graphite by high temperature MBE, adapted from Ref. 19.

Finally, we compare the PL spectrum of ML BN either exfoliated from a bulk crystal [red
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solid line, Fig.3] or epitaxially grown on graphite by high temperature MBE!? [blue dotted
line, Fig.3]. The major difference is the existence of a broad defect-related emission centered
at ~b5.5 eV in the hBN epilayer. There are two reasons for this: first the experiments in
Ref. 19 were performed with a macro-PL setup (with a laser spot size of ~50 um), second
the epilayers feature small 3D islands located at the graphite step edges, which serve as
nucleation sites for the atomically-thin hBN islands that expand and form a continuous ML
in appropriate growth conditions.? Consequently, the PL spectrum in Ref. 19 [blue dotted
line, Fig.3| is the spatial average of the emission of atomically-flat ML BN and of small bulk-
like islands with structural defects. Interesting is the fine structure of the intrinsic emission
of ML BN at ~6.1 eV. In the exfoliated ML [red solid line, Fig.3|, in addition to the main
peak at 6.07 eV, we resolve narrow secondary maxima at 6.10, 6.04, 6.00 eV together with
broader lines at 5.9 and 5.79 eV. Some of these lines were also observed in the epitaxial
ML, indicating a complex scenario of the radiative recombination processes. Further study
beyond the scope of the present work appears necessary for reaching a detailed understanding

of the relaxation dynamics in ML. BN.

Indirect-gap emission in few-layer hBN (<15 ML)

In FL. hBN we retrieve the PL spectrum reported in bulk hBN.7821-23.25 Ag displayed
in Fig.2(d) and further detailed in Fig.4(b), the PL signal recorded in the few ML region
indicated in Fig.1 is similar to the one of bulk hBN. There is an intense doublet at ~5.76
eV corresponding to the recombination assisted by LO and TO phonons at the T point of
the Brillouin zone, while the doublet at ~5.86 eV has a lower intensity and comes from
LA and TA phonons. We note we do not resolve the 6 meV-fine structure of the phonon
replicas arising from overtones of interlayer shear modes, revealed in bulk hBN.?? This is a

consequence of the slightly broader lines detected here in FI. hBN.
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Figure 4: (a) Spatial variations of the intensity ratio of the PL signal emitted in the [5.73-
5.83| eV and [5.83-5.93| eV ranges, at 6 K (same region as Fig.2). Inset: line-profile of the
AFM topography along the blue dashed line. (b) PL spectra at the A, B and C locations
indicated in (a), corresponding to different hBN thickness, as shown in the inset of panel (a).
The spectra are normalized to the PL intensity of the LA/TA phonon replicas at ~5.86 eV.

Particularly striking is the difference of our PL spectra with the rare existing results avail-
able in the literature for the deep-UV emission of few nm-thick hBN. In Ref. 15 Schué et
al. reported cathodoluminescence measurements in exfoliated hBN flakes of reduced thick-
ness, down to 6 MLs (~2 nm). From 27 to 6 MLs the emission spectrum displays two
important modifications with respect to the bulk: first, the doublet of the LA/TA phonon
replicas disappears with the observation of a singlet at ~5.9 eV; second, the latter line is
more intense than the emission at ~5.76 €V coming from the LO/TO phonon replicas. This
phenomenology is radically different from the one observed here where the PL spectrum re-
tains the main characteristics that were extensively studied in bulk hBN, as explained above.
Such a discrepancy reveals that the deep-UV emission in FLL hBN may be sample-dependent.
Moreover, we conclude that the PL spectrum in FL hBN can be very similar to the one of
bulk hBN; as revealed by our measurements. This suggests the emission reported in Ref. 15
may be the signature of strain-induced effects resulting from the mechanical exfoliation and
preparation of the sample. The influence of strain on the optoelectronic properties of hBN

in the deep-UV remains unexplored and the disparate results reported here and in Ref. 15
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call for an in-depth investigation.

Although our PL spectra resemble the one in bulk hBN, the intensity ratio between the
LO/TO phonon replicas and the LA /TA ones is not uniform and depends on the number of
MLs, as shown in Fig.4(a) [which corresponds to the same region as in Fig.2|. Importantly,
this intensity ratio aligns with the AFM topography. The terrace labelled A has a height of
~4.5 nm, i.e. 2.5 nm thicker than the ML region, setting up an upper bound of 8-9 to the
number of MLs at position A. In this terrace, the intensity ratio of the LO/TO to LA/TA
PL signal is of the order 3, while it increases to 6 in terrace B of ~6.5 nm-height, with a
comparable value in terrace C of similar height. In B and C, the intensity ratio is basically
identical to the one measured in bulk hBN.”%% In terrace A the intensity of the LA/TA
phonon replicas increases with respect to the optical phonon replicas. This enhancement of
the acoustic phonon replicas in very thin FL hBN is consistent with the results of Schué et
al.'5 except for the strong deformation of the emission spectrum that we do not observe, as
discussed above. Our results motivate a systematic study of this effect for an arbitary number
of layers until the ML limit. Our works also paves the way for investigating the influence of
a rotation of the hBN layers in the context of twistronics, and in particular the fascinating

properties of twisted hBN bilayers,?°3* by spatially-resolved deep-UV spectroscopy.

Conclusion

We report the first hyperspectral imaging in the deep-UV of few-layer hBN until the ML limit.
In ML BN we observe direct-gap emission around 6.1 eV, reproducing in ML, BN exfoliated
from a macroscopic crystal the results obtained in MLL BN epitaxially grown on graphite by
high temperature MBE. In marked contrast to transition metal dichalcogenides, the PL signal
in MLL BN is less intense than in few-layer hBN. This effects stems from the huge excitonic
binding energy in ML BN and the corresponding low efficiency of phonon-assisted photo-

excitation in ML, BN when the excitation laser energy lies below the free-carrier gap. In few-
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layer hBN the direct-indirect crossover of the bandgap leads to a PL spectrum consisting of
phonon-assisted recombination lines. These phonon replicas are intense, a result reminiscent
of the near unity radiative efficiency in indirect-gap multilayer hBN. We reveal the relative
intensity of the phonon replicas depends on the hBN thickness while maintaining the overall
aspect of the emission spectrum in bulk hBN. Our work opens the perspective to investigate
the optical properties of hBN-based twistronic devices with many interesting phenomena to

address such as moiré effects, flat bands, and ferroelectricity.

Methods

Sample preparation

We fabricate the sample by mechanical exfoliation of high-quality hBN crystals (grown by
the HPHT method). The hBN flake is mechanically exfoliated and deposited onto a 85 nm
Si0O,/Si substrate using a dry-stamping technique.?® Prior to transfer, the substrate is suc-
cessively cleaned by sonication in aceton and IPA, followed by an O,/N, plasma ashing. No

post annealing treatment is performed once the hBN flake is transferred onto the substrate.

AFM characterization

The AFM measurement is conducted with a Nano-Observer (CSI instrument) in ambient
environment in tapping mode. The probe (APPNANO, FORT Part # Fort-50) has a radius

of less than 10 nm and a frequency of 43-81 kHz.

Deep-ultraviolet scanning confocal cryomicroscope

Deep-ultraviolet hyperspectral cryomicroscopy is performed with the setup described in Ref.
18. Briefly, the excitation is provided by the fourth harmonic of a ¢cw mode-locked Ti:Sa

oscillator and it is tunable from 193 nm to 205 nm with trains of 140 fs-pulses at 80 MHz
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repetition rate. The injection path uses a series of dielectric mirrors coated for this spectral
range. The exciting laser beam is focused by a Schwarzschild objective located inside the
closed-cycle cryostat equipped with CaFy optical windows. The objective numerical aper-
ture is 0.5, resulting in a laser spot size of 200 nm. The sample is mounted on a stacking
of piezoelectric steppers and scanners, that is cooled down to 6 K under ultrahigh vacuum
(10~ bar). The photoluminescence is collected by means of an achromatic optical system
comprising a pin-hole for confocal filtering. It is then dispersed in a Czerny-Turner spectrom-
eter with 500 mm focal length and a 1200 grooves/mm ruled grating and finally detected by
a back-illuminated CCD camera with 13.5 um pixel size. The corresponding spectral reso-
lution is 0.17 nm (3.3 meV). The whole setup is controlled by homemade Python modules
inserted inside the QUDI software suite3® to create hyperspectral images of the photolumi-
nescence signal recorded at each point of a scanned area. All photoluminescence spectra are

normalised to the instrumental response function of the detection system.
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