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ABSTRACT

The understanding and controlled creation of atomic defects in semiconductor transition metal
dichalcogenides (TMDs) are highly relevant to their applications in high performance quantum
optics and nanoelectronic devices. Here, we demonstrate a versatile approach in generating single
photon emitters in MoS, monolayers using widely attainable UV light. We discover that only
defects engendered by UV photons in vacuum exhibit single photon emitter characteristics,
whereas those created in air lack quantum emission attributes. In combination with theoretical
calculations, we assign the defects generated in vacuum to unpassivated sulfur vacancies, whose

highly localized mid-gap states give rise to single photon emission. In contrast, UV irradiation of



the MoS, monolayers in air results in oxygen-passivated sulfur vacancies, whose optical properties
are likely governed by their pristine band-to-defect band optical transitions. These findings suggest
that widely available light sources such as UV light can be utilized for creating quantum photon

sources in TMDs.
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INTRODUCATION

The field of semiconductor science is intimately intertwined with defect physics. The device
application of a bulk semiconductor relies closely on the understanding and precise control of its
intrinsic defects, which are often deemed detrimental to device performance.! On the other hand,
defects have been used for deliberate functionalization of semiconductors, particularly in their low
dimensional structures.?> Defects with tailored electronic structures in two-dimensional transition
metal dichalcogenides (TMDs) have been used for nonvolatile memristors,® efficient photon
upconversion,” and high performance catalysis.® ® Among the various opportunities enabled by
defect engineering, the controlled creation of quantum photon sources in TMDs has attracted
considerable interest, primarily because the particular characteristics of the TMDs such as their
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large exciton binding energies'® and natural suitability for device integration render them

prime host materials for large-scale quantum photon source arrays. Valley pseudospins in TMDs
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due to the confinement of charge carriers at the £ K valleys and high quality mechanical



resonances owing to their ultralow mass!> '® lend additional degree of freedom for interfacing

photonics with valleytronics and optomechanics.

Quantum defects in TMDs that support single photon emission can be intentionally introduced via
local strain modification.!”?® While this approach is viable for the scalable creation of quantum

defects in TMD monolayers,'”!’

it offers limited spatial precision and requires auxiliary
mechanisms to induce local strains.?! Focused ion beam irradiation, in which ion-beams with
landing energies on orders of tens to hundreds of keV are used to bombard TMD monolayers,
provide an alternative approach for creating quantum defects with high spatial precision.?!-?
However, the scalability of this method can be hindered due to the requirement of complex
instrumentation. Progressing from these achievements, a scalable approach that allows the

generation of quantum photon sources in TMDs with high spatial precision while utilizing easily

accessible laboratory instruments is highly desirable.

Indeed, recent advances in the understanding of defect structures allude the possibility of an
entirely different avenue for creating quantum photon sources in TMDs. Specifically, single
photon emitters (SPEs) in TMDs have been discovered to be primarily associated with chalcogen
vacancies,?* ?° the formation energies of which are merely a few eV, much smaller than those of
the corresponding transition metal vacancies in these materials.?* 2% %7 As such, activation energies
provided by in-vacuo high temperature annealing are sufficient for creating sulfur vacancies in
MoS> monolayers.?> ?° It is therefore conceivable, and alluring at the same time, to create such
quantum defects by leveraging nowadays mature lighting technologies that afford ample options
for generating electromagnetic waves with precisely controlled photon energies, powers and

profiles.?®?° Yet it remains to be answered if photon energies are sufficient for creating relevant



quantum defects suitable for single photon emission, and the associated conditions that are

necessary for their controlled generation.

Driven by these open questions and the quest for more versatile SPE generation approaches, in
this study, we explore the viability of creating SPEs in TMDs using widely available light sources.
We apply high energy photons, namely UV light, to irradiate MoS2 monolayers and demonstrate
the formation of quantum defects capable of single photon emission. We find the success of this
approach relies critically on the irradiation environment: only defects that are engendered in
vacuum exhibit SPE characteristics, whereas those created in ambient air conditions do not support
single photon emission. Combining the optical features of the UV-induced defects with density
functional theory (DFT) calculations, we attribute the quantum defects generated in vacuum to
pristine sulfur vacancies, whereas those in air to oxygen-passivated sulfur vacancies. These
findings highlight the feasibility of creating SPEs in TMD monolayers through a scalable, easy-
to-implement approach, namely UV illumination in controlled atmosphere. When combined with
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nowadays sophisticated lighting and optical lithography techniques, photon irradiation is

poised to serve as a powerful alternative for controlled SPE creation in TMDs.

RESULTS AND DISCUSSION

MoS: monolayers used in this study were prepared by mechanical exfoliation of their bulk crystals
followed by encapsulation with hBN multilayers, forming hBN/MoS»/hBN heterostructures.>® 3!
UV irradiation of the heterostructures was performed at room temperature by placing the samples

in a cryostat, which allowed control of the local atmosphere surrounding the heterostructures. All

optical measurements were performed at 5 K unless otherwise stated. Fig. 1b shows the optical



spectrum of a representative heterostructure prepared in ambient conditions without UV treatment
(Fig. la). Two prominent photoluminescence (PL) peaks at 1.95 eV and 1.92 eV, each
characteristic of the free neutral excitons (Xo) and trions (T),*? respectively, can be observed. To
minimize the influence of pre-existing defects in the MoS> monolayers, we mainly utilize samples
that exhibit negligible defect emission before UV irradiation. Upon UV illumination of the
heterostructures in vacuum (Fig. 1c), we observe a transition in the optical properties in certain
areas of the samples, and most notably, the emergence of bright, localized emission spots
exhibiting sharp PL peaks, as exemplified in Fig. 1d-1f. We refer to these irradiation-induced peaks
as Xvacuum. We observe consistent and reproducible results across multiple samples and numerous
bright spots created in vacuum. Most of these Xvacuum peaks appear at energies of around 1.75 eV,

although additional sharp peaks centering at around 1.67 eV and 1.82 eV are also observed (Fig.
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Figure 1. (a) llustration of a hBN/MoS2/hBN heterostructure in air. (b) PL spectrum of the
heterostructure measured at 5 K. (c¢) [llustration of a hBN/MoS»/hBN heterostructure in vacuum
irradiated by UV light. (d — f) Exemplary PL spectra of hBN/MoS>/hBN heterostructures
irradiated by UV in vacuum. (g) Energy distributions of the Xyacuum peaks created in vacuum.

(h) Histograms of PL linewidths of the Xyacum peaks created in vacuum and the Xair peaks

generated in air.



1g). The mean linewidth of the UV-induced Xyacuum peaks is 6.5 £ 0.61 meV, with a minimum

value of 2.3 meV (Fig. 1h).

Further careful inspections of the Xyacuum peaks suggest that they originate from localized mid-
bandgap states. Firstly, they demonstrate PL saturation at high excitation powers. As shown in Fig.
2a and 2b, the PL intensity of the UV irradiation induced sharp Xyacuum peak at 1.76 eV saturates
at high excitation powers (Fig. 2b, yellow), while that of the free excitons and trions still remains
linear in this pump power range (Fig. 2b, black). This kind of PL saturation behaviour is commonly
observed for localized energy states and is likely associated with ultrafast multi-exciton
interactions such as Auger effects in highly confined systems.?? 3% 34 Secondly, the Xyacuum peaks
possess much longer lifetimes than the delocalized free excitons and trions (Fig. 2¢ and 2d). By
fitting the decay curves of 20 Xyacuum peaks, each with a double exponential function while
deconvoluting the instrument response function, their average lifetime is estimated to be 118 +
16.5 ns (Fig. 2f, orange), three orders of magnitude longer compared to the average delocalized
free exciton and trion lifetime (212 £ 51.4 ps, Fig. 2f, black). Such long PL lifetimes have been
observed for defects in TMDs,'> 2 and is again indicative of the localized electronic origins of
these UV-induced peaks. Within the effective-mass approximation,® the oscillator strength of a
(quasi-) two-dimensional exciton can be approximated as the sum of the oscillator strengths of all
the unit cells that contribute to the optical transition.>> > Compared to the delocalized free excitons
and trions, highly confined excitons resulting from localized electronic states possess much smaller
oscillator strength, which would lead to longer PL lifetimes compared to the free excitons and
trions. Finally, more direct evidence of the quantum confined nature of these irradiation-induced
Xvacuum peaks is provided by the second-order photon correlation measurements. Fig. 2g shows a

representative autocorrelation function obtained from a Xyacuum peak, and the area ratio between



the center peak and the side peaks is estimated to be 0.22. This kind of photon antibunching can
be repeatedly observed for various Xvacuum peaks, and their area ratios vary between 0.05 to 0.42,

yielding an average value of 0.20 + 0.07. We believe that the variation in the area ratio is due to
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Figure 2. (a) Normalized excitation power-dependent PL spectra of a heterostructure irradiated
by UV in vacuum. (b) Normalized excitation power-dependent PL intensities of the UV-
induced Xvacuum peak at 1.76 eV (yellow circles) and the free excitons and trions (black
diamond) in (a). The gray lines are fits to the data. (c — ) Representative PL decay curves of
free excitons (Xo) and trions (T) (c), a UV-induced Xyacuum peak (d), and a UV-induced Xair
peak (e). Dashed lines in (d) and (e) are biexponential fits to the decay curves by deconvoluting
the instrument response function. (f) Distributions of the average lifetimes of the free excitons
and trions (black), Xvacuum (yellow) and Xair (red) peaks. (g) Second-order photon correlation
trace of a UV-induced Xvacuum peak.



contributions from backgrounds. These could include free exciton/trion emission, crosstalk
between the two single photon detectors, and laser leakage. The observation of photon

antibunching from these new states explicitly suggests their SPE nature.

In light of the SPEs generated upon UV irradiation, we continue to investigate their origins by
studying the influence of the irradiation environment. Fig. 3a-3d show an exemplary case of a
heterostructure illuminated in air for various amounts of time. Similar to the samples irradiated in
vacuum, the originally dim yet uniform PL emission from the heterostructure increases with the
UV irradiation time, accompanied by the emergence of bright, localized emission hotspots
distributed over the entire monolayer (Fig. 3c and 3d). Yet different from the case of UV irradiation
in vacuum, the PL spectra in these notably brighter areas generated in air indicate the introduction
of broad PL peaks at around 1.77 eV and 1.70 eV (Fig. 3e, right). We denote these notably broader,
UV-induced new peaks in air as Xair, Whose average linewidth is determined to be 47.3 + 1.0 meV,

much broader compared to those of the Xyacuum peaks (Fig. 1h).

Aside from the drastically distinct spectral linewidths and emission energies of the Xair and Xvacuum
peaks created in the two types of environments, the UV irradiation time required to generate the
peaks is also profoundly different. A set of PL spectra of a heterostructure irradiated in air for
various amounts of time is shown in Fig. 3f. Care is taken to ensure that the PL spectra were
recorded from the same spot on the sample and under similar measurement conditions. The broad
Xair peaks start to emerge within one hour’s irradiation time and rapidly outcompete the free
exciton and trion peaks, becoming the dominant features in the PL spectra. To quantitatively reflect
the evolution of the PL spectra with the UV irradiation time, we evaluate the integrated PL
intensity ratios (Ip/lp) between the Xair peaks (In) and the free exciton and trion peaks (Io) as a

function of the illumination time, as shown in Fig. 3g (see Fig. S1 for a magnified view). The



intensity ratio increases slowly in the first hour, and then follows increasingly steeper slopes until
it reaches a plateau in around a few hours’ time. In stark contrast, under similar UV irradiation
conditions, it typically takes more than one day’s continuous UV irradiation to generate the sharp
Xvacuum peaks (Fig. 3h), suggesting the much larger activation energies required to create the new
states in vacuum. It is worth mentioning that the Xvacuum peaks can still be observed at cryogenic
temperatures after the heterostructures are exposed to air, suggesting that the irradiation-induced

electronic states remain stable in air. Another drastic contrast between the two types of peaks
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Figure 3. (a) Optical micrograph of a representative MoS> monolayer before it is encapsulated
by the hBN multilayers. (b - d) PL images of a hBN/MoS»/hBN heterostructure after being
illuminated by UV in air for various amounts of time. The integration times of the PL images
are all 5 s. (e) Illustration of a hBN/MoS2/hBN heterostructure in air irradiated by UV (left)
and its PL spectrum at 5 K (right). (f) UV irradiation time-dependent PL spectra of a
heterostructure in air. The vertical dashed lines indicate the energies of the free excitons, trions,
and the irradiation-induced Xair peaks. (g) The integrated PL intensity ratios (In/lo) between the
Xair peaks (Ip) and the free exciton and trion peaks (Io) as a function of the illumination time
for a heterostructure irradiated in air. The gray line is a guide to the eye. (h) The integrated PL
intensity ratios (Ip/lp) between the Xvaccum peaks (Ip) and the free exciton and trion peaks (Io)
as a function of the illumination time for a heterostructure irradiated in vacuum. The gray line

is a guide to the eye. Note the x-axis is in a logarithmic scale.



suggesting their different origins is revealed by second-order photon correlation measurements, in
which the Xair peaks, including those generated in the early stage of illumination, do not exhibit

photon antibunching behaviour (Fig. S2) as was observed for the Xvacuum peaks (Fig. 2g).

It is worth mentioning that, despite the many contrasting optical characteristics of the two types of
low-energy states generated in vacuum and air, they also exhibit certain shared features. Firstly,
the Xair peaks also show PL saturation at high excitation powers (see Fig. S3), similar to the Xvacuum
peaks (Fig. 2b). A second shared property observed for both the Xyacuum and Xair peaks is their long
exciton lifetimes (Fig. 2d-2f). The average lifetime from the measurements of 28 Xair peaks is
estimated to be 396 + 51.6 ns. These shared features of the UV-induced Xyacuum and Xair peaks,
namely their PL saturation at high excitation powers and long PL lifetimes, together with their
spatially localized emission and red-shifted emission peaks compared to those of the free excitons
and trions, attest their localized defect state origins. However, their apparently different emission
energies, linewidths, and activation energies, and most notably, their different photon emission
statistics, suggest that very different atomic structures and electronic states are likely responsible

for these two types of defect peaks.

To determine the atomic structures of the defects giving rise to the Xvacuum and Xair peaks, we
perform DFT calculations of a variety of the most relevant and abundant defect candidates.?! 37!
We consider the possibility of generating molybdenum vacancies using UV irradiation to be
relatively low given their much larger formation energies compared to the UV photon energies
used in this study (~ 5 eV).2"**! Our calculations show that pristine MoS> monolayers have a direct
band gap of ~ 1.75 eV at the K — K’ transition (see Fig. S4 for details), consistent with previous

DFT calculations for similar systems.?® The slight underestimation compared to the experimental

results has been noted before and is expected at this level of theory.*? Previous studies comparing
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DFT with more accurate methods (such as Go#y many-body perturbation theory) have shown that
the energy levels of localized defect states are relatively insensitive to the adopted electronic-
structure calculation method, but the energy levels of the delocalized band-edge states do show
large variations.*> For ease of comparison and to partially compensate the underestimated
bandgaps, we offset the calculated optical transition energies (£) by the bandgap of the pristine
MoS; monolayer (Exo), and we term their energy difference as AE = Exo - E. Fig. 4b shows the
calculated energy shift, AE, of the various types of pristine sulfur defects (see Supporting
Information S5 for details).*!* These sulfur-related defects should represent those generated in
vacuum upon UV irradiation due to the negligible influence of oxygen under this condition. We
note that the plotted oscillator strength of the optical transitions is normalized to one, so Fig. 4b is

indicative of the transition energies rather than the actual transition probabilities.

We offset the energies of the experimentally obtained PL spectra to that of the free neutral excitons
as well. Fig. 4a shows a normalized PL spectrum of a monolayer after being illuminated by UV in
vacuum. Together shown is a histogram of the Xyacuum peak energies, and they most often occur at
AE =0.11, 0.19, and 0.27 eV. For each of the experimentally observed major AE peak, the DFT
theory predicts optical transitions in similar energy ranges. The most abundant defect peak
emitting at around 1.75 eV (corresponding to AE = 0.19 eV in Fig. 4a) might be associated with
point defects such as di-S vacancies (V2s) and S adatoms next to S vacancies, while the S vacancies
(Vs) might be responsible for the AE = 0.11 eV defect peaks, agreeing well with those generated
by He-ion irradiations? (see Fig. S5 and Table S1 for details). However, an accurate association
of point defects with the major AE peaks is challenging given the level of accuracy we can achieve
from the DFT calculations. Nevertheless, these comparisons give a reasonable explanation of the

possible atomic origins of the defects. To gain a more thorough understanding of the electronic
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structures giving rise to the Xvacuum peaks, Fig. 4c presents the band structure and projected density-
of-states (PDOS) of a di-S vacancy (V2s) with the two S vacancies being adjacent to each other

(Fig. 4d). Compared to the band structure of the pristine MoS> monolayer (Fig. S4), the Vs defect
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Figure 4. (a) PL spectrum of a heterostructure irradiated by UV in vacuum (solid line) and the
peak distribution histogram of the irradiation-induced Xyacuum peaks (circles). Both are offset
by the free exciton energy. (b) Calculated optical transition energies of pristine S vacancies.
The energies are offset by the bandgaps of the MoS2 monolayers. (c) Band structure (left) and
PDOS (right) of a di-S vacancy (V2s) with the two S vacancies being adjacent to each other.
(d) Sketch of a UV-irradiation induced di-S vacancy (V2s) in vacuum. (e) PL spectrum of a
heterostructure irradiated by UV in air. (f) Calculated optical transition energies of oxygen-
associated S vacancies. (g) Band structure (left) and PDOS (right) of an O> molecule
chemisorbed on a S vacancy. (h) Sketch of an O, molecule chemisorbed on a S vacancy created

by UV irradiation in air. For clarify, the hBN layers are not included in (d) and (h).
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introduces a series of highly localized mid-gap states. K — K’ optical transitions between these
defect-induced localized states give rise to the peaks in Fig. 4b (orange upper triangles). We

observe similar band structures for the other pristine sulfur defects (Supporting Information S5).

When the MoS; monolayers are irradiated in air, consideration of oxygen’s presence becomes
necessary. Air pockets sandwiched between the stacked multi-layers can be created during the
sample preparation stage.*’ Therefore, for the potential atomic defects that could contribute to the
Xair peaks, we mainly consider a variety of commonly observed, oxygen-passivated sulfur defects
such as oxygen substituted sulfur vacancies (Os) and O molecules chemisorbed on sulfur
vacancies, as well as defect clusters.?”-*® Fig. 4e and 4f present the experimental PL spectrum of a
MoS> monolayer irradiated in air (Fig. 4e) and the simulated optical transitions arising from the
various types of oxygen-passivated sulfur vacancies (Fig. 4f), both offset by the free exciton
emission energies. Defect structures associated with the higher energy X.ir peaks (AE = 0.18 eV)
are mostly likely oxygen passivated sulfur vacancy clusters (Fig. 4f green circle, Fig. S6c-6e).
These passivated defect clusters can introduce a localized defect state in the valance band, with
main contributions from the substituting oxygens. On the other hand, the lower energy Xair peaks
(AE = 0.25 eV) are likely associated with chemisorbed O> molecules on S vacancies (Fig. 4f blue
circle, Fig. 4h). O2 molecules chemisorbed on S vacancies introduce highly localized electronic
states to the valence bands, while their conduction bands remain mostly unperturbed (Fig. 4g and
Fig. S6f). These assignments are in agreement with previous observations of disappearing broad
defect bands when MoS> monolayers were subject to in-vacuo high temperature annealing, likely

related to the desorption or even dissociation of the oxygen-passivated vacancies.?> 4

Taken together, we believe that although both the sharp Xyacuum peaks created in vacuum and the

broad Xair peaks generated in air originate from S-related defects, the former is primary associated
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with pristine, unpassivated S vacancies, whereas the latter have dominating contributions from
oxygen-passivated or -decorated S vacancies, consistent with previous observations of defects
generated by He-ion irradiaiton.?" 22 This is also in agreement with the drastically different
irradiation time required to generate them: since substitution processes are generally more
energetically favourable,*® it would take much less irradiation time to create the oxygen-passivated

S vacancies in air compared to that required for the pristine S vacancies in vacuum.

The very different atomic origins of the two types of PL peaks lead to their distinct optical
characteristics. While the existence of a larger variety of defect types in air and the associated
inhomogeneous effect may partially explain the much broader linewidths of the X.ir peaks, the
vastly different band structures of the defects generated in air and vacuum may also contribute to
their very disparate spectral linewidths. Specifically, different from the optical transitions
associated with the unpassivated sulfur vacancies (Fig. 4c and S4), where mostly defect-to-defect
band transitions are expected, the optical transitions of the oxygen-associated S vacancies happen
primarily between the delocalized pristine conduction band and the localized defect band (Fig. 4g
and S5). This kind of pristine band-to-defect band transitions have previously been observed for

defect-localized excitons in Wse, monolayers, '+

which typically leads to rather broad defect
emission peaks. We speculate that a similar mechanism is at play for the defects generated in air
in this study. The different bands participating in the optical transitions may also explain the
observation of single photon emission from the Xvacuum peaks, where only highly localized defect

bands are involved, whereas the lack of photon antibunching from the X.ir peaks might be

associated with the contributions from the delocalized pristine bands.

14



CONCLUSIONS

In summary, we demonstrate the creation of SPEs in MoS: monolayers via UV irradiation in
vacuum. In stark contrast, defects generated upon UV irradiation in air lack single photon emission
characteristics. Combining the experimentally observed spectral features of the two types of
defects with DFT calculations, we infer that those created in vacuum and giving rise to single
photon emission are most likely unpassivated sulfur vacancies, while the defects engendered in air
can be associated with oxygen passivated or decorated sulfur vacancies. These findings suggest
that activation energies provided by UV photons are sufficient for creating sulfur-related defects
in MoS> monolayers. In conjunction with gas environment control, defects with designated optical
properties, particularly those that are suitable for single photon emission, can be selectively
created. Compared to defect creation approaches relying on high energy electrons or ions, the
relatively low energies of the UV photons would allow the primary creation of chalcogen defects
rather than transition metal defects, thus helping preserve the structural integrity of the TMD
monolayers and ensuring the homogeneity of the defect types. These findings highlight that UV
irradiation may serve as a scalable, easy to implement approach for creating quantum photon

sources in TMD monolayers.

Methods

Preparation of hBN/MoS2/hBN heterostructures. To prepare a hBN/MoS>/hBN heterostructure,
a MoS; monolayer and hBN multilayers were first prepared by mechanical exfoliation of their
bulk crystals.®* The top hBN multilayer was then picked up using polydimethylsiloxane

(PDMS)/polycarbonate transparent stamps pre-deposited on glass slides.?® 3! The same procedure

15



was used to subsequently pick up the MoS> monolayer. The stacked hBN/MoS; heterostructure
was then transferred onto the bottom hBN multilayer. Subsequently, the resultant hBN/MoS>/hBN
heterostructure was released from the PDMS stamp at 170 °C. Finally, the heterostructure was
soaked in chloroform for 20 min to remove the polycarbonate.

UV irradiation of the heterostructures. A UV lamp (SLS204, Thorlabs) with a maximum output
power of 0.34 mW at 250 nm was used to irradiate the heterostructures for designated amounts of
time at room temperature. Specifically, the as-prepared hBN/MoS»/hBN heterostructures were
loaded into a liquid He cryostat. For UV irradiation in air, the cryostat was purged with air, and
the heterostructures were illuminated by the UV lamp for designated amounts of time. To perform
UV irradiation in vacuum, the vacuum level inside the cryostat was kept below 5x10° mbar
throughout the irradiation process. To account for the absorption of the UV light by the top hBN
encapsulation layers, we measured thicknesses of the top hBN layers using AFM and estimated
the absorption percentages of the UV light by the top hBN layers. The irradiation conditions were
then calibrated to ensure that similar conditions were used for different samples.
Low-temperature optical measurements. The continuous-flow liquid He cryostat with the
hBN/MoS>/hBN heterostructures irradiated by UV for various amounts of time was loaded onto a
home-built confocal laser microscope. To excite the samples, a diode laser with a wavelength of
400 nm was used. The excitation laser beam was focused onto the samples by a microscope
objective (40x, NA = 0.7). Photoluminescence from the MoS> monolayers was collected by the
same objective and directed to a spectrograph equipped with a charge-coupled device for imaging
and spectroscopic measurements. Time-resolved PL measurements were performed using single-

photon avalanche diodes. Photon correlation measurements were performed by splitting the signal
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using a beam splitter and focusing them onto two identical single photon avalanche diodes in a
Hanbury-Brown and Twiss geometry.

Electronic structure calculations. The structures were optimized with the conjugate gradient
(CG) algorithm in the Spanish Initiative for Electronic Simulations with Thousands of Atoms
(SIESTA) program (version 4.1 b4),** %0 with the generalized gradient approximation (GGA)
Perdew Becke and Ernzerhof (PBE) functional and the DZP basis for all atoms. The basis set was
of the split-valence type using the default energy cutoffs of 20 Ry. Mesh cutoffs and filter cutoffs
of 200 Ry and 150 Ry were used respectively. The energy tolerance was 1.0 e and the density
matrix tolerance was 1.0 e”. Fermi Dirac smearing was applied at an electronic temperature of 300
K. Optimizations were performed using the Gamma centered Monkhorst Pack k grid scheme of
4x4x1 for all cells. Van der Waals interactions were taken into account with the molecular
mechanics potentials by Grimme,>! used as implemented in SIESTA. Band structure calculations
were performed using the ReciprocalLatticeVectors option and the same theoretical levels and

cutoffs as the optimizations, including the k-grid scheme.
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