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Abstract

Hexagonal boron nitride (hBN) has emerged as a promising two-dimensional (2D) material for
many applications in electronics and photonics. Although its linear and nonlinear optical
properties have been extensively studied, the interaction of hBN with high-intensity laser pulses,
which is important for realizing high-harmonic generation, creating deterministic defects as
quantum emitters, and resist-free patterning in this material, has not been investigated. Here we
report the first systematic study of dielectric breakdown in chemical vapor deposition
(CVD)-grown hBN monolayers induced by single femtosecond laser pulses. We report a
breakdown fluence of 0.7 ] cm 2, which is at least 7x higher than that of other monolayer 2D
materials. A clean removal of hBN without leaving traces behind or causing lateral damage is
demonstrated. The ablation features exhibit excellent fidelity with very small edge roughness,
which we attribute to its ultrahigh fracture toughness due to its heterogeneous nature with
three-fold symmetry. Moreover, even though defects are known to be abundant in CVD-grown
hBN, we show experimentally and theoretically that its nonlinear optical breakdown is nearly
intrinsic as defects only marginally lower the breakdown threshold. On top of this, we observe that
hBN monolayers have a 4-5x lower breakdown threshold than their bulk equivalent. The last two
observations can be understood if the carrier generation in monolayers is intrinsically enhanced
due to its 2D nature. Finally, we demonstrate laser patterning of array of holes and lines in hBN
with sub-wavelength feature sizes. Our work advances the fundamental knowledge of light-hBN
interaction in the strong field regime and firmly establishes femtosecond lasers as novel and
promising tools for resist-free patterning of hBN monolayers with high fidelity.

1. Introduction

Hexagonal boron nitride (hBN) has emerged as a
promising two-dimensional (2D) material for many
applications in electronics and photonics due to its
large bandgap, mechanical flexibility and breaking
strength, high thermal conductivity [1], and chem-
ical stability [2]. Its linear [3] and nonlinear optical

© 2023 The Author(s). Published by IOP Publishing Ltd

properties in the weak limit [4, 5] have been extens-
ively studied. To date, little is known about hBN’s
response to the strong fields in high-intensity laser
pulses. Such knowledge is very useful for many
applications. For example, high-harmonic gener-
ation in hBN has been theoretically predicted but
not yet demonstrated experimentally [6]. Knowledge
of material degradation and optical breakdown
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thresholds induced by high-intensity ultrashort
pulses would be particularly useful for this future
work. As another example, spin defects in hBN have
been extensively studied as quantum emitters due
to their brightness and spin-dependent emission
at room temperature [7]. Engineering determin-
istic defects in hBN induced by femtosecond laser
pulses has been actively pursued, revealing that
spin defects were only found around the edge of
ablated features [7, 8]. Understanding the physics
of optical breakdown in hBN therefore constitutes
the first step towards engineering these defects in
hBN. Furthermore, there has been a growing interest
in laser patterning of 2D materials. Compared to
photo/e-beam lithography and ion/e-beam direct
etching, laser direct writing avoids the use of resists
[9], eliminates unintentional damage from backs-
cattered electrons [10], forgoes the need of high
vacuum [11], and is a high-speed technique for pro-
totyping. Many groups have demonstrated fabrica-
tion of holes and grooves in low-bandgap 2D mater-
ials (including graphene, MoS,, and PtSe,) using
short-pulsed lasers with sub-wavelength resolution
(~100 nm) [12, 13] and high speed (50 mm s™!)
[14]. Similar features, if can be realized in hBN, can
enable many important applications, such as metas-
urfaces (hole arrays and gratings) for mid-infrared
polaritonic optical sensing [15], waveguides and
micro-resonators [16], and patterning gate insulat-
ors and passivation layers. Moreover, using pulse
energy right below the breakdown threshold may
create controlled defects to fine tune tunneling bar-
riers for 2D electronics. To date, although femto-
second laser ablation of hBN has been reported
[7, 8], the physics of optical breakdown is not
known and laser patterning of hBN has not been
demonstrated.

Here, we report the first systematic study of
optical breakdown of hBN monolayers induced by a
single femtosecond laser pulse. We demonstrate that
hBN has the highest breakdown threshold among
all 2D materials, and femtosecond ablation removes
hBN without leaving traces behind or causing lat-
eral damage. The ablation features exhibit excellent
fidelity which we attribute to its heterogeneous nature
with three-fold symmetry. Moreover, even though
defects are known to be abundant in chemical vapor
deposition (CVD)-grown hBN, we prove experi-
mentally and theoretically that its nonlinear optical
breakdown is nearly intrinsic, i.e. defects only mar-
ginally lower the breakdown threshold. Combined
this with the additional observation that monolay-
ers have a 4-5x smaller breakdown threshold than
their bulk equivalent, we conclude that carrier gener-
ation in monolayers is enhanced. Finally, we demon-
strate rudimentary laser patterning of hBN with sub-
wavelength feature sizes. Our work clearly positions
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femtosecond laser ablation as a promising tool for
resist-free patterning of hBN.

2. Materials and methods

2.1. Sample preparation

To investigate optical breakdown of hBN monolayers,
an optically robust substrate is needed, which disqual-
ifies the popular 90 nm SiO,-Si substrates [8]. In this
work, we used fused silica, whose reported bandgap
energy ranges between 7 and 9 eV, which is compar-
able to 7.7 = 0.5 eV of hBN monolayers. Al,Os is also
disqualified here as it has a Raman peak at 1356 cm ™!
that overlaps with that of the hBN monolayers (see
section S1). The hBN monolayers were grown on
500 nm-thick Cu(111) on c-plan AL, O3 substrates
by hot-wall CVD using ammonia borane (97%) as
the precursor. The as-grown monolayer hBN film
was detached from the Cu(111)/Al,0; substrate by
electrochemical delamination using a poly(methyl
methacrylate) (PMMA) film and a thermal release
tape (TRT) as the supporting layer. After detach-
ment, the TRT/PMMA/hBN stacked film was placed
on a fused silica substrate. The TRT and PMMA film
were finally removed by baking and hot acetone, leav-
ing behind a monolayer hBN film on fused silica.
PMMA residue was further removed using rapid
thermal annealing at 400 °C for 1 min under a 6 torr
forming gas (5% H, and 95% nitrogen). Further
details of the growth and transfer can be found
in [17].

2.2. Laser ablation and patterning setup

The laser employed in this experiment is a Coherent
RegA 9000, producing 800 nm 160 fs pulses with
a pulse energy stability of ~0.5%. A circular ND
filter wheel was used to control the pulse energy.
For single-pulse experiments, the laser was operated
at 300 Hz and a fixed number of pulses (between
1 and 10 k pulses) were selected using a mechan-
ical shutter. The laser pulses were focused through a
0.26-NA Mitutoyo NIR microscopy objective (unless
otherwise specified) onto the front sample surface.
An Aerotech translational stage (ANT-50L, encoder
resolution 10 nm, straightness/flatness +2 pm) was
used for positioning the sample at the laser focus
and for moving it between shots. For line scan-
ning experiments, the laser was operated at 100 kHz
and focused through a 0.9-NA Leitz objective. The
sample was translated at 100 ums~! using a Newport
9063-XYZ translational stage (straightness/flatness 4
2 pm) equipped with a New Focus 8310 actu-
ator (encoder resolution = 55 nm) for focus con-
trol and two Newport 850-F actuators (encoder
resolution = 50 nm) for lateral positioning.
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2.3. Imaging

The ablated features were imaged using several
modalities. For low-resolution imaging, an optical
microscope (Olympus BX-51) in differential interfer-
ence contrast (DIC) mode was employed. For high-
resolution imaging, a field-emission scanning elec-
tron microscope (Raith 150) was used with an accel-
eration voltage between 1 and 5 kV to avoid charging
(samples were not metallized). To confirm the mono-
layer is removed, an atomic force microscope (Veeco
Nanoscope Illa) operated in tapping mode with a tip
diameter of 10 nm was used. The open-source soft-
ware Gwyddion was used for atomic force microscopy
(AFM) image processing. For graphene and MoS,, the
ablated features were imaged optically in bright-field
mode. Practically, DIC is the simplest method but the
contrast sometimes can be an issue. Scanning electron
microscopy (SEM) provides high resolution images if
substrate charging can be mitigated. AFM provides
the highest depth resolution but is slow and suffers
PMMA residues remaining from the transfer process.

2.4. Raman, photoluminescence (PL), and
UV-vis-NIR absorption spectroscopy

For material analysis, Raman and PL spectra were
collected using a home-built epi-luminescent micro-
scope with a 0.9-NA (Olympus 100x) objective. A
dichroic filter (Long pass 532 nm, Iridian ZX827)
was used to separate the 532 nm continuous-wave
excitation (Lasos GLK 3250 T01) from the Raman/PL
signal. The signal was then coupled into a 200 ym
fiber and detected using an imaging spectrometer
(Horiba iHR-550) with a liquid nitrogen cooled
charge-coupled device (CCD, Symphony). In the lit-
erature, the vast majority of Raman studies of hBN
monolayers were conducted on 90 nm SiO,/Si sub-
strates, where the etalon effect enhanced the signal
strength [13]. On transparent substrates which lack
the etalon enhancement, the Raman signal strength
is extremely weak, which prompted us to use a high
laser power (~5 mW) and long integration time
(~20 min). To further increase the signal-to-noise
ratio, a larger focused beam radius (w, = 1.16 pm)
was used, which compromises the spatial resolution.
The UV-vis-NIR absorbance spectrum was collected
using a Shimadzu UV2600 spectrophotometer with
the hBN monolayer in the sample arm and a blank
fused silica substrate in the reference arm.

2.5. Fidelity analysis of ablated features

To quantify the fidelity of laser ablation, i.e. the
how well the ablated shape matches the focused laser
beam shape, we calculate the percentage area mis-
match between the ablated features and the scaled
focused laser beam profile. The former was imaged
via either OM or AFM, while the latter was imaged
usinga 0.8 NA 100 x objective and a CCD (WinCamD
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UCD?23). For the fidelity analysis, the laser beam pro-
file was scaled to match the ablated features, from
which the area difference (in terms of pixel counts)
between these two were computed. The above differ-
ence was normalized to the ablated area yielding the
percentage area mismatch. For more details, refer to
section S2.

3. Results and discussion

3.1. Breakdown threshold and reproducibility

Figure 1(a) shows SEM, DIC and AFM images of an
array of holes in a hBN monolayer on fused silica
ablated with incident pulse energies of 620, 560, 508,
448 and 409 n] (from top to bottom). The scal-
ing of the hole size with the pulse energy is evid-
ent and consistent across different imaging mod-
alities. These pulse energies were converted to the
peak internal fluences (in J cm~2) following F = 200 -
n*E/mw?, where 7 = 0.66 is the field enhancement
factor due to the etalon effect [13], E is the incident
pulse energy (in nJ), and w, is the focused Gaussian
beam waist (in pm). Figure 1(b) displays the hole
area A as a function of the peak internal fluence F
for three modalities. The data were fitted to Liu’s
equation A = (7 /2)w?In(F/Fy,) to extract the break-
down threshold fluences Fy;, [18], which are 0.69,0.71,
0.71 ] cm~2 for DIC, SEM, AFM modalities, respect-
ively, yielding an average value of 0.70 40.01 J cm 2.
This number is the largest among all 2D materials,
which is 8x (10x) higher than that of WS, (MoS;)
monolayers [19]. Substrate damage was observed for
F > 1.5F (or 1.1] cm™2), evident as a central darker
spot in AFM and a brighter spot in DIC images.

To assess the reproducibility of the breakdown
thresholds, the above procedure was repeated across
the same sample on different days. Figure 1(c) shows
the statistics of the retrieved Fy; based on DIC.
Experiments #2 and #4 have multiple runs on the
same day on remotely separated locations in the
sample, which has a spread of 4% and 2%, respect-
ively. Over different days, the spread can be as large as
14% (or +7%). This number is on par with the 10%
reproducibility reported for nanosecond-picosecond
laser ablation [20]. The reproducibility of Fy, is influ-
enced by many factors. The small spread of Fy, in
experiments #2 and 4 indicates the sample is quite
uniform across the substrate in terms of film quality
(e.g. defect density, strain field, etc), PMMA residue,
and substrate imperfection (e.g. roughness, cracks,
grooves, pores, etc). These set the lower limit of the
reproducibility. The remaining spread is most likely
due to the irreproducibility of laboratory conditions
such as laser beam quality (e.g. beam size, pulse
width, chirp, etc) and the humidity and temperature
of the room.



I0OP Publishing

2D Mater. 10 (2023) 045029

ST Ahmad et al

SEM DIC AFM
() " T T T ——T I(l:;)_ ~ 0.8 T T T T T ©
% OM DIC 4 8
. 28F O AFM =3 - S 4
g 24} —4— SEM g 8
8 20 F 2 0.7+ & ] ° 1
= 16} = B =
2 =t 1
2 12r Z
=2 e
8t 7 % 0.6F _
AR oo °
o | ©
i ¢ 0.6 0.8 1 12 1.6 2 1 2 3 4 5
15 um Internal peak fluence (J/cm?) Experiment number

Figure 1. (a) SEM, DIC and AFM images of the same ablated features in a hBN monolayer on fused silica, produced with a laser
beam radius of ~4 pm and with decreasing pulse energy from top to bottom. The scale bars are 15 pim. (b) A linear-log plot of
ablated hole area vs. internal peak fluence for three imaging modalities. (c) Reproducibility of breakdown thresholds on the same
sample over different days and geographic locations across the sample.
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Figure 2. (a) Ablated hole in hBN on fused silica with an internal peak fluence of 0.86 ] cm~2. The focused laser beam radii
(1/€*-intensity) is 6.32 pum. The white particles of varying shapes and sizes are PMMA residue from the transfer process. The inset
shows the laser beam image captured via CCD. (b) Cross-sectional line profile of a 1.2 nm thick stripe of (a) represented by the
dotted line. Green arrows indicate the edge of the hole. (c) Histogram of height data of (a) inside the hole (blue data) and region

outside the hole (red data). (d) Raman signals collected across (a). The signals correspond to colored markers in (b).

3.2. Evidence of clean removal

Figure 2(a) shows an ablated hole in hBN obtained
with an internal peak fluence of 0.86 ] cm=2 (F=
1.27 Fy,), whose cross-sectional height profile (aver-
aged over a horizontal strip of 1.2 nm wide) along
the dashed line is displayed in figure 2(b) with green
arrows indicating the edges of the hole. Figure 2(c)
shows histograms of AFM height data within the hole
(blue trace) and of the pristine film (red trace). The
blue trace appears noisier than the red because of
fewer pixels for statistical averaging. The difference in
the peak positions indicates a film height of ~1.3 nm,
which is consistent with the literature value of 0.3—
2.8 nm for hBN monolayers [1, 8]. The width of the
histogram for the hole is 1.95 nm, which is slightly
larger than 1.76 nm of the pristine film, suggesting
that the hBN film acts like a carpet to hide the sur-
face roughness of the underlying bare substrate. The

surface roughness inside the hole (figure 2(c)) is the
same as that of the bare substrate (see section S3),
indicating the monolayer is removed without dam-
aging the substrate at this fluence.

Figure 2(d) displays Raman spectra taken across
the hole in figure 2(a), with each spectrum dis-
placed vertically for clarity. The color-coded circles in
figure 2(b) mark the positions where the Raman sig-
nals were collected. The common features of a broad
peak at ~1185 cm™! and a smaller one at 1553 cm™!
are attributed to the fused silica substrate (see section
S1). The Ey4 in-plane optical phonon Raman peak
at 1367 cm ™! is weak yet clearly resolved and con-
sistent with literature values of 1366—1370 cm ™! for
hBN monolayers [1, 21]. This peak vanishes within
the hole (traces #5-7), indicating a clean removal of
the film by the ablation process. The Raman spectra
near the border of the hole (traces # 3, 4, 8, 9)
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Figure 3. (a) An ablated hole in MoS, monolayer flakes displaying smooth edges, and (b) an ablated hole in graphene monolayer
film displaying folding around the edges. Both results were performed on 90 nm SiO,-Si substrates [13] with a laser beam waist of
2.2 pm. The insets show the laser beam images captured via CCD. (c) Calculated percentage area mismatch vs internal peak
fluence (in units of Fy,) data for hBN, MoS;, and graphene. (d) Illustration (not to scale) of different crack propagation in hBN
(MoS;) and graphene.

show no new peaks or frequency shifts of existing
peaks within our detection limit. The absence of new
peaks is in sharp contrast to a previous report [8], in
which a new Raman peak at 1295 cm~! correspond-
ing to cubic boron nitride (cBN) nano-crystals was
observed when the ablation was incurred by 80 MHz
nano-joule femtosecond pulses. Frequency shifts, if
they exist, would indicate the presence of strains ori-
ginating from vacancies and lattice disorder intro-
duced by the ablation, which was observed in Mo§,
monolayers [19]. The lack of such changes reveals that
hBN monolayers remain pristine around the edge of
the ablated hole, even at an intensity close to the
breakdown threshold.

3.3. Patterning fidelity

Figure 2(a) reveals that the circumference of the
ablated hole matches the laser beam shape. A similar
result was obtained for MoS, monolayer (figure 3(a)).
This is in stark contrast to graphene, which exhib-
its petal-like folds outwards away from the ablated
hole (figure 3(b) or [22] for a demonstration with
a stronger contrast). Graphene folding was found
universally on supporting substrates, possibly due
to the rapid substrate expansion during the laser
heating [22], which makes high-fidelity patterning of
graphene difficult using femtosecond ablation [23].
To quantify the fidelity, the percentage area mismatch
is calculated (see section S2) and plotted as a func-
tion of the internal peak fluence (in units of Fy,) for
graphene, MoS,, and hBN (figure 3(c)). As shown,
the percentage area mismatch is comparable for hBN
and MoS, monolayers but is 4x smaller than that of
graphene. We attribute this sharp contrast in fidelity
to their different fracture toughness, which is the abil-
ity of a material to resist catastrophic fracture [24, 25].
Take graphene and hBN as examples. The removal
of atoms in the film via laser ablation introduces

compressive stress on the edge of the film [26] and
cracks initiate from stress concentration sites. For
graphene, the cleavage of the bonds results in two
identical zigzag edges. Because of this symmetric edge
stress, the crack tip propagates along a straight line
over a longer distance (i.e. low fracture toughness)
[27]. Upon the fast substrate expansion induced by
the laser heating, the remaining graphene between
two adjacent cracks fold [22], leading to the higher
area mismatch and lower fidelity (figure 3(d)). For
hBN, the situation is entirely different [25]. The cleav-
age of h-BN bonds results in two different types of
zigzag edge: a B-terminated edge (B-edge) and an
N-terminated edge (N-edge), of which the B-edge
has twice the edge stress than that of the N-edge
[25]. Because of this asymmetric edge stress, the crack
tip bifurcates first and then deflects from its ori-
ginal propagation direction, and consequently the B-
edge and N-edge swap their positions relative to the
crack tip owing to their three-fold symmetry [25].
Cracks propagate via repeated deflection and some-
times branch, dissipating substantial energy to form a
high density of localized damage close to the edge of
the hole (i.e., high fracture toughness). Experiments
have shown hBN has a fracture toughness up to 10x
higher than graphene [25, 27]. The same fracture
physics can be applied to other heterogeneous 2D
crystals with three fold symmetry such as MoS, [25],
which is supported by our data in figure 3(c). Our res-
ult indicates femtosecond laser patterning of hBN and
MoS; has high fidelity and can generate deterministic
features.

3.4. Role of defects in optical breakdown

Figure 4(a) compares the surface breakdown
threshold of PMMA (2.0 J cm™2) and ALO;
(4.7 J cm™?) (see section S4) and the breakdown
threshold of hBN (0.7 J cm~2). For the purpose of
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Figure 4. (a) Breakdown threshold vs. bandgap (see section S4) for hBN monolayer, A, O3, and PMMA, obtained in this work.

Also included are data (red triangles) from [28] for comparison.
spectrum subtracted) spectra of hBN monolayer on fused silica.

(b) UV-vis-NIR absorbance and Raman (as inset, with substrate
(¢) Multi-pulse breakdown threshold fluence vs. admitted pulse

number. (d) Normalized damage/breakdown threshold vs. initial defect density for selected defect bandgap energies. The inset

shows a schematic energy diagram.

discussion, it also displays breakdown threshold of
various amorphous thin films from [28]., measured
with a similar pulse width as ours. Their data, along
with other reports [29, 30], shows Fy, scales linearly
with bandgap energy. If we apply this linear scal-
ing to our PMMA and Al, O3, the red empty circle
is the interpolated Fy, ~ 3.8 ] cm™2 for a fictitious
bulk dielectric with a bandgap energy of 7.7 eV,
which is 5.4 times larger than our reported Fy of
the monolayer hBN. Physical imperfection on the
surface, such as sub-wavelength cracks, grooves, and
voids, were reported to lower breakdown threshold
of bulk dielectrics by a factor of 2—5 via electric field
enhancement [20]. This is likely not the case here, as
all our ablated holes are at the geometric center of the
laser beam and their shapes resemble the beam, even
though very fine surface scratches are present within
the hole (see the upper right corner of the hole in
figure 2(a)).

Atomic defects are also known to lower the break-
down threshold of bulk dielectrics. Defects could do
so mechanically by weakening bonds to destabilize
the lattice and by building up tensile pressure, which
was the proposed cause for a factor of 4 reduction
in extreme ultraviolet (XUV) ablation threshold of
LiF by molecular dynamic simulation [31]. Defects

could also do so electronically by seeding electrons
to the conduction band. It is generally accepted that
optical breakdown is initiated by seed carriers fol-
lowed by avalanche ionization [20]. In the absence
of defects, such seed electrons are generated from
photoionization of valence electrons. In the pres-
ence of defects, however, they can be background
carriers from shallow donors or derived from pho-
toionization of occupied intragap defect states. The
latter possibility was examined by Hellwarth, who
showed a deep-lying impurity density of 10'® cm~2
is required to lower breakdown threshold of polar
crystals [20]. With this in mind, we characterized
defects in our samples using various optical spec-
troscopies. PL spectra excited by 532 nm show no
distinction between hBN monolayer on fused silica
and bare fused silica (see section S5), revealing the
absence of vis-NIR radiative defects. The UV-vis-
NIR absorbance spectrum (figure 4(b)) shows a nar-
row exciton absorption band around 201 nm and
an absorption tail in the range of 215400 nm (3.1-
5.7 V). Similar absorption spectra from CVD-grown
hBN were reported earlier that were attributed to
optical transitions associated with common defects
in hBN, including substitutional carbon impurity on
nitrogen sublattice (Cy), the boron vacancy (Vj),
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the nitrogen vacancy (Vy), and the boron-nitrogen
vacancy (Vpn) [32, 33]. Our Raman spectrum dis-
plays a peak wavelength of 1367 cm~! and a FWHM
linewidth of 20 cm™! (see the inset in figure 4(b)).
The peak position is red-shifted with respect to
that of exfoliated monolayer supported on substrates
(~1369 cm™!), which we attribute to tensile strains
originating from these atomic defects [21, 34]. The
Raman linewidth is larger than that of exfoliated
monolayer on substrates (~10-13 cm™!), which we
attribute to inhomogeneously distributed strain fields
within the micrometer-sized laser spot, as the mono-
layer follows the substrate’s roughness [34]. As for
the defect density, transport studies have reported
a trap density anywhere between10'? —10Y cm~3
for exfoliated hBN [35, 36]. Given the defect dens-
ity can be 2-3 orders higher for CVD hBN [36],
this amounts to a maximum bulk defect density of
10" — 10 cm ™3, corresponding to a surface density
of 10'? — 103 cm ™2 for monolayer hBN and a mean
separation of 3—10 nm between defects. It is evident
that there are abundant defects interacting with the
laser pulse. If these defects were to lower the break-
down threshold, either mechanically or electronically,
then adding more defects should reduce it further. To
verify this hypothesis, we measured the multi-pulse
breakdown threshold Fy, (N) of our hBN monolayer
as a function of admitted pulse number N [19]. The
data is displayed in figure 4(c), revealing a very weak
dependence of breakdown threshold on the admitted
pulse number: Fy, (N) drops only by less than 10%
for 10 pulses compared to the single pulse. According
to the theory of incubation [37], as Fy, (N) is only
slightly smaller than F, (1), the first N — 1 pulses
in the N pulse train will surely add defects and yet
the N™ pulse needs a fluence comparable to Fy, (1)
to induce breakdown. This means all the defects cre-
ated by the leading N — 1 pulses do very little to lower
the breakdown threshold. This disapproves the above
hypothesis.

The conclusion is also supported by the numerical
modeling presented below. For simplicity, we con-
sider a bulk dielectric with pre-existing background
carrier density 7, and one intragap defect state with
an initial density ngy (see the inset of figure 4(d)).
Denoting the carrier density in the conduction band
as 1,, the initial valance band electron density as #,y,
the intragap defect density as 714, and the atomic dens-
ity as n,, the transient population evolution for #, and
n4 including saturation can be described by the fol-
lowing simple rate equation [38]:

dn, e
W — (W (Up) + War (Up) ] (1 - :vo)
+ [Wer (Ua) + War (Ug) ne] (nd) B %
d e
% :%7[WPI(Ud)+WA1(Ud)ne] (nj) (1)
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where U; and Uy are respectively the bandgap ener-
gies of the valence band and the intragap defect, 7.
is the carrier lifetime, and 74 is the carrier relaxation
time from the conduction band to the defect state. In
equation (1), Wp; (U) is the photoionization rate per
unit volume and W, (U) is the avalanche ionization
rate per conduction electron, for a transition across
a bandgap energy U. For the purpose of calculation,
we adopt Keldysh’s formula [39] for the former and
an avalanche model based on laser plasma heating for
the latter [40]. As this simple rate equation is known
to overestimate Al [41], we employ a fudge factor ~y
to slow it down. The total #, at the end of the pulse
is obtained by integrating equation (1) numerically
using 1,9, 140 and Uy as independent parameters (see
section S6 for details including simulation paramet-
ers). Breakdown threshold fluence Fy, is defined when
the peak total 7, at the center of the pulse equals 5%
of the valence electron density [42]. For this fictitious
bulk dielectric, y3p ~ 0.085 is determined by fitting
equation (1) to Fy, of 3.8 ] cm ™2, assuming no defects
are present.

The pre-existing background carrier concentra-
tion #, in our sample can be estimated as fol-
lows. Using a similar growth technique as ours,
Chen et al reported a resistivity of 529 Qcm for
monolayer hBN flakes [43]. Assuming an electron
mobility of 35 cm? (V-s)~! [44], this translates
to a background carrier density of 1, ~ 108cm™.
Numerically, we found this initial condition has no
influence on total #,. This can be understood as fol-
lows. Stuart ef al has shown that, assuming a tem-
porally flat pulse, equation (1) can be simplified to
define an effective photoionized carrier density as
Whr (Ug) J/War (Ug) [45]. This number is estimated
to be ~3.3 x 10> cm™? at the breakdown threshold
of this fictitious material (see section S6 for details),
which is 13 orders of magnitude lager than n,.
We conclude that background carriers from shallow
donors have no effect on Fy,. On the other hand,
the bandgap U, of these intragap defect states in
hBN can be estimated from density functional the-
ory. Wirtz et al showed that Cy, V3, and Vpy have
occupied states very close to the valence band with
U, < 7€V, while Vi has an occupied mid-gap state
with Uy = 4.1 eV from the conduction band edge.
Figure 4(d) displays calculated Fy,, normalized to
the intrinsic threshold of 3.8 ] cm ™2, as a func-
tion of initial defect density n4 for selected defect
bandgap energies U,. As shown, even for the worst
case of nyy = 10cm™3, the breakdown threshold
stays nearly the same for 4 < U; < 7eV. We con-
clude that intragap defect states have a negligible
effect on Fy, either. We note that, even though the
choices of Wp(U) and a 5% critical carrier dens-
ity for breakdown are somewhat arbitrary, the con-
clusion drawn from this analysis is robust against
variation in these parameters (see section S6 for
details).
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Figure 5. AFM images of patterned hBN using femtosecond laser: (a) an isolated hole, (b) an array of holes, and (c) an array of line
cuts with decreasing hatching distance. The bottoms of (a) and (c) are a cross-sectional AFM height profile and column-averaged
cross-sectional AFM height profile, respectively, and the bottom of (b) is the zoomed-in of the dashed box. See text for details.
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3.5. Enhanced carrier generation in hBN
monolayers

Our multi-pulse threshold experiment (figure 4(c))
and modeling (figure 4(d)) show that defects alone
cannot explain the 4-5x reduction in Fy, of hBN
monolayers compared to their bulk equivalent. We
conclude this reduction is intrinsic, i.e. carrier genera-
tion in hBN monolayer is more efficient. For example,
assuming Wp; (U) is the same for 2D and 3D dielec-
trics and fitting equation (1) to Fy, of hBN monolayer
~0.7 ] cm ™2, we obtain y,p ~ 2, which is 24x lar-
ger than y3p ~ 0.085. In reality, both photoionization
and avalanche ionization in hBN could be enhanced.
Enhanced 2-3 multiphoton interband transitions in
monolayer MoS, was reported earlier [46—48]. For
hBN, Ji et al has reported enhanced 2-photon absorp-
tion to exciton states at wavelength A = 400 nm and
enhanced 3-photon absorption to the defect states
at A = 600-800 nm in a 5-layered hBN [33]. Such
processes could possibly contribute to an enhanced
interband transition, albeit it can be challenging to
detect. In contrast to multiphoton absorption, there
is no literature report on avalanche ionization in
2D materials, although its reverse process—Auger
recombination—has been studied. Auger recombin-
ation rates in transition metal dichalcogenide mono-
layers were shown 10-10°x larger than bulk mater-
ials due to enhanced Coulomb interaction among
electrons [49, 50]. These findings imply avalanche
ionization may possibly be enhanced in 2D materials
as well.

The above finding has strong implications for
future work involving strong-field interaction with
2D materials. As substrates are practically neces-
sary to support 2D materials, it is intuitive to use
a substrate with a large bandgap to avoid optical
damage. The data in figure 4(a) eliminates this

constraint and enables the use of lower-bandgap
materials with additional desired merits. For example,
diamond has a lower bandgap (~5.5 eV) and 10x
better thermal conductivity than hBN. In the quest
for high harmonic generation in hBN, it may thus
be advantageous to use diamond substrates to dis-
sipate heat efficiently and avoid thermal damage
under repetitive high intensity excitation. As another
example, Stemme et al have demonstrated high-speed
(50 mm s~!) and high-spatial-resolution (100 nm)
patterning of PtSe,, MoS,, and graphene using a com-
mercial femtosecond two-photon 3D printer [14].
Low-cost borosilicate glass wafers with a bandgap
energy of 3—4 eV can serve as the supporting sub-
strates for large-scale laser pattering of hBN instead
of more expensive Al,O; or fused silica.

3.6. Sub-micron resolution patterning

By using a 0.9-NA objective and a fluence close to
the breakdown threshold (F=1.1Fy,), figure 5(a)
shows an AFM image of a hole with a diameter of
~500 nm in hBN. This sets the resolution of the
material removal (i.e. the minimum hole diameter
or the line cut width). Figure 5(b) shows an array of
holes ablated with a fluence of 1.75F, and a 0.55-
NA objective. The periodicity is 1 pm and the aver-
age diameter of the holes is 830 nm. The zoomed-
in AFM image (bottom) shows left-over film width
of ~76 nm between two adjacent holes. Figure 5(c)
shows an AFM image of an array of line cuts obtained
with a fluence of ~1.5F, and a 100 um s~! scanning
speed, rendering a line cut width of 330 nm. The bot-
tom plot displays a column-averaged cross-sectional
height profile obtained by stacking all columns and
then dividing it by the number of columns to remove
low-frequency spatial noise. The hatching distance
starts at 1 ym and decreases by 50 nm per line, leading
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to a gradual decrease of the strip width. The PMMA
residue is more pronounced in this region of the
sample, especially along the edges of the stripes, which
suggests these PMMA particles may have aggregated
upon laser irradiation. These aggregates lead to the
fork-like features in the height profile, which evolve
into peaks for very small hatching distance of the
laser beam. The stripes display width variation and
edge roughness due to the finite positioning stability
of the translation stage in the depth and lateral dir-
ections, which was hampered by the cross coupling
from the moving vertical axis. The horizontal dashed
lines delineate the top and bottom of the film, from
which the narrower stripe width is determined to be
~240 nm. When the hatching distance is too small,
hBN stripes become partially removed due to the pos-
itioning instability. Holes and line cuts demonstrated
in figure 5 form the basic building blocks for more
sophisticated structures and have plenty of room for
improvement: Ablation resolution can be improved
by using a shorter wavelength, narrower strip width
can be obtained by a more stable translational stage or
employing beam shaping techniques [12], and higher
throughout can be obtained using a galvo scanner
[14]. Moreover, a more effective recipe for clean-
ing PMMA residue [9] or a residue-free transferring
agent such as PDMS [51] can be adopted to improve
surface cleanness.

4. Conclusions

In conclusion, we report the first systematic study
of dielectric breakdown of CVD-grown hBN mono-
layers induced by single femtosecond laser pulses.
With its highest quasiparticle bandgap energy, hBN
monolayers was found to have the largest intrinsic
breakdown threshold fluence of 0.7 J cm™2, which
is 7-8x higher than that of WS, and Mo$S; mono-
layers. Raman spectra indicated hBN was com-
pletely removed within the ablated hole and remained
pristine in the surrounding of the hole, while AFM
revealed substrate stayed intact for F < 1.5F. In
addition, optical and atomic force microscopies reveal
that the ablation features exhibit excellent fidelity
with very small edge roughness, which we attrib-
ute to its ultrahigh fracture toughness as a result of
its heterogeneous nature with three-fold symmetry.
Moreover, even though defects are known to be
abundant in CVD-grown hBN, its multi-pulse break-
down threshold was found only marginally lower
than that of the single pulse, indicating nonlinear
optical breakdown in hBN is intrinsic, i.e. not affected
by defects. This conclusion is supported by numer-
ical modeling based on simple coupled rate equations
incorporating defects. Furthermore, we found hBN
monolayers have a 4-5x lower breakdown threshold
than their bulk counterpart with the same bandgap

ST Ahmad et al

energy. As defects cannot be responsible for such a
reduction, such a reduction can only be understood
if the carrier generation in monolayers is enhanced
due to its 2D nature. Specifically, our theory reveals a
maximum 24 x enhancement of avalanche ionization
efficiency is possible. This finding enables low-cost
substrates with a smaller bandgap to support hBN
for wafer-scale laser patterning. Finally, we demon-
strate laser patterning of array of holes and lines in
hBN with sub-wavelength feature sizes, which serve
as basic building blocks for more sophisticated pat-
terns. We consider that the findings presented in this
work could advance the understanding of the fun-
damental properties of monolayer h-BN, especially
in the optical breakdown limit. Moreover, our work
firmly establishes the femtosecond laser as a novel and
promising tool for one-step resist-free patterning of
hBN monolayers with high fidelity.
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files).
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