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ABSTRACT: Tailoring two-dimensional (2D) materials function-
alities is closely intertwined with defect engineering. Conventional
methods do not offer the necessary control to locally introduce and
study defects in 2D materials, especially in non-vacuum environ-
ments. Here, an infrared pulsed laser focused under the metallic tip
of an atomic force microscope cantilever is used to create
nanoscale defects in hexagonal boron nitride (h-BN) and to
subsequently investigate the induced lattice distortions by means of
nanoscale infrared (nano-IR) spectroscopy. The effects of
incoming light power, exposure time, and environmental
conditions on the defected regions are considered. Nano-IR
spectra complement the morphology maps by revealing changes in
lattice vibrations that distinguish the defects formed under various
environments. This work introduces versatile experimental avenues
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to trigger and probe local reactions that functionalize 2D materials through defect creation with a higher level of precision for
applications in sensing, catalysis, optoelectronics, quantum computing, and beyond.
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Predicted electronic properties of two-dimensional (2D)
graphene,l’2 transition metal dichalcogenides,3 and
hexagonal boron nitride (h-BN)* have bolstered interest in
2D materials from fundamental and applied viewpoints. While
their impact on the performance of energy devices has been
widely demonstrated,””” emerging functionalities have been
conferred to 2D materials while maintaining their conforma-
tion merits, as in the case of defect-mediated growth of
graphene hybrid structures,” Moiré assembhes in stacked 2D
layers,” or engineered defects in h-BN.'’ Introducing defects
offers new routes to engineer 2D materials for optoelectronics,
catalysis, and quantum information applications. For instance,
defect-laden h-BN (dh-BN) exhibits catalytic activity enabling
olefins hydrogenation'' as well as CO, capture and
conversion.'”” Moreover, selected defects in h-BN display
quantum properties at room temperature, ® thus prov1d1ng a
new platform to elaborate 2D quantum devices.'”"> More
recently, theoretical models predicted that strongly correlated
electronic regimes can be introduced in h-BN by undulations
of the monolayers exhibiting nonzero Gaussian curvature.'®
Such experimental manipulations of 2D layers will require to
pattern structural distortions that can be tuned at selected
locations and to monitor chemical alterations of the material
undergoing structural and chemical changes.'”

Apart from those inherently induced by exfoliation, defects
in h-BN are commonly created by ionic bombardment,'®
plasma etching,w electronic irradiation, thermal annealing,20 or
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mechanical processing.'' These techniques are energy-
intensive and result in defects formation throughout the
surface, hindering rigorous investigation of individual features.
In addition, the reactivity of induced defects is generally
assessed using standard analytical methods, such as optical
spectroscopy, X-ray photoemission spectroscopy, or mass
spectrometry. All these techniques provide averaged informa-
tion about the probed volume (in the cubic micrometers
range) that encompasses a large area of undisturbed material.

Means to isolate the signature of a local defect and its effect
on the material local properties are currently lagging. While
tools with nanoscale resolving power, such as transmission
electron microscopy (TEM), can provide an ultrahigh-
resolution view of materials lattice structure and changes,21_23
their use for in situ chemical analysis of 2D systems has been
challenging.”* Furthermore, in vacuo spectroscopy performed
in the TEM generally provides elemental analysis of materials,
but not the chemical picture needed to understand local
reactions taking place at defect sites. The nature of defects can
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Figure 1. Nano-IR processing and characterization of localized defects in h-BN. (a) AFM topography images of exfoliated #-BN displaying the
various regions and common large defects, various thicknesses, and unaffected flat regions. (b) Nano-IR scheme used for defect formation and
analysis. The infrared pulsed laser is focused on the Au-coated AFM tip apex. (c) Nano-IR spectra collected at various deformations of the h-BN
flakes showing the main vibrational mode ~1367 cm™ in pristine #-BN and its shifts attributed to the different probed deformations.

be assessed by measuring their density of states (DOS) by
scanning tunneling microscopy,zs_27 but vacuum constraints
prevent most in operando analyses. In addition, metallic
substrates should be used under wide-bandgap 2D monolayers,
which can affect the material’s reactivity.”® On the other hand,
other scanning probe microscopy (SPM) methods combine
nanoscale resolution and high performance in non-vacuum
environments, with the possibility to probe functional
properties.””* SPM has also been used for nanolithography
using electrical, mechanical or thermal processes, but the
changes in chemical bonds occurring during defect formation
remain elusive.”' >’ Improving the understanding of defect
formation mechanisms, the evolution of their spatial footprint,
and the interplay of these local variations with surrounding
molecules calls for tools allowing functional analyses with
enhanced spatiotemporal resolution.

Advances in functional SPM, such as nanoscale infrared
(nano-IR) spectroscopy,”® can be implemented under
controlled conditions, though only a few experimental studies
have monitored local chemical changes occurring at an active
site.”>*® We report here the first-time utilization of atomic
force microscopy (AFM) and nano-IR spectroscopy to create
and study local nanoscale lattice distortions in 2D materials.
The phenomenon of light-assisted nanoscale defect creation in
h-BN occurring at the vicinity of the AFM tip is introduced
and investigated, including the effect of incoming light power,
exposure time, and environmental conditions. Nano-IR
spectroscopy is invoked to describe changes in chemical
fingerprint associated with the defect creation. The local
spectra reveal the formation of new bonds at defect sites, which
are shown to depend on the local environment of the AFM tip.
The measurements highlight the role oxygen and water
molecules play in modifying the local properties of defect-
laden 2D materials. On the basis of these findings, we
formulate requirements to consider for substrates selection and
environmental conditions in view of conquering material-
design rules for defect-mediated applications of 2D materials.

The topography of h-BN flakes (Figure la) represents
common defects observed in exfoliated pristine 2D layers,
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including edges, folds, and steps. Exfoliated flakes are laterally
too small for individual analysis by conventional mid-IR
spectroscopy; so are steps, folds, or wrinkles within them.
Overall, the optically diffraction-limited spatial resolution of
mid-IR light (several micrometers) prevents measuring the
effect of localized defects on lattice vibrations. Similarly, when
points of isolated lattice distortions affect the DOS close to the
Fermi level to promote reactivity,'” the related sorptions or
chemical reactions cannot readily be monitored, given the
limited number of molecules to probe. Nano-IR overcomes
this limitation by analyzing the variations in h-BN IR
fingerprints in the presence of lattice distortions using the
AFM tip (Figure 1b). The material is excited with a pulsed IR
laser focused on the tip engaged in contact mode with constant
force feedback. The laser pulse frequency (1 kHz) is well
below the cantilever free air and contact resonances (>10
kHz). The cantilever ringing vibrations resulting from each
light pulse are recorded. The cantilever contact resonances are
identified from fast Fourier transform of the cantilever signal
S(t) (Figure 1b),”” and their amplitudes are used to monitor
the photothermal expansion of the excited volume underneath
the tip.’® Hereafter, nano-IR spectra (Figure Ic) are derived
from the first contact resonance amplitude and correspond to
the chemical composition of the probed volume (see Methods
in the Supporting Information). We note that this approach is
different from that used to perform nanoscale Fourier
transform infrared (FTIR) measurements via a near-field
scanning optical microscopy scheme, using the tip as a
nanoantenna and deriving the results from theoretical
treatments of optical signals.”” "'

The IR spectrum of the pristine h-BN basal plane (Figure
lc) consists of a single band at 1367 cm™" corresponding to
the transverse optical (TO) phonon mode,”™* which
gradually red-shifts when approaching an edge (~1356 cm™
at the edge). Theoretical calculations have attributed a band
bending region of ~2 nm from the edge with altered
interatomic distance to this effect due to lower electron
density near the basal plane edge.** On folds, the TO band
exhibits no substantial shift but an asymmetry due to features
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at 1356 and 1379 cm™' (Figure S2). Moreover, two smaller
and broader bands detected on folds (1308 and 1445 cm™)
are attributed to regions of compressive and tensile strain in
the fold.*

The nano-IR spectrum collected for a 3 nm thick flake
(Figure 2a) on pristine regions (point 1 in Figure 2b) also

@' 32 nm

7Height profile

Height (nm)
O

80

;
|

Amplitude of
photothermal expansion (a.u.)

o

.

V/LW\’VA

50

T T T T
1200 1250 1300 1350 1400

Wavenumber (cm™)

LA e g e
1100 1150 1450

Figure 2. Nano-IR features of identified defects in exfoliated h-BN
flakes. (a) AFM height image of two exfoliated h-BN flakes of
thickness 32 and 3 nm, respectively. (b) Nano-IR image acquired at
1120 cm™ across the thick and thin flakes exfoliated on a Si substrate
with a native SiO, layer. (c) Nano-IR spectra acquired at points 1, 2,
3, and 4 of the 3 nm thick flake, as marked in (b).

displays a band at 1367 cm™" (Figure 2c). The band position
remains unchanged at different positions in the flake center,
while its full width at half-maximum (FWHM) significantly
decreases for thinner flakes (Figure S3). Another notable
difference between thick (above 30 nm) and thin flakes (below
5 nm) is the band observed around 1120 cm™" (Figures 2c and
S4). This band presents a greater intensity than the TO mode
for the thinnest layer, and it is not observed for 50 nm thick
flakes (Figure S4). Nano-IR spectra of the bare SiO,/Si
substrate reveal prominent bands of in-phase asymmetric
stretching of adjacent oxygen atoms and Si—OH deformation
(1009 cm™),***” bulk out-of-plane asymmetric stretching of
Si—O—=Si (1107 cm™), and Si—O bonds (1266 cm™!)**~>°
(Figure SSb). The band at ~1107 cm™ is not observed in
conventional FTIR spectra. Nano-IR probes the sample surface
with a penetration depth that depends on the material thermal
properties but typically exceeds 50 nm. Thus, the volume
probed by nano-IR is mainly composed of SiO,, while FTIR
spectroscopy predominantly renders the Si bulk signal. The
asymmetry of the peak at 1107 cm™" results from overlapping
with the band at 1073 cm™' relative to in-phase Si—O
stretching.">" Other reported bands relative to Si—O-—Si
asymmetric stretching, due to Coulomb interaction-induced
LO—-TO splitting (1125 cm™)** or oxidation of porous silicon
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(1176 ecm™),* could be responsible for the smaller features
(Figure S5b-ii). We infer that the band at 1120 cm™" originates
from B—OH bonds formed as a result of the passivation of
intrinsic defects during mechanical exfoliation and subsequent
exposure to air.”” Previous studies estimated densities of boron
and nitrogen vacancies after mechanical exfoliation to about
10° and 5 X 10 um™> respectively.'” The signal difference
between the 50 nm thick and the 3 nm thick flakes can then be
interpreted by the increased ratio of surface defects over intact
B—N bonds. Because only the surface layers are expected to
experience defect creation during exfoliation, the proportion of
defects in the 3 nm thick flake is larger than in the thicker
flakes for which most of the core layers are expected to remain
intact.

When recording the nano-IR map of a region encompassing
both thick (32 nm) and thin (3 nm) layers with illumination at
1120 cm™" (Figure 2b), a strong signal is revealed at flakes
edges and corners, which is predominant around the thinner
flake. Nano-IR measurements at different points along edges
underline enhanced photothermal expansion as compared to
the basal plane and the SiO,/Si substrate (red to yellow
regions of width <10 nm around the flakes in Figure 2b).
Three-dimensional representation of the overlay of AFM
topography and the nano-IR signal collected under the 1120
cm ™! illumination (Figure S6) confirms that the strong nano-
IR amplitude is located within the flake. In contrast with the
pristine basal plane, nano-IR spectra collected at different
points along the edge (marked 2, 3, and 4 in Figure 2c) reveal
two distinct vibrational modes between 1100 and 1150 cm™
(Figure S7) that deviate from the previously identified SiO,/Si
vibrations in the basal plane and edges signals (points 1, 2, and
3). At the corner (point 4), a prominent feature at 1108 cm™,
along with a weaker band at 1123 cm™, could stem from the
aforementioned bulk Si—O-—Si asymmetric stretching. We
attribute this change to the greater portion of the tip—sample
contact being exposed to the SiO, substrate at corners. While
the current spatial resolution of nano-IR spectroscopy cannot
resolve atomic arrangements, the results suggest that flakes
edges are passivated with B—OH bonds, though with varying
local environments, especially at nonlinear cleavage regions
(point 3) and corners (point 4). Theoretical models have
considered numerous potential edge conformations in h-BN, in
agreement with our experimental results.”* >

These results constitute the first report of nanoscale
chemical analysis of local defects and passivation along h-BN
edges using nano-IR spectroscopy, which paves the way to
exciting discussions about theoretical models. The findings also
raise awareness on potential impacts of sample preparation and
substrate selection on the nanoscale chemical fingerprint
obtained by nano-IR spectroscopy. As such, nano-IR spectra of
pristine h-BN on SiO,/Si and on IR transparent substrates
(Figure S8) are compared. IR transparent substrates, especially
ZnS, offer a cleaner background in the 1200—1600 cm™! range
(Figure S9). Therefore, all measurements presented hereafter
were performed on h-BN flakes deposited on ZnS substrates.

Next, we demonstrate that selected illumination conditions
of the nano-IR tip interacting with 4-BN basal plane enables
the controlled formation of local defects. For a 6 nm thick
flake, nano-IR spectra performed in air at laser power of 0.1
mW exhibit the single TO mode of pristine #-BN (1367 cm™),
indicating that the illumination conditions are below the
threshold of defect formation. Immediately after a short
exposure (few seconds) of the same point to pulses
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corresponding to an output laser power of 0.8 mW, the nano-
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Figure 3. Nano-IR—AFM patterning of nanoholes in h-BN. (a, b)
AFM topography of h-BN basal plane before (a) and after (b) laser-
induced defect formation at 0.8 mW in air. (c) High-resolution AFM
topography of the defect. The height profile of the laser-induced
nanohole formed along I is presented as an inset, showing a full width
at half-minimum of SO nm and a depth of 2.25 nm. (d) Nano-IR
spectra of the pristine basal plane before (black line), during (red
line) and after (orange line) defect formation at the position
corresponding to the center of the nanohole in (c). (e) Nano-IR
spectra corresponding to defect formation obtained at laser power of
0.5 mW (purple line), 0.6 mW (pink line), 0.8 mW (red line), and 1.0
mW (orange line). (f) Nano-IR spectra collected at 0.8 mW at the
center of the defect during formation (red line), after defect was
exposed to air (orange line), and near the center of the defect after
exposure to air (yellow line).

suggesting some strain in the lattice induced by illumination.**

AFM topography images collected after the laser treatment
reveal the formation of a nanohole about 2.25 nm deep and 50
nm in width (Figure 3b,c).

The defect spectral signature after exposure to air (several
minutes), recorded with low laser power, contains significantly
different features with two prevalent broad bands at 1280 and
1355 cm™ and a secondary shoulder at 1386 cm™ (Figure
3d). The band at 1280 cm™ is assigned to the TO mode in
vitreous boron trioxide (v-B,0;)°” while vibrations at 1355
cm™! are ascribed to the asymmetric B—O stretch.”® These
suggest different environments are present at edges (B—OH)
and in the vicinity (B—O) of the nanohole. The nano-IR
spectrum collected away (several nanometers) from the
nanohole edge (Figure 3f) shows that the lattice disruption
extends to a region that depends on the illumination power
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and remains, nonetheless, below ~100 nm for laser power
below 1.0 mW.

Increasing the laser power from 0.5 to 1.0 mW (Figure 3e)
accelerates reactions with molecules from the water meniscus
present at the tip—sample interaction region in ambient
conditions. At 1.0 mW, bands from v-B,O; can already be
resolved during the defect formation, suggesting that the
reaction between deforming B—N bonds and reactive species
(O, or H,0 in air) could take place before or during the short
illumination duration. Treatments performed at 1.0 and 1.3
mW not only formed B—O faster but also resulted in larger
defects (Figure S10).

The significant size difference between the nanohole and the
excited region (~50—100 pm, Figure S1) indicates that the
defect formation in the h-BN basal plane originates from the
interplay of light, interacting with the Au-coated tip, and its
local environment. Indeed, the tip metallic coating is required
since no defect or disruption of h-BN could be observed with
conventional silicon nitride cantilevers of similar stiffness.
Moreover, only illumination with wavenumbers close to 1367
cm™! leads to the formation of nanoholes that could be
resolved by AFM (Figure S11). Overall, these observations
suggest that the discovered light-induced nanoscale defect
creation method in h-BN is promoted by charges polarization
at the Au-coated cantilever tip, or hot electrons due to the
lighting-rod effect,” together with vibrations from the TO
phonon mode of the h-BN lattice, and the evolution of the
reaction is influenced by the local environments.

At identical laser power, the nanoholes created under N, are
much smaller than those obtained in air (Figure 4). Tapping
mode imaging of freshly formed defects maintained under N,
indicates the presence of two nanoholes similar to a double-
well around the tip position, which remained stable if not
exposed to air. When reducing the exposure time, the double-
well formation was retained as well as the spacing between
wells centers (~43 nm), which corresponds to the diameter of
the AFM tip. The smallest detected twin-defects were around
20 nm in diameter, separated by about 43 nm. However,
imaging the same defect in contact mode renders the
topography of a single nanobump (Figure S12). We infer
that this atypical behavior may result from residual charges in
the formed defect, strengthening the attractive van der Waals
interaction in the tapping mode, while evacuated through the
AFM tip in the contact mode.

We investigated changes in the chemical signature of the
same defect site during and immediately after formation under
N, at 1.0 mW, followed by exposure to air (Figure S). The
nano-IR spectrum presents a symmetric peak at 1351 cm™,
i.e., with a red shift similar to that of exfoliated flakes edges
(Figure 1c). We found this shift to be a reliable indication of
defects formation in the basal plane under the considered
conditions. After defect formation, the nano-IR spectrum
recorded in N, at low power shows that the band vanishes,
highlighting the significant damage (i.e., deformation followed
by nanohole formation) produced by the laser irradiation.
After 10 min of exposure to air, two major bands located at
1366 and 1282 cm™' are observed. While the first band
corresponds to h-BN, the band at 1282 cm™ is assigned to the
TO mode of v-B,05.”” Hence, exposure to air brings about the
local oxidation of h-BN and the lattice reconstructs in the form
of a nanobump evolving over time. The absence of the band at
1120 cm ™" indicative of B—OH in the previous measurements
confirms the different nature of the B—O bond on the defect.

https://doi.org/10.1021/acs.nanolett.2c02841
Nano Lett. 2022, 22, 8196—8202


https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.2c02841/suppl_file/nl2c02841_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.2c02841/suppl_file/nl2c02841_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.2c02841/suppl_file/nl2c02841_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.2c02841/suppl_file/nl2c02841_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.2c02841?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.2c02841?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.2c02841?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.2c02841?fig=fig3&ref=pdf
pubs.acs.org/NanoLett?ref=pdf
https://doi.org/10.1021/acs.nanolett.2c02841?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Nano Letters

pubs.acs.org/NanoLett

@@ ¢
£
=
2
@
T
34 nm 0.7 nm
-0.5
60 s 46 nm
3 .
L
=
2 .05 14nm
.
-1.0 30s 43 nm
19 nm l
-0.5 - el 43 M
15s
T T T T T T T T
0 20 40 60 80

Position (nm)

Figure 4. Nanomachining of local defects in #-BN under nitrogen. (a)
Tapping mode topography image of defects created in h-BN under N,
using laser wavelength of 1368 cm™ at 0.24 mW. The exposure
duration was varied from 60 to 1S s as indicated on the image. (b)
Height profiles extracted from each defect.
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Figure S. Effect of exposure to air on nanomachined h-BN defects.
Nano-IR spectra acquired at the defect center: at 1.0 mW (p = 10%)
during defect creation under N, atmosphere and at 0.1 mW after
defect creation in N, then after exposure to air for 10 and 30 min. The
dashed lines indicate the positions of the bands centered at 1282 and
1366 cm™" after 30 min of exposure to air.

Lastly, nanoscale defects (FWHM ~ 22 nm) are formed
using the same parameters under O,, though with a capped
profile different from double-well structures obtained under N,
(Figure S13). The presence of oxygen leads to an immediate
reaction with the BN lattice and features that are distinct from
those created under oxygen-free environment and then
exposed to air. The reaction of local defects with oxygen
species is in agreement with reports about passivation of
defect-laden h-BN along with evolving fluorescence upon
exposure to air.%

We have shown, for the first time, that nano-IR spectroscopy
can be used to assign fingerprints to defects encountered in 2D
h-BN flakes, including folds, edges, and sub-50 nm nanoholes.
The infrared signatures collected provide rich information
about the strain level in the lattice and deformation due to the
disruption of the honeycomb lattice and/or the passivation by
hydroxyl bonds. Furthermore, the ability of manipulating
light—matter interaction at an AFM tip is revealed. Overall, the
light-assisted method enables the introduction of defects into
the h-BN basal plane and provides a powerful approach for
defect engineering in other 2D materials, with a level of spatial,
morphological, and chemical control that cannot be attained
with conventional defect engineering methods. Morphology
and chemical makeup of engineered defects can be tuned by
laser power, wavelength, exposure duration, and local environ-
ment. Furthermore, the findings unveil the important role of
the water meniscus present under the AFM tip in ambient
conditions. Beyond defect oxidation, it is expected that
targeted hydroxylating and further defect functionalization
will be possible by modifying the local environment
composition. Lastly, we could monitor the evolution of the
initial lattice deformation as it is exposed to different
environments, which will provide an important feedback to
improve ab initio theoretical models. On the basis of our
observations, we infer that the herein unveiled nanomachining
approach would enable a more deterministic control of
dimensions and chemical properties of defects in 2D materials
for targeted applications such as nanoelectronics, quantum
sensing, and beyond.
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