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Abstract
Compared to bulk solids, defects in low-dimensional materials and, specifically, 2D systems are expected to have a stronger effect,
detrimental or beneficial, on their properties. Owing to their geometry, defects in 2D materials can easily be formed due to the inter-
action with the environment or under impacts of energetic particles, such as ions and electrons. At the same time, many concepts of
defect production under irradiation in bulk systems are not applicable for 2D materials or require substantial modifications. Various
aspects of the physics and chemistry of defects in 2D materials have been addressed, and the results of these investigations are
presented in hundreds of research papers and review articles. However, the challenges and open questions that still remain in the
field have received relatively little attention. These topics were recently addressed at the symposium “Defect-mediated engineering
of nanomaterials for energy and quantum applications” organized by the Beilstein-Institut. Following the discussions at the sympo-
sium, here, we present the challenges and open questions in our understanding of the behavior of defective 2D materials,
interaction of energetic particles with low-dimensional targets, and defect-mediated engineering of the properties of 2D systems.
We further discuss possible solutions to these problems or suggest “work-arounds”, which should accelerate the progress in the
field.
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Introduction
Defects, which appear in crystalline solids at finite tempera-
tures due to the second law of thermodynamics, are also present
in two-dimensional (2D) systems, an important class of materi-
als that have recently received enormous amount of attention
due to their unique properties [1]. Moreover, many 2D materi-
als are synthetic; hence, in principle, the defect concentration in
them can be well above the equilibrium value as the time after
their fabrication may not have been sufficient to reach equilib-
rium. 2D materials have a high surface-to-volume ratio, so that
defects can easily be formed due to the interaction with the
environment, for example, because of oxidation. The imperfec-
tions have a strong influence on the electronic, optical, thermal,
and mechanical properties of 2D materials [2,3]. They normally
deteriorate the characteristics; but they can also be beneficial,
for example, in the context of doping or single-photon quantum
emitters [4,5].

Moreover, irradiation of 2D materials with energetic particles,
that is, ions and electrons, has been demonstrated to be a
suitable approach for tailoring their properties through the
controllable creation of defects and the introduction of impuri-
ties, see [6-10] for an overview. Specifically, low-energy ion
implantation [11-17] can be employed to directly create impuri-
ties in 2D materials. Alternatively, due to the 2D geometry,
impurities can be introduced through filling the vacancies previ-
ously created by impacts of energetic particles [18-21] by
foreign atoms.

Lots of insights into the structure and properties of defective 2D
materials have been obtained using transmission electron
microscopy (TEM), including conventional TEM and scanning
TEM (STEM). These techniques, along with scanning probe
methods, can provide information on the atomic structure of
materials with sub-angstrom resolution [22]. The aberration-
corrected TEM has made it possible not only to obtain images
of impurities [23-26] and intrinsic point defects [27-31], but
also to follow their evolution in real time. However, it was real-
ized long ago [32,33] that energetic electrons in the TEM inter-
acting with the specimen can give rise to the formation of
defects or even to the complete destruction of the sample, an
undesirable effect, which stimulated the research on beam–sam-
ple interactions and the mechanisms of defect formation. This
indicates that defects can also be created deliberately during
exposure to the electron beam, which can be used for engi-
neering structure and properties of materials with potentially
atomic resolution [34-37].

It should be pointed out that many concepts of defect produc-
tion under irradiation in bulk systems are not applicable for 2D
materials or require substantial modifications. Various aspects

of the physics and chemistry of defects in 2D materials have
been addressed; based on the results of these investigations,
hundreds, if not thousands, of papers have been published. The
findings have been summarized in several review articles
[2,3,6-10]. However, the challenges and open questions that still
remain in the field have received relatively little attention.

In May 2025, these topics were addressed at the symposium
“Defect-mediated engineering of nanomaterials for energy and
quantum applications”, organized in Rüdesheim, Germany,
by the Beilstein-Institut [38]. Following the symposium, in this
article, we discuss the challenges and open questions, in our
understanding, of the behavior of defective 2D materials,
interaction of energetic particles with low-dimensional targets,
and defect-mediated engineering of the properties of 2D materi-
als.

Challenges and Open Questions
Can the defect concentration in epitaxial 2D
materials be as low as in 2D materials
exfoliated from their bulk counterparts?
In bulk materials, generally, the lower defect formation ener-
gies at the surfaces result in much higher surface defect concen-
tration compared to the bulk. This gives rise to the following
questions: Is this also true for van der Waals materials? Do
thermodynamic considerations in transition metal dichalco-
genides (TMDs) with relatively low (compared to graphene or
h-BN) defect formation energies prevent low defect concentra-
tions in monolayer sheets? How can synthesis methods for
monolayer materials be modified to control defect species and
concentration? We note that, in TMDs, not only chalcogen
vacancies, but also transition metal vacancies and antisites, have
been reported. In synthetic materials, the defect concentration
depends on the growth conditions; however, these are rarely
systematically studied and, if so, only over fairly narrow acces-
sible ranges of parameters, for example, growth temperatures.
Moreover, there are large variations between different growth
methods, for example, chemical vapor transport vs molecular
beam epitaxy in terms of pressures and growth temperatures.
Generally, the thermodynamic conditions are ill-defined during
growth, especially the chemical potentials of the material
constituents are not well known, making a comparison to the
theory difficult.

A possible solution is to use a different strategy: For systematic
studies of the thermodynamic conditions (background pressure
and temperature), synthesis systems need to be developed that
allow to vary these conditions (partial pressures of the
constituents and temperature) over a wide range. An alternative,
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and possibly more accessible for monolayer materials, is to
control defect concentrations by post-growth processing in con-
trolled atmosphere of chalcogens (or other volatile components
of 2D materials) and temperatures. Equilibration of the gas
phase chemical potential with 2D materials determines the
defect concentration. Ideally, in situ measurements of defects
are employed, but given the challenging atmosphere this may
require optical methods, which may not have the required sensi-
tivity to small defect concentrations. Ex situ microscopy mea-
surements (scanning tunneling microscopy (STM) and STEM)
are slower and may introduce uncertainties due to the required
change in the thermodynamic conditions during transfer from
the processing chamber to the vacuum in the microscope.

Are defect complexes in sub-stoichiometric/
impurity-doped 2D materials more frequent
than in bulk materials? Can complex
multiatom defects form extended/periodic
structures in 2D systems?
The reduced dimension of 2D materials enables easier struc-
tural relaxations and fewer bond “rearrangements” compared to
3D covalently bonded materials. This may affect defect forma-
tion energies and also enable the formation of complex defect
structures in sub-stoichiometric or impurity-doped materials.
Examples are borophene [39] due to its polymorphism [40] and
mirror twin boundaries (MTBs) and MTB-networks in non-stoi-
chiometric MoSe2−x or MoTe2−x due to lower formation ener-
gies of such structures compared to those for isolated vacancies
[41]. The complexity of defects and the large number of
systems means that the discovery of such new materials relied
mostly on “accidental” experimental observations. Under most
synthesis conditions, the phases with the lowest formation
enthalpy are formed for a given starting composition mixture. If
the composition is determined by the element mixture (e.g., if
the elements are sealed in a reactor or ampule) the system may
separate into compositional phases that minimize the overall
formation enthalpy. Materials with intermediate stoichiome-
tries are difficult to obtain. Similarly, in thin film growth in-
volving volatile components (e.g., chalcogens), the composi-
tion of the film is determined by the compound with the lowest
formation enthalpy and not by the atom flux. For example,
during molecular beam epitaxy (MBE) growth of chalco-
genides, chalcogen atoms are generally supplied in excess, and
the film will adopt the lowest-energy composition. In these
cases, the stoichiometry of the film is not determined by the
composition of the source materials but by the thermodynamic
stability of the film. So again, in thin film growth, obtaining
compositions that are not close to the lowest-energy compound
is challenging. This is also true for incorporation of impurities
at higher concentrations.

Again, a possible solution is to use a different strategy: 2D ma-
terials offer a unique solution to the design of materials with
different compositions and the formation of metastable defect
complexes with sub-stoichiometric compositions, namely, the
post-synthesis reaction of the 2D material with an element that
is desired to be incorporated. This may be accomplished by
modifying 2D sheets with vapor-deposited atoms, for example,
the reaction of MoSe2 with excess Mo to form MTB networks
[42]. Such surface reactions can change the composition and in-
duce substoichiometric defects. The approach of reacting 2D
sheets (e.g., chalcogenides) with excess metal may result in
metastable point- and line-defect configurations [43-45] and
even dense line-defect networks [46-48]; it can be further ex-
tended to reacting with heteroatoms to introduce electronic
dopants, magnetic impurities, and catalytic sites, as well as to
add other functionalities [43,49,50]. However, challenges
remain to have reliable predictions for the outcome of the reac-
tion and to go beyond a “trial and error” approach.

What are the oxidation mechanisms and
kinetics of defective surfaces in 2D
materials?
Substitutional oxygen defects are present in 2D materials syn-
thesized via chemical vapor deposition (CVD) [51]. This can be
a result of oxide precursors, which are frequently used. More-
over, 2D materials are known to oxidize when exposed to
oxygen gas and water [52,53]. The reaction of molecular
oxygen with the surfaces of 2D materials has attracted signifi-
cant interest [54]. The reaction barrier for O2 dissociation on a
TMD surface is almost halved comparing a pristine surface with
one containing a sulfur vacancy, decreasing from 1.59 to
0.80 eV [55-58]. This suggests that the reaction of O2 with a
pristine surface is unlikely [59,60] and that S vacancies are
likely to play an important role in the process.

STM measurements on MoS2 demonstrated a high intrinsic con-
centration of individual S vacancies and a lower concentration
of S vacancy dimers in exfoliated single-layer films [61]. In
contrast, density functional theory (DFT) calculations reveal
that molecular oxygen reacts very readily with larger S vacancy
clusters (three or more vacancies), with O2 dissociation being
highly exothermic and proceeding with small or negligible reac-
tion barriers [54,62]. Such low barriers imply that, once formed,
larger vacancy clusters can promote a near-instantaneous reac-
tion with O2. However, the formation of these clusters cannot
be explained by vacancy diffusion, as the migration barriers for
S vacancies on the WS2 surface exceed 2 eV, rendering vacancy
migration unlikely at room temperature and under typical exper-
imental conditions [62]. This suggests that large vacancy clus-
ters form as a result of non-diffusive processes, such as sput-
tering and etching of the surface.
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Despite the high reactivity of larger S vacancy clusters, several
challenges remain in describing the oxidation kinetics. O2 is
bound weakly to TMD surfaces with a binding energy of
≈0.14 eV [55,63-65]. Ab initio molecular dynamics (MD) simu-
lations show that O2 is therefore mobile on the pristine surface
of WS2, resulting in rapid desorption from the surface at room
temperature. The short residence time limits encounters with
reactive defect sites, leading to a small effective reaction cross
section for vacancy dimers and trimers; dissociation requires
overcoming a finite barrier (see Figure 1), reducing the likeli-
hood of O2 reactions with these defect sites. Reactivity is also
highly site-specific and controlled by the local coordination and
electronic structure of surface W atoms. The effective charge of
W is affected by the number of surrounding vacancies. W atoms
surrounded by three or more S vacancies exhibit reduced effec-
tive charges and are more chemically active. This enables
barrier-less reactions of O2, explaining the rapid oxidation at
larger vacancy clusters.

Figure 1: Schematic of the reaction of an O2 molecule with a sulfur
trivacancy on the surface of WS2. Upper and lower part of Figure 1
was adapted from [62] (“Unveiling surface dynamics: in situ oxidation
of defective WS2”, © 2025 D. Kieczka et al., published by the Royal
Society of Chemistry, distributed under the terms of the Creative
Commons Attribution 3.0 Unported Licence, http://
creativecommons.org/licenses/by/3.0/).

Additional uncertainty in modelling oxidation kinetics arises
from the possibility of changes in the spin state of the O2 mole-
cule from triplet to singlet during dissociation [62]. Although
O2 incorporation into the WS2 surface involves electron transfer
from the substrate, the reaction may proceed via non-adiabatic
pathways, as previously discussed for O2 adsorption on metal
surfaces [66,67]. This underscores the limitations of purely
adiabatic descriptions. The mechanism of this process is still
poorly understood and requires more detailed studies, particu-
larly on surfaces of semiconductors.

Another factor that affects the mechanism and kinetics of oxida-
tion is the exothermicity of the reaction. The O2 incorporation
into S vacancy clusters is highly exothermic and should be
accompanied by dissipation of about 8.6 eV on the WS2 sur-
face [62]. Modelling the mechanism of this dissipation is a
complex problem. In addition to creating heat and electron–hole
pairs, it may involve desorption of atoms and molecules, such
as SO2 [60], which can propagate further the formation of larger
vacancy clusters. It is expected that the mechanisms of oxida-
tion will be similar for multilayer films and defective mono-
layers and driven by the effective charges of W atoms exposed
by S vacancy clusters. However, changes in the positions of the
valence band maximum and conduction band minimum be-
tween bulk and monolayer WS2 affect the relative position of
the O2 LUMO responsible for the charge transfer. This can
affect the barrier of O2 dissociation and requires further studies.

The mechanisms of propagation of oxidation front from the sur-
face of multilayer films into the bulk are poorly understood. In
relatively unstable TMDs, such as MoTe2 and WTe2, an ultra-
thin amorphous layer of MoO3 or TeO2 is immediately formed
when CVD or MBE-grown MoTe2 is exposed to ambient envi-
ronments [53,68]. However, the barrier for S vacancy diffusion
between TMD layers was predicted to be very high [62],
hampering the vacancy diffusion mechanism. Nevertheless, a
relatively thick native oxide layer can still form on otherwise
stable HfS2 after plasma oxidation. In this process, O ions are
believed to permeate through grain boundaries between small
crystals and react with HfS2 beneath the surface [69]. The
mechanisms and kinetics of such processes are still poorly
understood.

At the same time, the edges of MX2 nanoribbons exhibit strong
driving forces for O2 dissociation and chemisorption, where
100% metal edges have the highest rates of oxidation [56,70].
In addition, previous studies have demonstrated that H2O can
significantly accelerate the oxidation of TMDs, with the forma-
tion of sulfuric acid and metal oxide complexes reported
[71,72]. The interactions and reactions of O2 and H2O at defects
sites and edges that initiate and propagate oxidation in TMDs
still require further study. Moreover, it has been shown that
even the exposure of TMD films to ordinary laboratory light in
air can accelerate oxidation [73], although the underlying mech-
anism of this effect remains unclear.

Does high-temperature annealing increase or
decrease the concentration of defects in 2D
materials?
In bulk systems, when the defect concentration n is well above
the equilibrium value neq at temperature T, defined by the defect
formation energy Ef,

http://creativecommons.org/licenses/by/3.0/
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(1)

n normally decreases upon high-temperature annealing in
vacuum, as defects migrate towards the surface and disappear.
The evaporation of the material at the surface is ignored. The
situation is different in 2D materials [74] as the concentration of
intrinsic defects or impurities (e.g., oxygen in MoS2) can de-
crease at moderate-temperature annealing [75], but ablation of
atoms at high temperatures cannot be ignored, and more vacan-
cies can appear. At the same time, annealing always removes (at
least partially, when agglomeration of material occurs) adatoms
and organic molecules from the surface of a 2D system, which
can also be referred to as defects. The optimum annealing tem-
perature depends on the sublimation energy and is material-de-
pendent.

A counterintuitive approach to decrease the concentration of
surface defects in layered TMDs was also suggested [76],
namely, a two-step process including low-energy (500 eV) Ar
ion bombardment followed by annealing. It was demonstrated
that the concentration of Te vacancies on the as-cleaved PtTe2
and PtTe2 surfaces can be decreased by more than 99%, which
cannot be achieved by annealing alone. The experimental obser-
vations were rationalized through the enhanced diffusion of
atoms in the irradiated samples.

However, annealing in a specific atmosphere can give rise to a
drop in the concentration of intrinsic defects; for example,
annealing in S atmosphere should decrease the number of S
vacancies in MoS2. The geometry of 2D materials also makes it
possible to introduce impurities upon annealing in a specific at-
mosphere or to create new 2D systems; a good example is the
conversion of 2D MoSe2 on a gold substrate to the Janus
MoSeS structure [77]. Also, a facile low-temperature thiol
chemistry route was suggested to remove sulfur vacancies in 2D
MoS2 [78], which resulted in a significant drop in the number of
the charged impurities and traps and increased the mobility.
Qualitatively similar results were also reported after treatment
with ethylenediaminetetraacetic acid [79].

Which techniques can be used to assess
defect concentration in 2D materials? What
are the challenges for each technique?
Defect concentration can be assessed by techniques that allow
for the direct visualization of defects, for example, TEM [80],
STM [81], or atomic force microscopy (AFM) [82]; but,
normally, only a small part of the sample can be probed [83-
85]. Moreover, these techniques can create defects themselves,
for example, when the energy of the electron beam exceeds the
displacement threshold for the atoms in the investigated materi-

al, or under specific imaging conditions using STM, as de-
scribed in section “Where are the limits for controlled defect
engineering in terms of spatial precision, single type or size
(e.g., hole size), and scalability?”.

As a non-invasive technique, Raman spectroscopy has led to
metrological procedures to access defect concentration in
graphene. Well-established formulae are available to determine
defect quantity based on the D/G ratio and the linewidth of the
G band (see Figure 2) [86-89].

In a wider context, while Raman-active local vibrational modes
can, in principle, emerge due to defects [90,91], in practice they
are rarely observed owing to the low concentration of defects
and low signal-to-noise ratio, which becomes particularly perti-
nent with 2D materials due the small volume for scattering. In
most cases, one observes changes in the Raman-active modes of
the host material regarding peak position, lineshape, and the
relative intensities of peaks. The position and relative intensi-
ties are affected by strain and doping induced by defects. In ad-
dition, relaxation of the translation symmetry leads to activa-
tion of modes that would otherwise be forbidden. At low defect
densities, this leads to asymmetric line broadening, where the
asymmetry reflects the frequency-dependence of the mode
around the Γ point. At high defect densities, modes across the
whole Brillouin zone can be activated [91-93]. This naturally
limits the distinguishability among defects as several defects
can yield similar strain, doping, or mode activation. In prin-
ciple, defects might be separated by comparing the effects on all
observed peaks [94]. Unfortunately, many common 2D materi-
als only show a few Raman-active peaks under non-resonant
conditions; this problem can be somewhat alleviated by doing
the measurements under resonance conditions, which leads to
activation of a large number of peaks.

Another major issue is that one cannot directly read out the
identity of a defect from the spectrum; instead, comparison to
reference spectra is required. Such information is rarely avail-
able experimentally, owing to difficulties in creating on demand
a single type of defect of known concentration. However, type
and concentration of defects can be exactly defined in calcula-
tions, which is promising for producing reference data. In the
past, such calculations have been computationally prohibitively
costly, but modern machine learning models have enabled such
simulations for non-resonant Raman experiments.

Therefore, the great challenge is the development of higher-
precision measurements utilizing nano-Raman spectroscopy
(see Figure 3). When nano-Raman is implemented in the tip-en-
hanced Raman spectroscopy (TERS) configuration, the well-
established D/G ratio depends on the TERS tip enhancement
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Figure 2: Raman spectra of graphene samples produced by heat
treatment of diamond-like amorphous carbon (DLC) [87,88], which is
known to produce graphite nanocrystallites with lateral dimension (La)
defined by the heat treatment temperature (HTT) [86]. The HTT and La
(obtained by X-ray diffraction) are indicated on the left and right sides
of each spectrum, respectively [88]. Figure 2 was reprinted from [88],
Carbon, Vol. 95, by J. Ribeiro-Soares, M. E. Oliveros, C. Garin, M. V.
David, L. G. P. Martins, C. A. Almeida, E. H. Martins-Ferreira, K. Takai,
T. Enoki, R. Magalhães-Paniago, A. Malachias, A. Jorio, B. S.
Archanjo, C. A. Achete, L. G. Cançado, “Structural analysis of poly-
crystalline graphene systems by Raman spectroscopy”, Pages
646–652, Copyright (2015), with permission from Elsevier. This content
is not subject to CC BY 4.0.

[95] and whether the distance among defects is larger or smaller
than the tip apex size [96,97]. As shown in Figure 3, the D/G
ratio exhibits three different tendencies depending on the rela-
tive dimension between the TERS probe (rtip is the tip apex
radius) and the distance among defects (LD) [97].

Raman spectroscopy has been used to
estimate defect concentrations in graphene.
How does it work for other 2D materials?
Several authors have been addressing the use of Raman spec-
troscopy to quantify defects in TMDs [93,98-102]. However,
while, in graphene, defects give rise to new peaks in the spec-
trum (e.g., the so-called D band), as introduced in the 1970s by
Tuinstra and Koenig [103] and further developed into metrolog-
ical procedures (see Figure 2) [86-89,104], imperfections do not
drastically change the Raman spectra of other 2D materials.
Normally, the peaks are broadened, and their relative position
may change as, for example, in MoS2 [105].

Extending the higher-precision measurements utilizing
nano-Raman spectroscopy developed for graphene (described
in the section before) for other 2D systems is a challenge.
The advantages of graphene are the high Raman frequencies,
the simplicity of the spectra, and the electronic resonance
conditions, which are not always as favorable in the case of
other 2D materials. However, several authors are addressing
this issue with micro-Raman [93,99-102] and nano-Raman
[97,106-109] spectroscopies. Experiments performed on MoSe2
(Figure 4) show that the dependence observed in Figure 3 for
graphene also applies to other 2D materials and that TERS can
be utilized to identify specific types of molecular contamina-
tions [109].

Can Raman spectroscopy be used to not
only assess defect concentration but also to
differentiate between different kinds of
defects?
Raman spectroscopy can be utilized to differentiate types of
defects in 2D systems. As illustrated in Figure 5 for the case of
graphene, local versus extended defect-induced potential [110],
p versus n substitutional doping atoms, [111], and armchair
versus zigzag edges [112] can be differentiated.

A fundamental characterization enabled by Raman spectrosco-
py was the distinction between defect dimensionalities.
Geometrically, a 2D system can have zero-dimensional (0D)
defects and one-dimensional (1D) defects. 0D are point defects,
like a vacancy or a substitutional atom, while 1D are line
defects, like crystallite borders or mirror twin boundaries. Based
on the geometrical model introduced in [81], it was possible to
determine a phase diagram based on the D/G ratio and the
G band linewidth to disentangle and quantify the amount of
point and line defects in graphene (Figure 6) [114]. We have not
achieved, so far, the capability to image the atomic structure of
the defects with Raman spectroscopy. Even nano-Raman still
lacks resolution for that [113] (Figure 5c).
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Figure 3: (a) Spatial distribution of the D/G ratio obtained on graphene with nano-Raman spectroscopy as a function of the local D-band enhance-
ment. The local peak areas ANF are normalized by the averaged micro-Raman areas AFF. Panels (b–d) are schematics showing the TERS tip (yellow)
on top of graphene (white) with point defects (red), in the limits (b) LD < rtip, (c) LD ≈ rtip, and (d) LD > rtip, where LD is the average distance between
defects, and rtip the tip apex radius [97]. Figure 3 was used with permission from [97] (“Nano-Raman spectroscopy of 2D materials”, by A. Jorio et al.,
2D Materials, Vol. 11, Number 3, Article No. 033003, published on 14 May 2024; https://doi.org/10.1088/2053-1583/ad42ad); © 2024 IOP Publishing
Ltd; permission conveyed through Copyright Clearance Center, Inc. All rights reserved. This content is not subject to CC BY 4.0.

Figure 4: (a) Spatial distribution of the A1g/E2g peak ratio measured on MoSe2 with nano-Raman spectroscopy as a function of the local A1g peak en-
hancement. The local peak areas ANF are normalized to the averaged micro-Raman areas AFF. The colors indicate the locations from where the
spectral information comes on MoSe2, evidencing a dependence on the presence of nano-protuberances due to environmental contaminations. (b)
nano-Raman allows one to identify peaks specific to MoO3, indicating local oxidation [109]. Figure 4 was adapted from [109] (© 2025 J. E. Guimarães
et al., published by American Chemical Society, distributed under the terms of the Creative Commons Attribution 4.0 International License, https://
creativecommons.org/licenses/by/4.0).

What are the challenges in the calculations of
Raman spectra of defective 2D materials?
In order to correctly describe how the phonons of the pristine
material are affected by defects, calculations of Raman spectra
require large supercells to describe the low defect density and
their random distribution, which makes it computationally

extremely demanding to determine structural dynamics,
whether from molecular dynamics or from harmonic approxi-
mation plus finite displacements. This can nowadays be over-
come by using machine learning interatomic potentials
(MLIPs), mostly for pristine materials, but in a few cases also
with defects [94,115].

https://doi.org/10.1088/2053-1583/ad42ad
https://creativecommons.org/licenses/by/4.0
https://creativecommons.org/licenses/by/4.0
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Figure 5: Types of defects in graphene, where Raman spectroscopy has been shown to be able to identify and differentiate defects. (a) The relative
intensity of the D′ peak differentiates defects with local versus extended changes in the local potential [110]; (b) the relative intensity of the D peak in-
dicates whether the graphene edge is of zigzag or armchair type [112]; (c) potential deformation of the graphene edge measured by nano-Raman
(TERS) [113]. Figure 5a was reprinted with permission from [110]. Copyright 2012 American Chemical Society. This content is not subject to CC BY
4.0. Figure 5b was reprinted with permission from [112], Copyright 2004 by the American Physical Society. This content is not subject to CC BY 4.0.
Figure 5c was used with permission from [113] (“Establishing the excitation field in tip-enhanced Raman spectroscopy to study nanostructures within
two-dimensional systems”, by H. Miranda et al., 2D Materials, Vol. 10, Number 1, Article No. 015002, published on 20 October 2022; https://doi.org/
10.1088/2053-1583/ac988f); © 2022 IOP Publishing Ltd; permission conveyed through Copyright Clearance Center, Inc. All rights reserved. This
content is not subject to CC BY 4.0.

Figure 6: Raman phase diagram to disentangle and quantify the amount of point (0D) and line (1D) defects in graphene. Filled symbols are experi-
mental data from ion-bombarded graphene and open symbols are from graphitized DLC treated at different annealing temperatures [114]. Figure 6
was adapted from [114] (“Disentangling contributions of point and line defects in the Raman spectra of graphene-related materials”, © 2017 L. G.
Cançado et al., published by IOP Publishing Ltd, distributed under the terms of the Creative Commons Attribution 3.0 Licence, http://creativecom-
mons.org/licenses/by/3.0).

https://doi.org/10.1088/2053-1583/ac988f
https://doi.org/10.1088/2053-1583/ac988f
http://creativecommons.org/licenses/by/3.0
http://creativecommons.org/licenses/by/3.0
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In order to model Raman scattering, a model for the response of
the material to incoming light is required. In the non-resonant
case, Raman scattering is allowed when the atomic displace-
ment of a vibrational mode leads to a (first-order) change in the
electronic susceptibility (or polarizability). Similar to machine
learning (ML) models for energies, one can also build ML
models for polarizability [116-118]. The main difference is that
Raman scattering is described by a second-rank tensor, which
depends on the polarizations of the incoming and the scattered
light. In addition, first-principles calculations of polarizability
are significantly more demanding than those of total energy,
which is especially true for large systems with defects; this can
limit the collection of training data. Finally, training a model for
resonant Raman is much more demanding as it should correctly
describe the changes in the energy of electronic states and the
transition dipoles. In addition, the largest resonance effects are
usually seen at energies where polarizability changes quickly,
that is, where it is most sensitive to the atomic displacements.
This enhances the difficulty of creating accurate models. Conse-
quently, while machine learning models for resonant Raman
have been explored for pristine materials [117], to the best of
our knowledge this has not been attempted for defective
systems.

Can optical spectra from individual defects be
measured at the atomic scale and correlated
with the local atomic and electronic
structure?
The ability to measure the optical spectra of individual defects
at the atomic scale and to correlate them directly with their local
atomic and electronic structure, as performed for 1D carbon
nanotubes [111], would mark a decisive advance in the study of
2D semiconductors. Defects in TMDs and h-BN host localized
excitonic states and robust single-photon emission [119], yet,
their spectroscopic variability has remained enigmatic. Far-field
optical probes have revealed striking spatial heterogeneity in
emission energies, linewidths, and photon correlations, under-
scoring the importance of local strain, dielectric fluctuations,
moiré potentials, and defect proximity. However, the mismatch
between atomic-scale lattice-resolving techniques and
micrometer-scale far-field optical spectroscopy has long
obstructed unambiguous identification of the emitters’ micro-
scopic nature.

Scanning tunneling microscopy luminescence (STML) offers a
compelling solution. By combining atomically resolved
imaging and spectroscopy by means of scanning tunneling
microscopy/scanning tunneling spectroscopy (STM/STS) with
localized electrically driven light emission in the STM junction,
STML can, in principle, assign the optical fingerprint of a single

defect directly to its atomic configuration and electronic states.
Such a capability would allow the emission characteristics of
defect-bound or moiré-trapped excitons to be traced with sub-
nanometer precision, while also probing vibronic structure and
photon statistics in situ. Complementary approaches, such as
tip-enhanced photoluminescence, extend this toolbox by
enabling nanoscale hyperspectral mapping and photon correla-
tion without charge injection. Together, these techniques
promise to recover the full optical signatures of individual emit-
ters, to verify quantum emission directly at their atomic site,
and to reveal how specific structural motifs dictate their photo-
physics.

Can we establish a comprehensive
database of defect fingerprints for defect
identification/quantification using STM/STS?
STS and orbital imaging provides unique fingerprints of point
defects in TMDs including common impurities found in syn-
thetically grown TMDs, such as oxygen substitutions (OX)
[51,120] and carbon–hydrogen complexes ( ) [121,122] at
chalcogen sites, molybednum (MoM) [120], chromium (CrM)
[120], and vanadium (VM) [123] at the transition metal site, as
well as annealing or ion bombardment-induced chalcogen
vacancies (VacX) [124-127]. In Figure 7, STM topographies of
common defects in TMDs recorded close to the conduction
band edge are shown. These reference data can be used to
assign defects in other samples to allow for a non-invasive
metrology standard. More data is available for deliberately
doped TMD samples [128] and Pt chalcogenides [129,130].
Nevertheless, a comprehensive data base of the STM images of
defects for different bias voltages and corresponding spectra is
still to be developed.

How can defect engineering be used to tune
electronic properties of 2D materials? Do
shallow defect states exist in 2D semiconduc-
tor materials? What is the origin of n-type
doping in MoS2 and p-type doping in WSe2?
Shallow dopants have energy levels close to the band edges;
hence, a significant portion of the carriers can be ionized under
operating conditions, that is, the ionization energy should be
similar in magnitude to kT. In conventional 3D semiconductors,
substitution of host atoms by those from the neighboring
columns of the periodic table often results in shallow dopants.
These can be modelled by the effective-mass hydrogenic model
(essentially the Schrödinger equation for the hydrogen atom,
but using the effective mass of the band edges and screening of
Coulomb interaction by the dielectric constant), which yields
not only a small ionization energy, but also a highly extended
defect state wave function.



Beilstein J. Nanotechnol. 2026, 17, 454–488.

463

Figure 7: Overview of STM images of common point defects in synthetically grown TMDs. Panels (a–g) show defects in MoS2, panels (h–o) and (x, y)
show defects in WS2, panels (p–w) show defects in WSe2. Panels (a–c), (f, g), (p–r), and (u, v) present unpublished STM data acquired by B. Schuler.
Panels (d, e) were adapted from [127] (© 2024 by F. Xiang et al. published by Springer Nature, distributed under the terms of the Creative Commons
Attribution 4.0 International Licence, http://creativecommons.org/licenses/by/4.0/). Panels (h–o) and (x, y) were adapted with permission from [120].
Copyright 2019 American Chemical Society. This content is not subject to CC BY 4.0. Panels (s, t) were adapted from [131] (“Layer-Dependent
Charge-State Lifetime of Single Se Vacancies in WSe2”, © 2025 by L. Bobzien et al. published by the American Physical Society, distributed under
the terms of the Creative Commons Attribution 4.0 Licence, http://creativecommons.org/licenses/by/4.0/). Panel (w) was adapted with permission from
[123]. Copyright 2023 American Chemical Society. This content is not subject to CC BY 4.0.

The same strategy appears somewhat ineffective in 2D semi-
conductors. Let us consider substitutional Re@Mo and Nb@Mo
defects in MoS2. Already in bulk MoS2, the wave function is
largely confined within a single layer. Confining the hydro-
genic effective-mass equation from 3D to 2D shows that the
ionization energy in the 2D case is expected to increase to four
times that of 3D case [132]. However, the dielectric constant is
still that of the bulk, which in case of TMDs is rather high. The
large screening reduces the binding energy to the 0.1–0.2 eV
range, still allowing for a moderate degree of ionization [133].
However, if the 2D material is surrounded by vacuum, the
reduced screening is expected to increase the ionization energy
to the 0.5–1.0 eV range. This is comparable to the experimen-
tally extracted exciton binding energies, a correspondence that
is well known in 3D semiconductors and can be understood
from the fact that both can be modelled with the hydrogenic
model, albeit using different effective masses. In fact, it was
recently suggested that many such defects would even “break”
into charged defects and a self-trapped polaron [134]. To alle-
viate this, one could possibly use encapsulation by high-k
oxides to increase the effective dielectric constant and thereby
reduce the ionization energy.

All of this suggests that even the presumably hydrogenic
dopants in 2D semiconductors will have ionization energies
much higher than kT. Consequently, the resulting carrier con-

centrations will be minimal and likely be dominated by doping
from other sources. This is qualitatively supported by experi-
ments. Kozhakmetov et al. reported little change in the doping
level of WSe2 with increasing Re doping up to 0.5%, with
likely a metal–insulator transition taking place above 1% Re
[135]. Vu et al. observed a linear increase of hole concentration
in Nb-doped WS2 from 3%–8% [136]. Finally, Li et al. found
V-doping to reduce the electron concentration of MoS2, which
still remained n-type even at 10% V-doping [137]. As a result,
compared to conventional 3D semiconductors, much higher
concentrations of dopants are required to reach pronounced
changes in the doping level and may be well within the metal-
lization regime (from hybridization of dopant levels and band
edges) rather than pure dopant ionization. Practically all experi-
ments that probe carrier concentrations are carried out on insu-
lating substrates, usually SiO2 or Al2O3, and tend to consis-
tently show, for example, n-type doping for MoS2 and p-type
doping for WSe2. It has been proposed that the native defects in
the substrates are the primary cause of the native doping level
or the charge neutrality level (CNL) [138,139]. This would
agree with the observation that CNLs of different TMDs seem
to align [139].

We note that it has been (erroneously) proposed that S vacan-
cies could be the source of n-type doping of MoS2. This is in
strong disagreement with all first-principles calculations, which
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show them to be deep acceptors. In addition, chalcogen vacan-
cies in TMDs are readily passivated by oxygen in air [51,140].

Can magnetic moments of individual defects
be measured?
Solid-state spin defects have emerged as essential building
blocks for quantum communication and sensing applications
[141]. In 2D materials, numerous spin-active defects have been
predicted and an increasing number have been experimentally
confirmed [119,142,143] using optical spectroscopy, STM, and
other techniques. STM is an ideal tool to measure magnetic
moments of atomic-scale defects. Inelastic excitations of the
spin state lead to additional tunneling channels, which is re-
flected in symmetric steps of the differential conductance in the
dI/dV spectra [144]. In the absence of an external magnetic
field, the excitation energies are directly related to the crystal-
field split anisotropy of the defect in its atomic-scale surround-
ing [145]. The application of an external magnetic field leads to
Zeeman splitting of the spin states, allowing also for the identi-
fication of the spin 1/2 states. To the best of our knowledge, no
such experiments have been reported in the literature on TMDs
so far. One challenge is the detection of the inelastic contribu-
tion. On the one hand, the small energy scale of at most a few
millielectronvolts requires very low temperatures; on the other
hand, the change in conductance depends on the excitation effi-
ciency and the density of states at the Fermi level. Hence, detec-
tion of magnetic states in semiconducting TMDs seems out of
reach, whereas it should be possible in metallic ones. Addition-
ally, in metallic 2D materials, the magnetic moment of the
defect may also be screened by the itinerant electrons giving
rise to a Kondo resonance at the Fermi level. Such a spectros-
copic fingerprint has been found on S vacancies in a monolayer
of MoS2 on Au(111) [146]. However, in this case, the metallic
Au substrate provided not only the electron bath for screening
the magnetic moment, but also enabled the electron transfer to
the vacancy due to the favorable alignment of the work func-
tions [147]. Indeed, in areas where the MoS2 layer was decou-
pled from the metal by a Au vacancy island at the interface
[148], the Kondo resonance was absent, and the spectroscopy
indicated a charge-neutral state [146]. More recently, the use of
STM has been extended to detect signals of electron spin reso-
nance (ESR) in close resemblance to the conventional electron
paramagnetic resonance (EPR).

Electron paramagnetic resonance (also referred to as ESR) has
long been the prime method to characterize defect spins, but
typically averages over billions to trillions of spins. Optically
detected magnetic resonance (ODMR) has overcome this limi-
tation by exploiting spin-selective non-radiative pathways,
enabling optical initialization and single-spin readout in wide-
bandgap materials [149]. Yet, ODMR is not universal: It

requires both optically bright transitions and spin-dependent re-
laxation channels, restricting its applicability to a subset of
defects. In recent years, electron spin resonance in a scanning
tunneling microscope (ESR-STM) enabled to detect single spins
on surfaces [150,151]. Since its first demonstration, ESR-STM
has achieved coherent control of individual atomic spins with
nanoelectronvolt spectral resolution [152], providing access to
magnetic anisotropies, hyperfine couplings [153], and decoher-
ence pathways at the atomic scale [151]. Extending this meth-
odology to defects in 2D semiconductors is a natural next step:
With appropriate heterostructure engineering, substrate decou-
pling, and integration of radiofrequency control, ESR-STM
could resolve the spin fingerprints of individual defects in
TMDs and h-BN, correlating atomic structure with spin states.
Such measurements would establish direct correlations be-
tween atomic structure, local electronic environment, and spin
properties, laying the groundwork for spin-based quantum tech-
nologies in van-der-Waals materials.

Where are the limits for controlled defect
engineering in terms of spatial precision,
single type or size (e.g., hole size), and
scalability?
Defect engineering in 2D materials is of obvious relevance for
applications. For example, point defects can act as single-
photon emitters or as qubits in quantum computing [4,5]. If one
were able to position the defects precisely, all over a wafer-
scale-sized 2D material, integrating the functionality of these
defects into devices using subsequent lithographic processing
steps would evidently be much easier. But it is not only for
devices that it would be desirable to make one and the same
defect with precise positioning in a 2D material over a large
area. Regular defect strings or defect lattices would also enable
one to bestow 2D materials with new properties that can be
explored in the context of the fundamental science. For
instance, a defect lattice creates a superpotential for electrons in
the 2D material; thus, a mini-Brillouin zone and, consequently,
a modified band structure with new electronic properties
appears. The following three examples will illuminate the limits
of controlled defect engineering. We will see that it is not each
single factor, spatial precision, uniformity of defect species, and
scalability, that creates the challenge, but their combination.

STM is a tool that provides atomic precision and has been used
successfully for atomic manipulation. Recent experiments were
able to create extended lattices of CO molecules on Cu(111),
whereby, for instance, the surface-state free electron gas could
be transformed into an electronic structure mimicking the one
of graphene [154]. Also, precise manipulation at large scale
(thousands of defects) for vacancies in a chemisorption layer of
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Figure 8: Local creation of sulfur vacancies in single-layer MoS2 on graphene. (a) STM topograph of MoS2 islands on graphene after additional depo-
sition of a small amount of Fe atoms at 7 K. Image size: 200 nm × 90 nm. (b–d) The removal of the Fe adatoms with the STM tip is accompanied by
the creation of S vacancies, whereby the removed S atom leaves the sample together with the Fe adataom. Image size: 4 nm × 4 nm. (e) Sketch of
how the STM grabs the adatom together with a surface S adatom. Figure 8 was reprinted with permission from [156], Copyright 2024 by the Amer-
ican Physical Society. This content is not subject to CC BY 4.0.

Cl on Cu(111) was reported [155]. These experiments suggest
that it could be possible to apply such atomic manipulation
methods to 2D materials. Figure 8 provides an example of how
this can be accomplished. Figure 8a is an STM topograph of
MBE-grown MoS2 islands on graphene, on which, after growth
and at about 7 K, a small number of additional Fe atoms were
deposited. On MoS2, these atoms are immobile after deposition.
Approaching an Fe adatom with the STM tip until a sudden
change in the measured tip height is detected removes the Fe
adatom from the MoS2 and transfers it to the STM tip. When
leaving the sample surface, each Fe adatoms rips out an S atom
of MoS2 such that a single S vacancy is left behind. The method
has a very high probability of success and creates one and the
same vacancy defect. If the adatom species could be easily
moved laterally with the STM tip on the 2D material (unlike Fe
adatoms on MoS2), one could create strings and lattices of
single vacancy defects with atomic precision, thereby effec-
tively making a material with new global properties. It is likely
that a suitable 2D material–adatom combination exists. One
even might speculate that, using a properly functionalized tip,
the last tip atom itself could be used to create the vacancy.
Speculating further, using STM tip manipulation methods, it
appears possible not only to create single vacancies but also to
fill a vacancy with a foreign atom, a defect that may be almost

impossible to create otherwise. In the next years, such investi-
gations are likely to happen, and we can expect to gain deep
insight into the physics of the created defects and defect arrays
using high-resolution STS. However, it is obvious that the
method lacks scalability. At least today, it is hard to envision
how using an STM tip a useful defect concentration could be in-
duced into wafer-scale substrates.

Scaling is inherently possible using self-organization. The next
example provides an impressive combination of spatial order,
size uniformity, and scalability in a 2D material based on self-
organization. When single-crystalline graphene (Gr) on Ir(111)
is irradiated with noble gas ions of sufficiently low energy, such
that only single Gr vacancies are created, and at sufficiently
high temperature, such that the vacancies are mobile, the vacan-
cies organize into clusters of rather uniform size, whose posi-
tioning reflects the moiré pattern of Gr with Ir(111) as shown in
Figure 9a [157]. The fast Fourier transform of the topograph in
Figure 9b confirms the visual impression from Figure 9a. It
displays clear “diffraction” peaks at the locations correspond-
ing to the moiré lattice. The formation of a partially ordered
nanomesh with size-limited pores is based on the finding that
vacancy clusters are unable to bind with their dangling bonds
down to the substrate in a specific region of the moiré unit cell
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Figure 9: Self-organization of vacancies created by ion irradiation of single-layer graphene (Gr) or hexagonal boron nitride (h-BN) on Ir(111). (a) Gr/
Ir(111) after exposure to a He+ fluence of 1.2 × 1019 ions/m2 at 1150 K. Imaged by STM at 300 K. Image size 110 nm × 60 nm. (b) Fast Fourier trans-
form of (a) with peaks corresponding to the hexagonal array of vacancy clusters with a periodicity of 2.5 nm defined by the Gr moiré. (c) Atomic-reso-
lution topograph of the Gr/Ir(111) moiré with a single vacancy cluster. Image size 7 nm × 7 nm. (d) STM togograph of single-layer epitaxial h-BN on
Ir(111) prior to ion irradiation. The hexagonal moiré lattice with a periodicity of 2.9 nm is well visible. (e) Sample as in (d) after an additional 500 eV
He+ ion fluence of 1.2 × 1019 ions/m2 at 1200 K. Imaged by STM at 300 K. Image size for (d) and (e) is 45 nm × 45 nm. Figure 9d–e was reprinted
with permission from [157], Copyright 2022 by the American Physical Society. This content is not subject to CC BY 4.0.

(top region) [158]. This region is bright in the STM topograph
of Figure 9c. Thereby, these locations are energetically unfavor-
able to host vacancy clusters. The clusters are also size-limited,
as clusters growing too large and into the bright areas would
force Gr bonds to detach from the substrate. Therefore, vacan-
cies diffusing around avoid attachment to large clusters and
prefer to attach to smaller ones, making the size distribution
rather uniform. The average vacancy cluster size in Figure 9a is
twelve vacancies. A similar mechanism of vacancy cluster self-
organization applies to the moiré of h-BN with Ir(111) [157].
Figure 9d displays the pristine h-BN moiré with pronounced
bright spots. Upon 500 eV He+ ion irradiation at 1200 K,
vacancy clusters (dark spots of varying size) are found to be ex-
clusively attached to the bright areas of the moiré. They form
indeed a lattice with about 90% of the sites occupied. Transfer
of such nanomeshes to a foreign substrate [157] makes it

possible to explore their use in membrane applications like
water desalination or gas purification.

The last example illuminates how a more complex 1D defect in
a 2D material can be created with good spacial precision and
scalability, making the defect suitable for application. When
two 2D crystals mirrored along a line are joined, the twin
crystal contains a mirror twin boundary as a 1D line defect, in
full analogy to a 3D twin crystal with a 2D twin plane. An
atomic model of a mirror twin crystal with a MTB as formed in
single layers of MoS2 is shown in Figure 10a. Such MTBs
emerge when the threefold-symmetric MoS2 is grown on a
sixfold-symmetric substrate [159,160]. While the MTBs pos-
sess many exciting properties of fundamental interest [159,161-
163], in the present context, it is only important that transla-
tional symmetry along the line defect is preserved, giving rise to
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Figure 10: Mirror twin boundaries (MTBs) as gate electrodes in field-effect transistors (FETs). (a) Top- and side-view atomic ball model of a mirror
twin boundary in single-layer MoS2. Red and blue triangles highlight the mirror symmetry. (b) Schematic sketch of the hole-like band dispersing along
the MTB located in the bandgap between valence band (VB) and conduction band (CB). (c) Growth of mirrored triangular MoS2 islands away from the
prefined nucleation sites (white dots) leads to a twin boundary. It is located halfway on the line connecting the nucleation sites and normal to it.
(d) Upper panel: optical micrograph of two mirrored triangular MoS2 islands grown together forming a MTB. The position of the MTB is indicated by
the dashed yellow line. Lower panel: MTB made visible as dark line by second harmonic generation imaging. (e) Side- and perspective-view sketch of
a field-effect transistor using a MTB as gate electrode. S: source; D: drain; VDS: drain–source voltage; VMTB: gate voltage applied to the MTB;
I: drain–source current. Figure 10 was adapted with permission from Springer Nature from [164], by W. Jolie et al., “1D metals for 2D electronics”,
Nature Nanotechnology, Vol. 19, Pages 883–884, 2024. Published by Springer Nature. This content is not subject to CC BY 4.0.

a dispersing hole-like band as shown in Figure 10b, that is, to a
1D conductor embedded into a 2D semiconductor. To make use
of such ultimately thin conductors, it is necessary to define their
position. In the epitaxy of MoS2 on c-plane sapphire, this is
accomplished by predefinition of nucleation sites using a
focused ion beam (white spots in the schematic sketch of
Figure 10c [160]). After nucleation of two mirrored islands and
upon further growth, a MTB forms halfway between the trian-
gular MoS2 islands. An example of such predefined MTB for-
mation is shown in Figure 10d. This close to deterministic MTB
positioning enabled their use as ultrashort gate electrodes in
arrays of field-effect transistors (FETs), of which one is

schematically sketched in Figure 10e [160,164]. The beauty of
the use of MTBs in 2D FETs results from the fact that the con-
struction of the FETs is much simpler than in previous ultra-
short-gate FETs [165,166] since the gate electrode, the MTB, is
already formed and positioned during growth, with at least
equal performance. Preconditions for making use of the MTBs
in FETs are the defined spatial positioning of the MTBs
together with their inherent uniformity and perfection. The three
examples highlight that we are indeed about to reach control
over defect positioning, uniformity (only one and the same
defect present), and scalability, which ultimately will lead to
useful technological applications.
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What are the limitations of X-ray
photoelectron spectroscopy in identifying and
quantifying defect concentrations in 2D
materials, and how can these limitations be
addressed?
X-ray photoelectron spectroscopy (XPS) is a powerful tool for
identifying and quantifying defects in 2D materials, offering
unique advantages in surface sensitivity, chemical state analy-
sis, and real-time monitoring of defect evolution. While chal-
lenges such as surface contamination, depth sensitivity, energy
resolution, and data complexity exist, they can be addressed
through careful sample preparation, the use of complementary
techniques, and the integration of theoretical modelling for data
analysis. The ability of XPS to study defect evolution under
specific atmospheric conditions further broadens its applicabili-
ty, making it an invaluable tool for understanding and optimiz-
ing the properties of 2D materials. Continued advancements in
XPS technology, including integration with in situ/operando
capabilities, microscopy, and machine learning for data analy-
sis, promise to further enhance defect characterization and
accelerate the development of high-performance materials for
various applications.

The fundamental principle of XPS lies in its ability to probe the
binding energies of core electrons, which are influenced by the
local electronic environment surrounding the atoms [167-171].
Essentially, by analyzing shifts in binding energies and changes
in peak intensities, XPS can identify various defect types, in-
cluding vacancies, interstitials, and substitutional defects [172-
178]. In the context of 2D materials, defects exhibit distinct
signatures in the XPS spectra, enabling their identification. By
meticulously analyzing the XPS spectra in conjunction with
DFT analysis, researchers can determine the nature of defects
present in the material, distinguishing between different types
based on the observed binding energy shifts and peak shapes
[179-187].

Complementing XPS, scanning X-ray photoelectron microsco-
py (SPEM) provides spatially resolved chemical information at
the nanoscale, and near-ambient pressure XPS enables real-time
monitoring of the chemical reactivity of defects in 2D materials
under various environmental conditions [187-192]. Despite its
strengths, XPS has several limitations that must be addressed
for accurate defect characterization. One major challenge is sur-
face contamination, which can obscure defect signals. Hydro-
carbon residues and other contaminants may alter the XPS spec-
tra, leading to misinterpretation of defect characteristics. To
mitigate this, careful sample preparation in controlled environ-
ments and in situ cleaning methods, such as argon ion sput-
tering, are essential. However, these approaches must be

applied cautiously to avoid introducing new defects or modi-
fying existing ones. Another limitation is the depth sensitivity
of XPS. The electron escape depth (typically 1–10 nm) is larger
than the thickness of most 2D materials (0.5 to 0.8 nm for a
monolayer); therefore, XPS may include contributions from
underlying substrates or adjacent layers in multilayered struc-
tures. Techniques such as angle-resolved XPS may address this
issue by varying the photoelectron emission angle, enabling
depth profiling and providing insights into defect distributions
across different layers [193-195].

The complexity of defect types in 2D materials also poses chal-
lenges for interpreting the data. Overlapping signals from dif-
ferent defects, such as vacancies, interstitials, and substitutional
defects, can complicate analysis. To address this, combining
XPS with complementary techniques, such as Raman spectros-
copy, AFM, and DFT analysis, can provide a more comprehen-
sive understanding of defect characteristics. Quantitative defect
analysis is further hindered by the variability in XPS signal in-
tensity, which can be influenced by factors such as surface
roughness and electron escape depth. Calibration against stan-
dard samples with known defect concentrations can improve
accuracy. For instance, Scardamaglia et al. reported on defect
characterization in nitrogen-implanted graphene through a
detailed analysis of XPS data recorded on nitrogen-ion-irradi-
ated suspended graphene, specifically focusing on the C 1s
core-level spectra [174,188]. The presence of defects, including
vacancies and sp3-hybridized carbon, was inferred from the ob-
served broadening and shifting of the C 1s peak. As shown in
Figure 11, in pristine graphene, the C 1s peak appears as a
sharp, well-defined feature. However, in the nitrogen-doped
samples, the C 1s peak exhibits significant broadening, indicat-
ing structural disorder within the graphene lattice [188]. Five
components were used to reproduce the C 1s spectrum after the
nitrogen irradiation: The asymmetric component, peaking at
284.47 eV, was reported to be representative of carbon atoms in
sp2 C–C bonds in pristine suspended graphene. The component
with the lowest binding energy at 283.70 eV was associated
with vacancies in the carbon lattice, while the one at 284.80 eV
is attributed to sp3 carbon hybridization. The other two compo-
nents are associated with C–N bonds in different configurations.

The integration of XPS data with theoretical calculations, such
as DFT, further enhances the interpretative power of the tech-
nique, enabling a robust identification of defect types and their
associated chemical states [179-187]. For instance, Amati et al.
used SPEM to evaluate defect formation in 2D MoS2[186]. The
poor catalytic activity of TMCs can be enhanced by intro-
ducing intrinsic or extrinsic defects, including vacancies and
dopants [132,196-198]. In this context, SPEM was applied to in
situ investigate a monolayer of MoS2 grown on a gold foil
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Figure 11: (a) 6.4 × 6.4 mm2 scanning photoemission spectroscopy (SPEM) image of a graphene flake recorded at the C 1s energy. The XPS spec-
tra were recorded in the region represented by a red square. Spatial resolution 100 nm. C 1s spectrum recorded (b) before and (c) after nitrogen ion
irradiation for 15 min. Black dots represent the experimental data, and the red continuous line is the result of the least-squares fit procedure. Figure 11
was adapted from [188], Carbon, Vol. 73, by M. Scardamaglia, B. Aleman, M. Amati, C. Ewels, P. Pochet, N. Reckinger, J.-F. Colomer, T. Skaltsas,
N. Tagmatarchis, R. Snyders, L. Gregoratti, C. Bittencourt, “Nitrogen implantation of suspended graphene flakes: Annealing effects and selectivity of
sp2 nitrogen species”, Pages 371–381, Copyright (2014), with permission from Elsevier. This content is not subject to CC BY 4.0.

during thermal annealing in hydrogen, reported as a method for
creating sulfur vacancies [186,199]. The pristine Mo 3d5/2 spec-
trum was reported to display a single component at 229.4 eV,
typical of stoichiometric 2H-MoS2. As the temperature in-
creased, significant changes were observed in the XPS spectra,
particularly at 830 K, where new XPS spectral features
emerged. Two major components were reported to appear in the
Mo 3d spectrum at binding energies of 228.9 and 228.4 eV, as-
sociated with the presence of undercoordinated Mo species as-
sociated with sulfur vacancies [186,200]. The corresponding
S 2p spectrum showed a primary peak at 162.3 eV, indicative of
sulfide species, along with additional peaks at 161.3 eV, attri-
buted to elemental sulfur on the gold support, and at 163.6 eV,
which can be linked to SOx species. The SPEM image shows
that the reaction with hydrogen initially occurred at the edges of
the islands, leading to the formation of vacancy islands as sulfur
atoms were eliminated. In another work, Bruix et al. [201] ex-
amined the edges of in situ grown MoS2 islands on Au(111),
revealing how different atomic contributions affect the spectral
characteristics of the Mo 3d and S 2p core levels (Figure 12,
[186,199]). By combining XPS with DFT calculations, they
identified multiple shifts in the Mo 3d5/2 core level, correspond-
ing to Mo atoms at various positions within the triangular MoS2
islands. The interaction with the Au substrate caused the S 2p
doublet to split into two peaks, namely, one at higher binding
energy for sulfur atoms in contact with Au, indicating S–Au
bond formation, and another at lower binding energy from the
upper sulfur layer. Monitoring the XPS signal during hydrogen
exposure provided insights into the reduction process decreas-
ing sulfur coverage, which resulted in a shift of the Mo 3d core
level to higher binding energy, attributed to changes in the
metallic character of Mo.

Do the calculated and experimentally
measured concentrations of irradiation-
induced defects agree?
Ion irradiation is a highly versatile tool for defect engineering in
2D materials since the modifications depend sensitively on ion
type, energy, and charge state. Energy deposition occurs either
via direct collisions (nuclear stopping) or through electronic ex-
citations (electronic stopping). For simplicity, three scenarios
are typically distinguished: (I) slow, singly charged ions (e.g.,
Ar+ with kinetic energies in the range of 50–5000 eV),
(II) slow, highly charged ions (e.g., Xe40+ in the range of
50–500 keV), and (III) fast (swift) heavy ions (e.g., Xe23+ in the
range of 100–1000 MeV). All three regimes have been used to
introduce defects in 2D materials [7]. Scenario I mainly
produces small defects such as chalcogen vacancies via atomic
collisions, whereas scenarios II and III enable the formation of
extended defects, that is, pores with radii ranging from a
few angstroms to several nanometers, depending on the
irradiation parameters. Figure 13 shows atomically resolved
examples of such ion-induced defects in MoS2. Quantifying
the nature and size of ion-induced defects is experimentally
challenging as most irradiation experiments are performed
on 2D materials supported on substrates. This prevents
the use of high-resolution techniques such as STEM. Alterna-
tives like scanning probe microscopy suffer either from sub-
strate limitations (STM and AFM) or insufficient resolution
under ambient conditions (AFM). Substrate effects further
complicate the picture. Recent STEM studies of supported
MoS2 revealed slightly larger pores, as can be seen in
Figure 13. In principle, this is consistent with the theoretical
predictions and attributable to backscattering processes; howev-
er, for a quantitative comparison, experimental data with atomic
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Figure 12: (a) SEM image of a MoS2 film grown on Au foil. (b) SPEM Mo 3d and S 2p maps of the pristine sample. Mo 3d map after annealing at (c)
750 K and (d) 830 K in H2. XPS spectra for (e) Mo 3d and (f) S 2p of MoS2 fractals at room temperature (RT), as well as during annealing at 750 and
830 K in a 1 mbar H2 atmosphere. Deconvolution of XPS spectra and DFT-calculated binding energy shifts: (g) Mo 3d and (h) S 2p XPS spectra,
alongside DFT-calculated core-level binding energy (BE) shifts for MoS2 nanoparticles supported on Au(111), (i) for Mo 3d and (j) for S 2p. The fitted
Mo 3d spectrum is separated into three distinct components (high, medium, and low BE), which are correlated with the calculated shifts. The various
colors in the histograms represent the positions of Mo and S atoms (corner, edge, near-edge, or basal plane) within the MoS2 triangle, indicating their
contributions to the observed Mo 3d and S 2p shifts, as in the corresponding triangle diagrams. Figure 12 panels (a–f) were reproduced from [186] (©
2023 M. Amati et al., published by Elsevier B.V., distributed under the terms of the Creative Commons Attribution 4.0 International License, https://
creativecommons.org/licenses/by/4.0). Figure 12g–j was reprinted with permission from [201]. Copyright 2015 American Chemical Society. This
content is not subject to CC BY 4.0.

resolution, in particular after scenario-I irradiation, is still too
scarce.

As for using high-resolution TEM for defect concentration
assessment, the concentration of defects can be probed locally,
giving an indication of the overall material. Considering impuri-
ties, their number in the material after irradiation will give the
retention rate, that is, how likely their formation upon irradia-
tion is. The rate highly depends on the irradiation parameters
such as ion energy. The local variation in the level of contami-
nation present on the 2D surface also has a significant effect on
the experimental retention rates. The ion may end up within or
under the contamination, lowering the number embedded in the
2D material itself. Local variations in the retention may also
rise from the slow moving particles as ultralow energies are re-

quired for the implantation into 2D membranes. Such slowly
moving projectiles could be deflected, for example, if the con-
tamination becomes charged. These effects are not considered
in the theoretical predictions. Nevertheless, experiments with B-
and N-implanted freestanding graphene exhibit good agree-
ment with theoretical predictions. The overall retention rate for
200 eV N range from 5% to 15% of the implanted dose [11].
This compares well to the theoretical prediction of 5% [202].
Experimentally 100 eV B-implanted clean regions show reten-
tion of the order of 15% [11], and theory matches with 15%
using DFT [203]. When areas of graphene with contamination
are included, the experimental retention goes up to 50%. Lower
implantation energies (25 eV) can achieve as high as 100%
retention rate for N; however, the number goes down to 15% or
even lower in clean areas (local concentrations as low as 0.5%

https://creativecommons.org/licenses/by/4.0
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Figure 13: Atomically resolved STEM images of ion-induced pores in
MoS2 with dominant electronic excitation. (a, c) suspended and (b, d)
supported on SiO2. Supported monolayers have been transferred onto
TEM grids after irradiation. (a, b) 0.7 MeV/u Xe23+ and (c, d) 180 kV
Xe40+. Images courtesy of Yossarian Liebsch (AG Schleberger),
University of Duisburg-Essen and Umair Javed (AG Kotakoski),
University of Vienna.

were recorded). The calculated values match the estimate for
clean graphene, indicating 15% retention [203]. For Se substitu-
tion into the S site of a freestanding MoS2 monolayer, a reten-
tion rate of 1% has been reported with 10 eV ion energy [23].
Calculations, however, indicate a retention rate for substitu-
tional sites at about 9%, which goes as high as 40% when the
ion energy is increased to 25 eV [15]. The discrepancy between
theory and experiment becomes larger as the systems become
more complex when a substrate is included. Supported
graphene implanted with 25–100 eV N and studied using elec-
trical testing [204] indicate an increase in electron field-effect
mobility attributed to substitutional nitrogen doping, indicating
a retention rate of about 3%. Using a much heavier projectile, a
retention rate of 1% (Mn 40 eV) [12] and 10% [16] (Mn 60 eV)
in supported graphene have been recorded experimentally. For
comparison, ab initio MD indicates retention of about 45% [16],
which depends strongly on the moiré supercell at the point of
the impact. Differences in timescales and subsequent experi-
mental processing like annealing, are likely contributing factors
in the variation between theoretical and experimental results.

For introducing dopants that have a large mass difference be-
tween the ion and the target, a two step process is used due to
inefficient momentum transfer in a one step “direct” implanta-

tion [21]. The method relies on first creating vacancies by ion
irradiation then filling them by landing the desired impurity
atoms onto the vacancy-ridden 2D material. The total retention
rate is a combination of the efficiency to create vacancies and
the efficiency to fill these. For free-standing graphene with gold
dopants, it is reported to be 0.2% in the area of clean graphene
[20].

Do we fully understand the mechanism of the
neutralization of highly charged ions after
passing through 2D materials? How does the
neutralization depend on the electronic
structure of the system?
A dynamic change of the ion charge state due to the interaction
with a solid surface is governed by a complex interplay of
charge transport between the ion and the surface [205], charge
density rearrangement in the surface area [206,207], and Auger-
type de-excitation processes [208,209]. While swift heavy
ions typically increase their charge by friction with the elec-
tronic system of a solid, it is not yet clarified how this charge
exchange affects the electronic stopping power responsible for
swift heavy ion-induced surface modifications and perforation
in 2D materials (see Figure 13a,b).

For slow ions, that is, if the ion velocity is well below the elec-
tron Fermi velocity, the ionic charge is neutralized very effi-
ciently within one to three monolayers of graphene [210]. It has
been shown that the neutralization follows an exponential
charge decay over time (i.e., it depends only implicitly on the
ion velocity). The ions show the same charge exchange in
single-layer graphene as in bilayer graphene at twice their
velocity. This finding also implies that the target atomic lattice,
that is, the number of atoms the ion passes ultimately defines
the neutralization. An atom-centered interatomic Auger decay,
like interatomic Coulombic decay [211,212] of a highly excited
atom/ion can, in principle, explain the empirical findings of
charge neutralization of heavy highly charged Xe ions in
graphene [213]. For highly asymmetric ion–target atom combi-
nations, like Xe on C, a substantial level mixing via molecular
orbital formation is not expected, and interatomic Auger decay
remains the dominant mechanism to transfer the ion potential
energy to the surface. It further stabilizes captured electrons
through de-excitation almost to the ground state of the ion. For
other, less asymmetric cases, molecular orbital formation
cannot be ruled out and might become significant [214,215]. A
quasi-molecule formation during the collision of a slow ion
with a target atom would lead to a different time dependence of
charge exchange and should show a clear velocity threshold for
these charge exchange channels to open. A different mecha-
nism for charge exchange could furthermore imply a different
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efficiency for potential energy deposition and, consequently,
affect pore formation in TMDs.

Previous studies of highly charged Xe ion transmission through
graphene and freestanding MoS2, however, showed that MoS2
provides similar neutralization as graphene for Xe ions [216],
considering the increased number of atomic planes. The three-
atomic-layer-structure of MoS2 shows similar charge exchange
as a trilayer graphene membrane (Figure 14). Furthermore, the
charge-exchange-enhanced ion stopping power [217] is also
similar between graphene and MoS2 if scaled to the same
amount of atomic planes (three in the case of a monolayer of
MoS2 and one in the case of graphene). We can therefore infer
that it is in fact the number of atoms the ion passes that deter-
mines the amount of charge exchange and of deposited poten-
tial energy. There is, however, a lack of experimental data for
other 2D materials and other ionic species with some prelimi-
nary data (unpublished) for Ar ions and h-BN monolayers. For
Ar ions, the ionization of the L and K shells is accessible in ex-
periments, while for slow Xe ions, typically, the L and K shells
cannot be ionized. A jump in ionization potential at Ar8+ and
Ar17+ reflects in a different exponential decay (neutralization
time constant) in graphene. While this data demands further
clarifications, it indicates a strong influence of the atomic level
structure and occupation of the ion on the charge exchange.
When the target system is modified, that is, a wide-bandgap
insulator like h-BN is used, no significant differences in the
charge exchange for Xe ions were observed in comparison to
graphene.

Figure 14: Schematic of the charge exchange of highly charged
(xenon) ions through 2D materials. The charge exchange is governed
by the interaction time of the ion with the material layer(s): For the
same incident charge state qin, the same outgoing charge state qout is
reached when (a) the ion has velocity v and transmits a monolayer of
graphene, (b) the ion has velocity 3v and transmits a trilayer of
graphene, and (c) the ion has velocity 3v and transmits a monolayer of
MoS2. In all three cases, the interaction time t = d/v with the material
thickness d is similar. Material layers were rendered using the soft-
ware Vesta [218].

The similarities in the charge exchange between graphene and
MoS2 (and h-BN based on preliminary data) suggest that the
band structure of the target material is not a determining factor

for the ion neutralization and potential energy deposition. The
perforation of 2D materials or modification of the surfaces,
however, depends very strongly on the electronic structure of
the solid. For lattice modifications, two steps should be consid-
ered, namely (i) the ion neutralization and potential energy
deposition, which might be largely independent of the specific
surface material, and (ii) the surface response to the strong
electronic excitations, which appears largely different for
(semi)metals, semiconductors, and insulators. It should be
noted, however, that a comparison between different materials
always includes different band structures, different atomic
species, different lattice structures, different atomic binding
energies, and different types of charge hopping. A fair compari-
son between metallic and insulating surfaces to attribute differ-
ences in perforation to the material and its electronic structure
should involve surfaces with a metal-to-insulator transition,
keeping material composition and lattice structure largely un-
changed.

Can holes with controllable sizes be
produced using energetic ions?
Creating “perforated” 2D materials with a narrow distribution
of hole diameters is highly desirable for various applications
like DNA sequencing, molecule sieving, or water purification
[219-224], but manufacturing such materials is challenging.
This problem can be circumvented by impacting freestanding
2D materials, typically prepared on TEM grids, with energetic
ions. Pores of the order of a few nm in radius created in such
freestanding samples by electronic excitation (scenarios II and
III) are usually circular with narrow size distributions. For free-
standing MoS2, irradiation with highly charged ions resulted in
a linear increase in pore size with potential energy depending on
the ion’s charge state [225]. In the case of swift heavy ions, the
pore size as a function of energy deposition per layer, con-
trolled by the ion kinetic energy, follows a power law [226].
The latter observation is noteworthy for two reasons: (i) Such
power-law behavior is expected if electronic excitations couple
to phonons, as described by the two-temperature model; (ii) it is
obscured when the stopping power is estimated using SRIM
[227]. While SRIM is widely used to evaluate electronic stop-
ping, it is based on semi-empirical fits and neglects relevant
contributions such as electron bunching, spatial straggling, and
energy carried away by escaping particles. Although a more
accurate model has been conceived by Liebsch et al. [226], the
exact description of the initial energy deposition via electronic
excitation remains unresolved. Another issue is the efficiency of
pore creation. Typically, the number of pores per incident ion is
below unity. Near-unity efficiency can be achieved, for exam-
ple, for highly charged ions at very high charge states [225] or
for swift heavy ions with sufficiently high electronic stopping
[226].
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Figure 15: (a) Output characteristics of a MoS2 FET that has been
irradiated with Ar+ ions with a kinetic energy of 40 eV at fluences of up
to 5 x 1013 ions/cm2. (b) The change in charge carrier concentration
was derived from the change in the threshold voltage. At low fluences,
the device appears more n-doped, at higher fluences the electron den-
sity in MoS2 decreases again. Images courtesy of Leon Daniel and
Leon Klieve (AG Schleberger), University of Duisburg-Essen.

Are 2D materials radiation-tolerant, as
discussed in the literature in the context of
transistor operation?
The radiation tolerance of 2D materials and 2D-based elec-
tronic devices has been widely discussed in the literature, see,
for example, [228]. With respect to devices, ion irradiation is
equally powerful, as it allows for post-fabrication property
tuning [229,230]. Early work emphasized the radiation toler-
ance of FETs based on 2D materials [231]. Indeed, 2D FETs,
particularly those with graphene channels, can sustain signifi-
cant damage while remaining operational. However, one must
consider that conventional Si-based MOSFETs use ultrathin
dielectrics (a few nanometers). In such devices, the critical
fluence before catastrophic gate breakdown can be up to five
orders of magnitude lower [232]. In contrast, 2D FETs typical-
ly employ much thicker oxides (≈300 nm), which explains their

higher fluence tolerance. This interpretation is further sup-
ported by recent results on FinFETs, whose narrow channels
and gate-all-around architecture confer radiation hardness
comparable to that of 2D and CNT FETs [233,234]. Ion irradia-
tion alters electrical performance via several mechanisms,
namely, (i) introduction of defects in the channel or dielectric,
(ii) modification of the contacts, and (iii) removal of adsorbates
and lithography residues. Figure 15 shows an example. The
interplay of these effects complicates mechanistic identification.
Particularly promising, however, is the ability to tailor trap
states responsible for hysteresis in I–V curves of 2D FETs. This
opens pathways not only for conventional optoelectronics but
also for novel device concepts such as neuromorphic vision
[235] and reservoir computing [236].

What are the sources for e-beam damage in
the transmission electron microscope, and
how important are they for different 2D
materials?
The three sample-degrading mechanisms in the electron micro-
scope, knock-on effects, inelastic scattering, and chemical
etching [237,238], are fundamentally governed by the four pa-
rameters electron energy, electronic properties of the sample,
sample temperature, and residual molecules in the microscope
vacuum. It was shown early that electron irradiation-induced
defect creation in graphene in ultrahigh vacuum can be suffi-
ciently well described by the knock-on damage mechanism
[239-242], which can be modeled with reasonable accuracy by
taking lattice vibrations into account [243]. While increased
sample temperature leads to increased probability of damage, it
can also hinder its detection due to vacancy [244] and adatom
migration [245,246] followed by their annihilation. In contrast
to excellent electronic conductors, such as graphene, in semi-
conducting and insulating materials the knock-on damage
mechanism is not sufficient to explain the experimental obser-
vations [242,247]. Instead, inelastic scattering processes such as
ionization and electronic excitations have to be taken into
account [247-250]. Despite the recent efforts to describe this
process by combining inelastic and elastic scattering into a
single model, so far no universal description has been presented
that would adequately describe the experimental data from first
principles.

An additional complication is presented by the often unknown
influences on the damage creation process arising from sample
quality and residual vacuum in the microscope. For example,
when graphene is exposed to a relatively low oxygen partial
pressure of 3 × 10−8 mbar [251], even low-energy electron irra-
diation, below what is required to displace under-coordinated
carbon atoms from a graphene edge, is sufficient to grow pores



Beilstein J. Nanotechnol. 2026, 17, 454–488.

474

starting from point defects. This pressure is below what is
typical for TEMs with a side-entry sample holder that seals the
objective area vacuum with a single O-ring; hence, in many ex-
periments, the roles of pure electron irradiation and electron ir-
radiation-assisted chemical etching can not be distinguished. In
comparison, in ultrahigh vacuum, the pore growth becomes
negligible at electron energy of 60 keV. The presence of oxygen
has also an influence on the structure of the graphene edges
[251]: Armchair edges dominate in ultrahigh vacuum, whereas
both zigzag and armchair edges are observed during oxygen-
mediated etching.

Such chemical effects are not restricted to graphene. It has been
known for nearly two decades that triangular pores grow in
h-BN during TEM imaging [30,252,253]. However, it was only
recently shown that this only occurs in the presence of a low-
pressure oxygen atmosphere and that, in ultrahigh vacuum, the
pores have a circular shape [254]. This indicates that the dis-
placement cross section of B and N atoms at a h-BN edge are
similar enough to cause their displacement at nearly the same
probability, at least under 60 and 80 keV electron irradiation,
similarly to the observations for the pristine lattice [250]. It has
also been shown that a low-pressure oxygen atmosphere accel-
erates pore growth in the oxidation-sensitive MoTe2, whereas,
in MoS2, it plays a negligible role [255], highlighting that such
processes depend on the chemical properties of the material.
Finally, similar chemical effects can also occur due to surface
contaminations of the sample, regardless of the microscope
vacuum. This is due to oxygen, and possibly other reactive
species, from the contamination released by the electron irradia-
tion during imaging [256]. It has also been suggested that
adatoms (e.g., H and C) present on the surface of 2D materials,
can also give rise to additional damage by weakening the
in-plane covalent bonds, which, in turn, leads to a decrease in
the knock-on damage threshold energy [257].

Due to these complications, accurately quantifying electron-
beam damage is challenging. Doing this properly requires
controlling, or at least taking into account, all experimental pa-
rameters that may have an influence on the relevant processes.
For example, chemical effects can be reduced by using atomi-
cally clean samples or sample areas far away from contamina-
tion and by carrying the experiments out in ultrahigh vacuum
(pressure of at least low 10−9 mbar or lower). To elucidate the
roles of inelastic and elastic damage pathways, experiments
must be carried out at different electron energies since their
energy-dependences are opposite (inelastic damage becoming
more probably at low energies and elastic damage at high ener-
gies). Additionally, methodological advances are necessary to
reduce the electron fluence required for determination of the
atomic structure. This will allow for both quantitative measure-

ments of the damage and damage-free high-resolution imaging.
Several approaches can be combined to achieve this goal, such
as employing direct-electron detectors, automated and fast scan-
ning, phase reconstruction techniques [258], sparse sampling
[259], machine learning-based image recognition techniques
[260], and ptychography [261]. This becomes even more impor-
tant when atomic-scale (S)TEM characterization is applied to
materials such as metal-organic frameworks [262] or organic
materials, which are even more prone to electron-irradiation
damage than traditional 2D materials.

Can atomistic simulations of the response of
supported 2D materials to He ion irradiation
in the helium ion microscope be carried out?
Helium ion microscopy (HIM) makes it possible to focus the
ion beam on a sub-nanometer area [263] and, thus, to not only
get information on the morphology of the sample, but also to
create defects with high spatial resolution. For example, the
optoelectronic properties of devices assembled from 2D TMDs
were modified in a controllable manner [264-266] by defect
production using HIM. Free-standing nanoribbons of MoS2
have been fabricated [265], along with memristors [267].
Single-photon emitters have been realized in TMDs [268-270]
and h-BN [119] by creating defects using HIM, just to mention
a few.

In most of the ion bombardment experiments, the irradiated 2D
materials were on a substrate, although free-standing (e.g.,
deposited on a TEM grid) 2D materials have also been studied.
A recent development is an experiment where 2D materials
treated with a He-ion beam are transferred to a second substrate
before they are analyzed further [119]. Theory predicts [271-
274] that the response of the supported 2D materials to ion
bombardment can be strongly affected by the presence of a sub-
strate, and the experiments [16,275-278] confirm this. Indeed,
depending on ion energy, its charge state and mass, a smaller
number of defects can be produced as the atoms displaced from
the 2D target may be stopped by the substrate and immediately
annihilate with the parent vacancies. The opposite is also
possible: The backscattered ions and atoms sputtered from the
substrate can enhance defect production, as schematically illus-
trated in Figure 16.

In HIM, the typical ion energies are in the range of 20–30 keV,
which creates enormous computational challenges (even for an-
alytical potential MD simulations) for quantitative prediction of
the probabilities of defect creation in the supported 2D materi-
als. The problem is that the cross section for atom displacement
is very small so that the ranges of ions are rather big (over
100 nm), while ions backscattered from the atoms deep in the
substrate can still reach the surface and create additional
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Figure 16: Schematic illustration of the effects of the substrate on defect production in a supported 2D material under ion irradiation. The substrate
atoms are colored in brown, the 2D target atom in blue, and the impinging ion is represented as the red circle (filled or empty). The recoil atom sput-
tered from the 2D material can be reflected by the substrate and immediately be incorporated into the atomic network (a) or diffuse between the 2D
material and the substrate and fill a pre-existing vacancy (b). These processes reduce the amount of damage in the irradiated 2D material. The ion
can also be backscattered by the substrate (c) or sputter a substrate atom, which in turn displaces an atom from the 2D target. Processes (c) and (d)
increase the number of defects in the 2D material. Figure 16 was adapted from [279] (“Simulations of the response of supported 2D materials to ion ir-
radiation with explicit account for the atomic structure of the substrate”, © 2025 M. Jain et al., published by the Royal Society of Chemistry, distributed
under the terms of the Creative Commons Attribution 3.0 Unported Licence, http://creativecommons.org/licenses/by/3.0/).

damage. Most ions (reaching 99%) do not produce any damage
in the 2D material directly; they just go through. Thus, thou-
sands of simulations with various impact points are required to
collect the statistics. A work-around was recently suggested
[279], namely, using a “special” mesh of impact points, where
the points are predominantly sampled in the vicinity of the
target atoms, followed by the re-scaling of the outcomes of the
simulations as a ratio of the areas near the atoms to the total
area. This approach seems to improve the convergence of the
results for MoS2 on a SiO2 substrate, but more extensive simu-
lations and benchmarking are required to validate this approach.

Another problem is to account for in situ annealing of defects at
the interface, that is, the annihilation of atoms sputtered from
the 2D material and located between the 2D system and the sub-
strate with vacancies. The annealing occurs on a macroscopic
time scale; hence, even if the force model used (normally ana-
lytical potentials) describes correctly the migration barriers, mo-
lecular dynamics simulations are not realistic in practice, as
they cannot reach macroscopically long time scales. Stimulated
annealing (i.e., rising the temperature) cannot be used as the 2D
material can simply detach from the substrate. Kinetic Monte-
Carlo simulations with the barriers derived from first-principles
calculations can be a solution in this case.

Can machine learning be used (in practice) in
the simulations of defects and ion/electron
irradiation?
There is intense interest in the application of machine learning
interatomic potentials for both static and dynamic simulations
of defects in 2D materials. As for static calculations, MLIPs
should, in principle, be able to reproduce DFT levels of preci-
sion in defect structure and formation energies, provided that
the training set includes defect configurations, with significant

gain in computational speed. It is tempting to revisit problems
previously tackled using conventional empirical interatomic
potentials in order to improve their accuracy. We are at early
days, however, with limited available ML multicomponent
potentials.

The situation is more complicated in the dynamic calculations
of defect production upon impacts of energetic particles.
Universal MLIPs (uMLIPs) are trained around equilibrium
structures, either from structural relaxation trajectories or MD
simulations at moderate temperatures and pressures. Such
uMLIPs are expected to work poorly out of the box for simu-
lating irradiation effects, where interionic distances can be very
small even in comparison to high-pressure experiments and
which usually involve bond breaking and formation. Even for
MLIPs trained for a specfic material/system, irradiation simula-
tions are challenging. First, given the sharp potential energy
surface at small distances, it will be not straightforward to
develop a model that can concurrently treat the equilibrium
regions and short-distance regions of the potential energy sur-
face at high accuracy. A possible solution to this is to comple-
ment (e.g., by delta-learning) standard MLIPs with models for
the empirical models for short-range interactions. Second, the
trajectories of irradiated atoms/ions can cover large portions of
the phase space, including all different ways to break/form
bonds. Thus, the strategy for training data collection becomes
critical. Alternatively, one could employ models that provide
error/confidence estimates and run the irradiation simulations
within active-learning frameworks, using first-principles calcu-
lations whenever confidence is low. Third, the models are
trained using electronic structures evaluated at 0 K or at most
one fixed temperature. That is, they cannot account for differ-
ent electronic temperatures in different parts of the sample and
its coupling to ion dynamics.

http://creativecommons.org/licenses/by/3.0/
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In the context of defect–light interactions, one of the most im-
portant observables is the photoluminescence (PL) spectrum.
When a point defect has localized states inside the bandgap of
the host material, transitions between these states, or between
the localized states and the delocalized bands of the host can
lead to characteristic emission features below the onset of band-
to-band transitions. The shape of the PL spectrum is governed
by the electron–phonon coupling. Because the latter is sensitive
to the chemical identity and detailed atomic structure of the
defect center, the PL lineshape constitutes a unique fingerprint
essential for identifying the microscopic nature of defects. The
calculation of point defect PL spectra from first principles is a
rather demanding task. In its most widely used implementation,
it requires all vibrational modes of the defect supercell [280].
The latter typically contains several hundreds of atoms; conven-
tional phonon calculations thus require to perform thousands of
DFT calculations for a large supercell. The recently introduced
uMLIPs based on message-passing neural networks [281-286]
have shown remarkable capabilities for several standard tasks
such as structure optimization, molecular dynamics, and the
calculation of phonons in pristine crystals [287-289]. Recently,
it was shown that these uMLIPs (in particular the MatterSim
potential [290]) can also be used to obtain the phonons of defect
structures with only a small reduction in accuracy. As the
MLIPs are orders of magnitude faster than DFT, this complete-
ly removes the phonon bottleneck of the PL calculations [115].
In [115], a systematic comparison of PL spectra obtained with
phonons from DFT and MLIPs was performed for 791 crystal
point defects [291]. Overall, very good agreement was found
for the PL lineshape across defects with different charge and
magnetic states. The agreement was particularly good for
defects with weaker electron–phonon coupling (smaller
Huang–Rhys factors), and significant disagreement between
DFT and MLIPs was found only in a few cases.

The work by Sharma et al. [115] found that it is essential to
relax the defect structure with the MLIP, starting from the DFT-
relaxed configuration, prior to calculating the phonons. Using
the MLIP to relax the defect structure from scratch was not suc-
cessful. This shows that there is still room for improvement of
the MLIPs in defect modelling; this is most likely because the
employed training structures were not sufficiently diverse and/
or relevant. Moreover, it should be noted that the calculation of
PL spectra, in addition to the ground-state phonons, also
involves a relaxation of the defect structure on the excited
potential energy surface. This step must be performed using
constrained-DFT or a similar methodology as current MLIPs
are limited to the electronic ground state. The development of
machine learning potentials that would be capable of describing
excited-state dynamics is an interesting, yet highly challenging,
problem [292].

How far can we go with machine learning
potentials for 2D materials, given their often
extreme anisotropy in properties?
The possibility to apply MLIPs for defect modelling is related
to a more general question of the applicability of this class of
potentials to the simulations of 2D materials. It is not clear a
priori whether MLIPs will be able to reproduce the highly
anisotropic properties of 2D materials. Single-layer, bilayer, and
few-layer materials exhibit substantial structural variations
compared to their bulk counterparts. The structural properties of
these systems differ from one another, and all few-layered 2D
materials show marked distinctions from their bulk forms. This
phenomenon is particularly pronounced in 2D materials
composed of multiple chemical elements, where local chemical
environments heavily influence structural characteristics. For
example, graphene maintains a homogeneous carbon distribu-
tion within a perfectly flat planar structure, while single-layer
C3N4 exhibits complex buckling due to the distinct chemical
properties of carbon and nitrogen atoms (e.g., differences in
electronegativity). This buckling structure is layer-dependent
and directly affects the resultant electronic configuration,
thereby, electronic, optical, and other physical properties. The
complexity of local chemistry and structure becomes especially
significant in single- and few-layered 2D materials, creating
fundamental distinctions from bulk materials.

The mechanical and energetic properties of graphite are the
most anisotropic of all materials. While intralayer sigma- and
pi-bonding is extremely strong, resulting in an elastic constant
C11 of over 1000 GPa, the interlayer bonding is a mixture of
van der Waals forces and weak electronic delocalization [293],
resulting in an interlayer shear elastic constant C44 of less than
10 GPa, see Table 1. DFT calculations with empirical disper-
sion corrections can correctly reproduce this range; however,
most conventional empirical potentials cannot, with some
exceptions such as the Heggie–Cousins-modified Keating
potential developed specifically for this task [294]. A summary
table of experimental and calculated elastic constants of graph-
ite is given in Table 1.

The machine learning potentials quoted here have all been fitted
to GGA calculations and, hence, cannot be expected to produce
better match to experiment than GGA. Of the carbon MLIPs,
the atomic cluster expansion (ACE) potential is of particular
interest (MLIPs for carbon materials were recently reviewed in
[305]). This shows the importance of the training sets. There is
significant error in the interlayer C44 constant for a ACE-CH
potential developed by Willman et al. [303] and trained on 1435
high-precision snapshots from DFT MD simulations. However
there is remarkably accurate reproduction of all GGA-calcu-
lated elastic constants for a pure carbon ACE potential of
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Table 1: Calculated and experimental elastic constants for graphite. AIREBO, REBO, ACE-C(D2), and ACE-CH(D3) values (marked with *) were
generated for this study, and the references indicate the source article for the given potential. All other values are from literature as referenced.

C11 [GPa] C12 [GPa] C33 [GPa] C44 [GPa] C13 [GPa]

Experiment
ultrasonic, sonic resonance, static testinga

[295] 1060 ± 20 180 ± 20 36.5 ± 1.0 0.18–0.35 15 ± 5

pressure derivative from X-ray datab [296] – – – – 22 ± 2
surface Brillouin scatteringa [294] – – – 5.05 ± 0.35 –
Density functional theory
GGA [297] 1079 217 42.2 3.9 −0.5
LDA [297] 1118 235 29.5 4.5 −2.8
Empirical potentials
modified Keating model [294] 1060 180 36.5 5.0 7.9
AIREBO* LJ [298] 960 348 40 0.25 0.25
AIREBO* Morse [299,300] 978 352 36 0.28 0.28
REBO* [301] 843 325 ≈0 ≈0 ≈0
Machine learning interatomic potentials
ACE-C(D2)* [302] 1016 159 35 7.44 −1.7
ACE-CH(D3)* [303] 1287 404 153 7.28 51.41
GAP20c [304] 1022 210 110 35 24

aHighly ordered pyrolytic graphite. bPolycrystalline graphite. cValues from [301].

Figure 17: Energy surfaces for different graphitic stackings, calculated using (from left to right): GGA-D2, ACE-C(D2), and ACE-CH(D3). Energies are
given relative to the AB values for each method, for a periodic two-layer unit cell (maps generated following the approach in [306]). The left and center
maps were reproduced from [306], (© 2026 G. R. Francas et al., published by Elsevier Ltd., distributed under the terms of the Creative Commons
Attribution 4.0 International License, https://creativecommons.org/licenses/by/4.0).

Qamar et al. [302] trained on 17293 systems including struc-
tures with different interlayer stacking.

Figure 17 shows translational maps of graphitic interlayer
stacking energy [306]. Unit cells containing two graphene
layers, the first held fixed, and the second translated by frac-
tions of the unit cell vectors. The in-plane lattice coordinates of
the second layer are held fixed for each point, and the inter-
layer spacing are allowed to vary. Plots include ACE-C(D2) and
ACE-CH(D3) calculations, and a DFT GGA-D2 calculation for

comparison since both ACE MLIPs have been fitted to this
level of theory (ACE-CH(D3) fitting to GGA-D3). This is a
difficult test that the majority of classical interatomic carbon
potentials cannot reproduce, with the exception of potentials de-
veloped specifically with this in mind, such as the
Kolmogorov–Crespy potential [307]. While both ACE poten-
tials successfully reproduce the global minimum for
AB-stacked graphite, only the ACE carbon potential correctly
reproduces the whole DFT mapping, including the unstable
AA-stacked region. This can be directly attributed to the wide-

https://creativecommons.org/licenses/by/4.0
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ranging choice of training sets. Thus, the extreme anisotropy of
2D materials does not appear to be a fundamental stumbling
block for MLIPs, but it highlights the importance of appro-
priate training sets that cover the entire configuration space of
both the intra- and interlayer bonding including unstable config-
urations far from equilibrium. We note that this conclusion will
also be important as MLIPs see increasing application in kinetic
modelling and dynamic simulations of defect formation and
migration. The use of molecular dynamics trajectories as
training sets for such potentials will likely not be sufficient
since the majority of snapshots will lie in energetic valleys,
leading to inaccurate reproduction of saddle point structures and
energetics.

The future of defect modelling in layered materials with MLIPs
nonetheless appears bright, and the speed gain over DFT calcu-
lations opens up a range of previously inaccessible problem
types. One example is 1D defects such as dislocations. These
are difficult to simulate using traditional methodologies due to
their combination of local bonding distortions at the core and
long-range strain fields (which decay as 1/r) with associated
stacking mismatch, requiring prohibitively large systems to
minimize dipolar and quadrupolar interactions between neigh-
boring cells. MLIPs have been applied successfully to model
dislocations in metals [308], and first attempts at modelling
screw dislocations in graphite are promising [306].

Conclusion
In this article some (but definitely not all) challenges and open
questions relevant to the physics and chemistry of defects in 2D
materials have been addressed, following the discussion of
these issues at the symposium “Defect-mediated engineering of
nanomaterials for energy and quantum applications” organized
by the Beilstein-Institut [38]. Specifically, the challenges
regarding the characterization techniques capable of defect
detection and quantification and the defect-mediated engi-
neering of the properties of 2D materials using beams of ener-
getic particles, as well as open questions in the theoretical de-
scription of defective 2D materials have been addressed. The
clear statements of the problems, open questions, suggested
solutions, further ideas, and related discussions should not only
attract the attention of the scientific community to the unre-
solved issues, but also accelerate the progress in the vibrant
field of defect-mediated engineering of the properties of 2D ma-
terials.

Acknowledgements
We thank all participants of the symposium who are not in the
authors’ list for their presentations at the symposium and
discussions. We further thank the Beilstein-Institut for provid-
ing generous funding, which made the organization of the

symposium possible, and Dr. Martí Recort Fornals, Dr. Carsten
Kettner for their help with practical matters related to the orga-
nization of the symposium. The left part of the Graphical
Abstract was reprinted with permission from [129], Jingfeng Li
et al., “Edge and Point-Defect Induced Electronic and Magnet-
ic Properties in Monolayer PtSe2”, Adv. Funct. Mater., with
permission from John Wiley and Sons. Copyright © 2022
Wiley-VCH GmbH. This content is not subject to CC BY 4.0.
The right part of the Graphical Abstract was adapted from [279]
(“Simulations of the response of supported 2D materials to ion
irradiation with explicit account for the atomic structure of the
substrate”, © 2025 M. Jain et al., published by the Royal
Society of Chemistry, distributed under the terms of the
Creative Commons Attribution 3.0 Unported Licence, http://
creativecommons.org/licenses/by/3.0/).

Authors
Arkady V. Krasheninnikov1, Matthias Batzill2, Anouar-Akacha
Delenda3, Marija Drndić4, Chris Ewels3, Katharina J. Franke5,
Mahdi Ghorbani-Asl1, Alexander Holleitner6,7,8, Ado Jorio9,10,
Ute Kaiser11, Daria Kieczka12, Hannu-Pekka Komsa13, Jani
Kotakoski14, Manuel Längle14, David Lamprecht14, Yun Liu15,
Steven G. Louie16,17, Janina Maultzsch18, Thomas Michely19,
Katherine Milton12, Anna Niggas20, Hanako Okuno21, Joshua
A. Robinson22, Marika Schleberger23, Bruno Schuler24,
Alexander Shluger12 ,  Kazu Suenaga25,26 ,  Kristian S.
Thygesen27, Richard A. Wilhelm20, E. Harriet Åhlgren14,28,29

and Carla Bittencourt30

Addresses
1Institute of Ion Beam Physics and Materials Research,
Helmholtz-Zentrum Dresden-Rossendorf, 01328 Dresden,
Germany, 2Department of Physics, University of South Florida,
Tampa, FL 33620, USA, 3Institut des Matériaux de Nantes Jean
Rouxel (IMN), UMR 6502 CNRS, Nantes University, 44322
Nantes, France, 4Department of Physics and Astronomy,
University of Pennsylvania, Philadelphia, PA 19104, USA,
5Fachbereich Physik and Halle–Berlin–Regensburg Cluster of
Excellence CCE, Freie Universität Berlin, 14195 Berlin,
Germany, 6Munich Center for Quantum Science and Technolo-
gy (MCQST), 80799 Munich, Germany, 7TUM International
Graduate School of Science andEngineering (IGSSE), 85748
Garching, Germany, 8Walter Schottky Institute, Technical
University of Munich, 85748 Garching, Germany,9Departa-
mento de Física, Universidade Federal de Minas Gerais, Belo
Horizonte, MG 31270-901, Brazil, 10International Iberian
Nanotechnology Laboratory, 4715-330 Braga, Portugal, 11Elec-
tron Microscopy Group of Materials Science, Ulm University,
Albert-Einstein-Allee 11, D-89081 Ulm, Germany, 12Depart-
ment of Physics and Astronomy and the London Centre for
Nanotechnology, University College London, Gower Street,

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/


Beilstein J. Nanotechnol. 2026, 17, 454–488.

479

London WC1E 6BT, U.K., 13Microelectronics Research Unit,
University of Oulu, 90014 Oulu, Finland, 14Faculty of Physics,
University of Vienna, 1090 Vienna, Austria, 15Research School
of Chemistry, Australian National University, Canberra, ACT
2601, Australia, 16Department of Physics, University of Cali-
fornia, Berkeley, Berkeley, CA, USA, 17Materials Sciences
Division, Lawrence Berkeley National Laboratory, Berkeley,
CA, USA, 18Department of Physics, Chair of Experimental
Physics, Friedrich-Alexander-Universität Erlangen–Nürnberg,
91058 Erlangen, Germany, 19II. Physikalisches Institut,
Universität zu Köln, 50937 Köln, Germany, 20Institute of
Applied Physics, TU Wien, 1040 Vienna, Austria, 21Université
Grenoble Alpes, CEA, IRIG-MEM, 38000 Grenoble, France,
22Department of Materials Science and Engineering, The Penn-
sylvania State University, University Park, PA 16802, USA,
2 3 F a c u l t y  o f  P h y s i c s  a n d  C E N I D E ,  U n i v e r s i t ä t
Duisburg–Essen, 47057 Duisburg, Germany, 24nanotech@sur-
faces laboratory, Empa – Swiss Federal Laboratories for Mate-
rials Science and Technology, 8600 Dübendorf, Switzerland,
25The Institute of Scientific and Industrial Research (ISIR-
SANKEN), Osaka University, Osaka 567-0047, Japan, 26Nano-
materials Research Institute, National Institute of Advanced
Industrial Science and Technology (AIST), Tsukuba 305-8565,
Japan, 27CAMD, Computational Atomic-Scale Materials
Design, Department of Physics, Technical University of
Denmark, 2800 Kgs. Lyngby, Denmark, 28Department of
Physics, University of Helsinki, Pietari Kalmin katu 2, 00560
Helsinki, Finland, 29Department of Physics and Astronomy,
Ångström Laboratory, Uppsala University, Box 516, SE-751 20
Uppsala, Sweden and 30Chimie des Interaction Plasma surface,
Research Institute for Materials Science and Engineering,
Université de Mons, 7000 Mons, Belgium

Author Contributions
Arkady V. Krasheninnikov: conceptualization; writing – review
& editing. Matthias Batzill: writing – review & editing. Anouar-
Akacha Delenda: writing – review & editing. Marija Drndić:
writing – review & editing. Chris Ewels: writing – review &
editing. Katharina J. Franke: writing – review & editing. Mahdi
Ghorbani-Asl: writing – review & editing. Alexander
Holleitner: writing – review & editing. Ado Jorio: writing –
review & editing. Ute Kaiser: writing – review & editing. Daria
Kieczka: writing – review & editing. Hannu-Pekka Komsa:
writing – review & editing. Jani Kotakoski: writing – review &
editing. Manuel Längle: writing – review & editing. David
Lamprecht: writing – review & editing. Yun Liu: writing –
review & editing. Steven G. Louie: writing – review & editing.
Janina Maultzsch: writing – review & editing. Thomas Michely:
writing – review & editing. Katherine Milton: writing – review
& editing. Anna Niggas: writing – review & editing. Hanako
Okuno: writing – review & editing. Joshua A. Robinson:

writing – review & editing. Marika Schleberger: writing –
review & editing. Bruno Schuler: writing – review & editing.
Alexander Shluger: writing – review & editing. Kazu Suenaga:
writing – review & editing. Kristian S. Thygesen: writing –
review & editing. Richard A. Wilhelm: writing – review &
editing. E. Harriet Åhlgren: writing – review & editing. Carla
Bittencourt: conceptualization; writing – review & editing.

ORCID® iDs
Arkady V. Krasheninnikov - https://orcid.org/0000-0003-0074-7588
Matthias Batzill - https://orcid.org/0000-0001-8984-8427
Anouar-Akacha Delenda - https://orcid.org/0009-0006-1349-0477
Marija Drndić - https://orcid.org/0000-0002-8104-2231
Chris Ewels - https://orcid.org/0000-0001-5530-9601
Katharina J. Franke - https://orcid.org/0000-0001-9416-023X
Mahdi Ghorbani-Asl - https://orcid.org/0000-0003-3060-4369
Alexander Holleitner - https://orcid.org/0000-0002-8314-4397
Ado Jorio - https://orcid.org/0000-0002-5978-2735
Hannu-Pekka Komsa - https://orcid.org/0000-0002-0970-0957
Jani Kotakoski - https://orcid.org/0000-0002-1301-5266
Manuel Längle - https://orcid.org/0000-0002-4126-4059
David Lamprecht - https://orcid.org/0009-0000-4107-4602
Yun Liu - https://orcid.org/0000-0002-5404-3909
Steven G. Louie - https://orcid.org/0000-0003-0622-0170
Janina Maultzsch - https://orcid.org/0000-0001-6347-2847
Thomas Michely - https://orcid.org/0000-0003-1657-1847
Katherine Milton - https://orcid.org/0000-0002-6230-5374
Anna Niggas - https://orcid.org/0000-0002-5838-5789
Hanako Okuno - https://orcid.org/0000-0002-7688-9526
Joshua A. Robinson - https://orcid.org/0000-0002-1513-7187
Marika Schleberger - https://orcid.org/0000-0002-5785-1186
Bruno Schuler - https://orcid.org/0000-0002-9641-0340
Alexander Shluger - https://orcid.org/0000-0002-2488-0896
Kazu Suenaga - https://orcid.org/0000-0002-6107-1123
Kristian S. Thygesen - https://orcid.org/0000-0001-5197-214X
Richard A. Wilhelm - https://orcid.org/0000-0001-9451-5440
E. Harriet Åhlgren - https://orcid.org/0000-0002-3876-8547
Carla Bittencourt - https://orcid.org/0000-0002-3330-6693

Data Availability Statement
Data sharing is not applicable as no new data was generated or analyzed
in this study.

References
1. Lin, Y.-C.; Torsi, R.; Younas, R.; Hinkle, C. L.; Rigosi, A. F.; Hill, H. M.;

Zhang, K.; Huang, S.; Shuck, C. E.; Chen, C.; Lin, Y.-H.;
Maldonado-Lopez, D.; Mendoza-Cortes, J. L.; Ferrier, J.; Kar, S.;
Nayir, N.; Rajabpour, S.; van Duin, A. C. T.; Liu, X.; Jariwala, D.;
Jiang, J.; Shi, J.; Mortelmans, W.; Jaramillo, R.; Lopes, J. M. J.;
Engel-Herbert, R.; Trofe, A.; Ignatova, T.; Lee, S. H.; Mao, Z.;
Damian, L.; Wang, Y.; Steves, M. A.; Knappenberger, K. L., Jr.;
Wang, Z.; Law, S.; Bepete, G.; Zhou, D.; Lin, J.-X.; Scheurer, M. S.;
Li, J.; Wang, P.; Yu, G.; Wu, S.; Akinwande, D.; Redwing, J. M.;
Terrones, M.; Robinson, J. A. ACS Nano 2023, 17, 9694–9747.
doi:10.1021/acsnano.2c12759

https://orcid.org/0000-0003-0074-7588
https://orcid.org/0000-0001-8984-8427
https://orcid.org/0009-0006-1349-0477
https://orcid.org/0000-0002-8104-2231
https://orcid.org/0000-0001-5530-9601
https://orcid.org/0000-0001-9416-023X
https://orcid.org/0000-0003-3060-4369
https://orcid.org/0000-0002-8314-4397
https://orcid.org/0000-0002-5978-2735
https://orcid.org/0000-0002-0970-0957
https://orcid.org/0000-0002-1301-5266
https://orcid.org/0000-0002-4126-4059
https://orcid.org/0009-0000-4107-4602
https://orcid.org/0000-0002-5404-3909
https://orcid.org/0000-0003-0622-0170
https://orcid.org/0000-0001-6347-2847
https://orcid.org/0000-0003-1657-1847
https://orcid.org/0000-0002-6230-5374
https://orcid.org/0000-0002-5838-5789
https://orcid.org/0000-0002-7688-9526
https://orcid.org/0000-0002-1513-7187
https://orcid.org/0000-0002-5785-1186
https://orcid.org/0000-0002-9641-0340
https://orcid.org/0000-0002-2488-0896
https://orcid.org/0000-0002-6107-1123
https://orcid.org/0000-0001-5197-214X
https://orcid.org/0000-0001-9451-5440
https://orcid.org/0000-0002-3876-8547
https://orcid.org/0000-0002-3330-6693
https://doi.org/10.1021%2Facsnano.2c12759


Beilstein J. Nanotechnol. 2026, 17, 454–488.

480

2. Liu, F.; Fan, Z. Chem. Soc. Rev. 2023, 52, 1723–1772.
doi:10.1039/d2cs00931e

3. Hersam, M. C. J. Phys. Chem. Lett. 2015, 6, 2738–2739.
doi:10.1021/acs.jpclett.5b01218

4. Hou, S.; Hu, H.; Xu, M.; Zhang, J.; Xiao, H.; Liu, Z.; Xing, W.; Liu, X.;
You, S.; Liu, B.; Zhang, Y.; Yu, J.; Xie, Z.; He, X.; Zhang, J.; Hao, Y.
Adv. Opt. Mater. 2025, 13, 2500693. doi:10.1002/adom.202500693

5. Carbone, A.; Bendixen-Fernex de Mongex, D.-P.;
Krasheninnikov, A. V.; Wubs, M.; Huck, A.; Hansen, T. W.;
Holleitner, A. W.; Stenger, N.; Kastl, C. Appl. Phys. Rev. 2025, 12,
031333. doi:10.1063/5.0278132

6. Li, Z.; Chen, F. Appl. Phys. Rev. 2017, 4, 011103.
doi:10.1063/1.4977087

7. Schleberger, M.; Kotakoski, J. Materials 2018, 11, 1885.
doi:10.3390/ma11101885

8. Krasheninnikov, A. V.; Nordlund, K. J. Appl. Phys. 2010, 107, 071301.
doi:10.1063/1.3318261

9. Zhao, G.-Y.; Deng, H.; Tyree, N.; Guy, M.; Lisfi, A.; Peng, Q.;
Yan, J.-A.; Wang, C.; Lan, Y. Appl. Sci. 2019, 9, 678.
doi:10.3390/app9040678

10. Telkhozhayeva, M.; Girshevitz, O. Adv. Funct. Mater. 2024, 34,
2404615. doi:10.1002/adfm.202404615

11. Bangert, U.; Pierce, W.; Kepaptsoglou, D. M.; Ramasse, Q.; Zan, R.;
Gass, M. H.; Van den Berg, J. A.; Boothroyd, C. B.; Amani, J.;
Hofsäss, H. Nano Lett. 2013, 13, 4902–4907. doi:10.1021/nl402812y

12. Lin, P.-C.; Villarreal, R.; Achilli, S.; Bana, H.; Nair, M. N.; Tejeda, A.;
Verguts, K.; De Gendt, S.; Auge, M.; Hofsäss, H.; De Feyter, S.;
Di Santo, G.; Petaccia, L.; Brems, S.; Fratesi, G.; Pereira, L. M. C.
ACS Nano 2021, 15, 5449–5458. doi:10.1021/acsnano.1c00139

13. Susi, T.; Hardcastle, T. P.; Hofsäss, H.; Mittelberger, A.;
Pennycook, T. J.; Mangler, C.; Drummond-Brydson, R.; Scott, A. J.;
Meyer, J. C.; Kotakoski, J. 2D Mater. 2017, 4, 021013.
doi:10.1088/2053-1583/aa5e78

14. Tripathi, M.; Markevich, A.; Böttger, R.; Facsko, S.; Besley, E.;
Kotakoski, J.; Susi, T. ACS Nano 2018, 12, 4641–4647.
doi:10.1021/acsnano.8b01191

15. Bui, M. N.; Rost, S.; Auge, M.; Tu, J.-S.; Zhou, L.; Aguilera, I.;
Blügel, S.; Ghorbani-Asl, M.; Krasheninnikov, A. V.; Hashemi, A.;
Komsa, H.-P.; Jin, L.; Kibkalo, L.; O’Connell, E. N.; Ramasse, Q. M.;
Bangert, U.; Hofsäss, H. C.; Grützmacher, D.; Kardynal, B. E.
npj 2D Mater. Appl. 2022, 6, 42. doi:10.1038/s41699-022-00318-4

16. Villarreal, R.; Zarkua, Z.; Kretschmer, S.; Hendriks, V.; Hillen, J.;
Tsai, H. C.; Junge, F.; Nissen, M.; Saha, T.; Achilli, S.; Hofsäss, H. C.;
Martins, M.; De Ninno, G.; Lacovig, P.; Lizzit, S.; Di Santo, G.;
Petaccia, L.; De Feyter, S.; De Gendt, S.; Brems, S.;
Van de Vondel, J.; Krasheninnikov, A. V.; Pereira, L. M. C. ACS Nano
2024, 18, 17815–17825. doi:10.1021/acsnano.4c03475

17. Willke, P.; Amani, J. A.; Sinterhauf, A.; Thakur, S.; Kotzott, T.;
Druga, T.; Weikert, S.; Maiti, K.; Hofsäss, H.; Wenderoth, M.
Nano Lett. 2015, 15, 5110–5115. doi:10.1021/acs.nanolett.5b01280

18. Wang, H.; Wang, Q.; Cheng, Y.; Li, K.; Yao, Y.; Zhang, Q.; Dong, C.;
Wang, P.; Schwingenschlögl, U.; Yang, W.; Zhang, X. X. Nano Lett.
2012, 12, 141–144. doi:10.1021/nl2031629

19. Ma, Q.; Isarraraz, M.; Wang, C. S.; Preciado, E.; Klee, V.; Bobek, S.;
Yamaguchi, K.; Li, E.; Odenthal, P. M.; Nguyen, A.; Barroso, D.;
Sun, D.; von Son Palacio, G.; Gomez, M.; Nguyen, A.; Le, D.;
Pawin, G.; Mann, J.; Heinz, T. F.; Rahman, T. S.; Bartels, L.
ACS Nano 2014, 8, 4672–4677. doi:10.1021/nn5004327

20. Trentino, A.; Mizohata, K.; Zagler, G.; Längle, M.; Mustonen, K.;
Susi, T.; Kotakoski, J.; Åhlgren, E. H. 2D Mater. 2022, 9, 025011.
doi:10.1088/2053-1583/ac4e9c

21. Trentino, A.; Zagler, G.; Längle, M.; Madsen, J.; Susi, T.; Mangler, C.;
Åhlgren, E. H.; Mustonen, K.; Kotakoski, J. Micron 2024, 184, 103667.
doi:10.1016/j.micron.2024.103667

22. Pennycook, S. J. Ultramicroscopy 2017, 180, 22–33.
doi:10.1016/j.ultramic.2017.03.020

23. Bangert, U.; Stewart, A.; O’Connell, E.; Courtney, E.; Ramasse, Q.;
Kepaptsoglou, D.; Hofsäss, H.; Amani, J.; Tu, J.-S.; Kardynal, B.
Ultramicroscopy 2017, 176, 31–36. doi:10.1016/j.ultramic.2016.12.011

24. Robertson, A. W.; Lin, Y.-C.; Wang, S.; Sawada, H.; Allen, C. S.;
Chen, Q.; Lee, S.; Lee, G.-D.; Lee, J.; Han, S.; Yoon, E.;
Kirkland, A. I.; Kim, H.; Suenaga, K.; Warner, J. H. ACS Nano 2016,
10, 10227–10236. doi:10.1021/acsnano.6b05674

25. Luo, R.; Gao, M.; Wang, C.; Zhu, J.; Guzman, R.; Zhou, W.
Adv. Funct. Mater. 2024, 34, 2307625. doi:10.1002/adfm.202307625

26. Nguyen, L.; Komsa, H.-P.; Khestanova, E.; Kashtiban, R. J.;
Peters, J. J. P.; Lawlor, S.; Sanchez, A. M.; Sloan, J.;
Gorbachev, R. V.; Grigorieva, I. V.; Krasheninnikov, A. V.; Haigh, S. J.
ACS Nano 2017, 11, 2894–2904. doi:10.1021/acsnano.6b08036

27. Zhou, W.; Zou, X.; Najmaei, S.; Liu, Z.; Shi, Y.; Kong, J.; Lou, J.;
Ajayan, P. M.; Yakobson, B. I.; Idrobo, J.-C. Nano Lett. 2013, 13,
2615–2622. doi:10.1021/nl4007479

28. Ovchinnikov, O. S.; O’Hara, A.; Jesse, S.; Hudak, B. M.; Yang, S.-Z.;
Lupini, A. R.; Chisholm, M. F.; Zhou, W.; Kalinin, S. V.;
Borisevich, A. Y.; Pantelides, S. T. Adv. Struct. Chem. Imaging 2020,
6, 3. doi:10.1186/s40679-020-00070-x

29. Komsa, H.-P.; Kotakoski, J.; Kurasch, S.; Lehtinen, O.; Kaiser, U.;
Krasheninnikov, A. V. Phys. Rev. Lett. 2012, 109, 035503.
doi:10.1103/physrevlett.109.035503

30. Meyer, J. C.; Chuvilin, A.; Algara-Siller, G.; Biskupek, J.; Kaiser, U.
Nano Lett. 2009, 9, 2683–2689. doi:10.1021/nl9011497

31. Lee, G.-D.; Wang, C. Z.; Yoon, E.; Hwang, N.-M.; Kim, D.-Y.;
Ho, K. M. Phys. Rev. Lett. 2005, 95, 205501.
doi:10.1103/physrevlett.95.205501

32. Scherzer, O. Ber. Bunsen-Ges. 1970, 74, 1154–1167.
doi:10.1002/bbpc.19700741113

33. Banhart, F. Rep. Prog. Phys. 1999, 62, 1181–1221.
doi:10.1088/0034-4885/62/8/201

34. Krasheninnikov, A. V.; Banhart, F. Nat. Mater. 2007, 6, 723–733.
doi:10.1038/nmat1996

35. Zhao, X.; Kotakoski, J.; Meyer, J. C.; Sutter, E.; Sutter, P.;
Krasheninnikov, A. V.; Kaiser, U.; Zhou, W. MRS Bull. 2017, 42,
667–676. doi:10.1557/mrs.2017.184

36. Cretu, O.; Komsa, H.-P.; Lehtinen, O.; Algara-Siller, G.; Kaiser, U.;
Suenaga, K.; Krasheninnikov, A. V. ACS Nano 2014, 8,
11950–11957. doi:10.1021/nn5046147

37. Vierimaa, V.; Krasheninnikov, A. V.; Komsa, H.-P. Nanoscale 2016, 8,
7949–7957. doi:10.1039/c6nr00179c

38. Nanotechnology 2025 - Beilstein-Institut.
https://www.beilstein-institut.de/en/symposia/archive/nanotechnology/
nanotechnology-2025/ (accessed March 3, 2026).

39. Liu, X.; Zhang, Z.; Wang, L.; Yakobson, B. I.; Hersam, M. C.
Nat. Mater. 2018, 17, 783–788. doi:10.1038/s41563-018-0134-1

40. Penev, E. S.; Bhowmick, S.; Sadrzadeh, A.; Yakobson, B. I.
Nano Lett. 2012, 12, 2441–2445. doi:10.1021/nl3004754

41. Komsa, H.-P.; Krasheninnikov, A. V. Adv. Electron. Mater. 2017, 3,
1600468. doi:10.1002/aelm.201600468

https://doi.org/10.1039%2Fd2cs00931e
https://doi.org/10.1021%2Facs.jpclett.5b01218
https://doi.org/10.1002%2Fadom.202500693
https://doi.org/10.1063%2F5.0278132
https://doi.org/10.1063%2F1.4977087
https://doi.org/10.3390%2Fma11101885
https://doi.org/10.1063%2F1.3318261
https://doi.org/10.3390%2Fapp9040678
https://doi.org/10.1002%2Fadfm.202404615
https://doi.org/10.1021%2Fnl402812y
https://doi.org/10.1021%2Facsnano.1c00139
https://doi.org/10.1088%2F2053-1583%2Faa5e78
https://doi.org/10.1021%2Facsnano.8b01191
https://doi.org/10.1038%2Fs41699-022-00318-4
https://doi.org/10.1021%2Facsnano.4c03475
https://doi.org/10.1021%2Facs.nanolett.5b01280
https://doi.org/10.1021%2Fnl2031629
https://doi.org/10.1021%2Fnn5004327
https://doi.org/10.1088%2F2053-1583%2Fac4e9c
https://doi.org/10.1016%2Fj.micron.2024.103667
https://doi.org/10.1016%2Fj.ultramic.2017.03.020
https://doi.org/10.1016%2Fj.ultramic.2016.12.011
https://doi.org/10.1021%2Facsnano.6b05674
https://doi.org/10.1002%2Fadfm.202307625
https://doi.org/10.1021%2Facsnano.6b08036
https://doi.org/10.1021%2Fnl4007479
https://doi.org/10.1186%2Fs40679-020-00070-x
https://doi.org/10.1103%2Fphysrevlett.109.035503
https://doi.org/10.1021%2Fnl9011497
https://doi.org/10.1103%2Fphysrevlett.95.205501
https://doi.org/10.1002%2Fbbpc.19700741113
https://doi.org/10.1088%2F0034-4885%2F62%2F8%2F201
https://doi.org/10.1038%2Fnmat1996
https://doi.org/10.1557%2Fmrs.2017.184
https://doi.org/10.1021%2Fnn5046147
https://doi.org/10.1039%2Fc6nr00179c
https://www.beilstein-institut.de/en/symposia/archive/nanotechnology/nanotechnology-2025/
https://www.beilstein-institut.de/en/symposia/archive/nanotechnology/nanotechnology-2025/
https://doi.org/10.1038%2Fs41563-018-0134-1
https://doi.org/10.1021%2Fnl3004754
https://doi.org/10.1002%2Faelm.201600468


Beilstein J. Nanotechnol. 2026, 17, 454–488.

481

42. Coelho, P. M.; Komsa, H.-P.; Coy Diaz, H.; Ma, Y.;
Krasheninnikov, A. V.; Batzill, M. ACS Nano 2018, 12, 3975–3984.
doi:10.1021/acsnano.8b01580

43. Karthikeyan, J.; Komsa, H.-P.; Batzill, M.; Krasheninnikov, A. V.
Nano Lett. 2019, 19, 4581–4587. doi:10.1021/acs.nanolett.9b01555

44. Coelho, P. M.; Komsa, H.-P.; Lasek, K.; Kalappattil, V.;
Karthikeyan, J.; Phan, M.-H.; Krasheninnikov, A. V.; Batzill, M.
Adv. Electron. Mater. 2019, 5, 1900044. doi:10.1002/aelm.201900044

45. Guo, S.; Fu, J.; Zhang, P.; Zhu, C.; Yao, H.; Xu, M.; An, B.; Wang, X.;
Tang, B.; Deng, Y.; Salim, T.; Du, H.; Dunin-Borkowski, R. E.; Xu, M.;
Zhou, W.; Tay, B. K.; Zhu, C.; He, Y.; Hofmann, M.; Hsieh, Y.-P.;
Guo, W.; Ng, M.; Jia, C.; Zhang, Z.; He, Y.; Liu, Z. Nat. Synth. 2022, 1,
245–253. doi:10.1038/s44160-022-00038-z

46. Liu, H.; Jiao, L.; Yang, F.; Cai, Y.; Wu, X.; Ho, W.; Gao, C.; Jia, J.;
Wang, N.; Fan, H.; Yao, W.; Xie, M. Phys. Rev. Lett. 2014, 113,
066105. doi:10.1103/physrevlett.113.066105

47. Pan, Z.; Xiong, W.; Dai, J.; Zhang, H.; Wang, Y.; Jian, T.; Cui, X.;
Deng, J.; Lin, X.; Cheng, Z.; Bai, Y.; Zhu, C.; Huo, D.; Li, G.; Feng, M.;
He, J.; Ji, W.; Yuan, S.; Wu, F.; Zhang, C.; Gao, H.-J. Nat. Commun.
2025, 16, 3084. doi:10.1038/s41467-025-58226-2

48. Alanwoko, O.; Kruklinskii, D.; Ghorbani-Asl, M.; Krasheninnikov, A. V.;
Batzill, M. Nano Lett. 2026, 26, 376–383.
doi:10.1021/acs.nanolett.5c05258

49. Pathirage, V.; Lasek, K.; Krasheninnikov, A. V.; Komsa, H. P.;
Batzill, M. Mater. Today Nano 2023, 22, 100314.
doi:10.1016/j.mtnano.2023.100314

50. Lunardon, M.; Kosmala, T.; Ghorbani-Asl, M.; Krasheninnikov, A. V.;
Kolekar, S.; Durante, C.; Batzill, M.; Agnoli, S.; Granozzi, G.
ACS Energy Lett. 2023, 8, 972–980.
doi:10.1021/acsenergylett.2c02599

51. Barja, S.; Refaely-Abramson, S.; Schuler, B.; Qiu, D. Y.; Pulkin, A.;
Wickenburg, S.; Ryu, H.; Ugeda, M. M.; Kastl, C.; Chen, C.;
Hwang, C.; Schwartzberg, A.; Aloni, S.; Mo, S.-K.; Frank Ogletree, D.;
Crommie, M. F.; Yazyev, O. V.; Louie, S. G.; Neaton, J. B.;
Weber-Bargioni, A. Nat. Commun. 2019, 10, 3382.
doi:10.1038/s41467-019-11342-2

52. Li, Q.; Zhou, Q.; Shi, L.; Chen, Q.; Wang, J. J. Mater. Chem. A 2019,
7, 4291–4312. doi:10.1039/c8ta10306b

53. Kim, B. S. Y.; Ngo, T. D.; Hassan, Y.; Chae, S. H.; Yoon, S.-G.;
Choi, M. S. Adv. Sci. 2024, 11, 2407175.
doi:10.1002/advs.202407175

54. Wang, G.; Pandey, R.; Karna, S. P.
Wiley Interdiscip. Rev.: Comput. Mol. Sci. 2017, 7, e1280.
doi:10.1002/wcms.1280

55. Liu, H.; Han, N.; Zhao, J. RSC Adv. 2015, 5, 17572–17581.
doi:10.1039/c4ra17320a

56. Longo, R. C.; Addou, R.; KC, S.; Noh, J.-Y.; Smyth, C. M.; Barrera, D.;
Zhang, C.; Hsu, J. W. P.; Wallace, R. M.; Cho, K. 2D Mater. 2017, 4,
025050. doi:10.1088/2053-1583/aa636c

57. Guo, Y.; Zhou, S.; Zhao, J. ChemNanoMat 2020, 6, 838–849.
doi:10.1002/cnma.201900492

58. Kawai, H.; Bussolotti, F.; Khoo, K. H.; Goh, K. E. J. Phys. Rev. B
2025, 111, 094107. doi:10.1103/physrevb.111.094107

59. Farigliano, L. M.; Paredes-Olivera, P. A.; Patrito, E. M.
J. Phys. Chem. C 2020, 124, 13177–13186.
doi:10.1021/acs.jpcc.0c02141

60. Farigliano, L. M.; Paredes-Olivera, P. A.; Patrito, E. M.
Phys. Chem. Chem. Phys. 2021, 23, 10225–10235.
doi:10.1039/d0cp06502a

61. Vancsó, P.; Magda, G. Z.; Pető, J.; Noh, J.-Y.; Kim, Y.-S.; Hwang, C.;
Biró, L. P.; Tapasztó, L. Sci. Rep. 2016, 6, 29726.
doi:10.1038/srep29726

62. Kieczka, D.; Bussolotti, F.; Maddumapatabandi, T. D.; Bosman, M.;
Shluger, A.; Regoutz, A.; Goh, K. E. J. Nanoscale 2025, 17,
10082–10094. doi:10.1039/d4nr04992f

63. Bianchi, M. G.; Risplendi, F.; Re Fiorentin, M.; Cicero, G.
npj Comput. Mater. 2024, 10, 62. doi:10.1038/s41524-024-01246-1

64. Tongay, S.; Zhou, J.; Ataca, C.; Liu, J.; Kang, J. S.; Matthews, T. S.;
You, L.; Li, J.; Grossman, J. C.; Wu, J. Nano Lett. 2013, 13,
2831–2836. doi:10.1021/nl4011172

65. Bagsican, F. R.; Winchester, A.; Ghosh, S.; Zhang, X.; Ma, L.;
Wang, M.; Murakami, H.; Talapatra, S.; Vajtai, R.; Ajayan, P. M.;
Kono, J.; Tonouchi, M.; Kawayama, I. Sci. Rep. 2017, 7, 1774.
doi:10.1038/s41598-017-01883-1

66. Gravil, P. A.; Bird, D. M.; White, J. A. Phys. Rev. Lett. 1996, 77,
3933–3936. doi:10.1103/physrevlett.77.3933

67. Carbogno, C.; Groß, A.; Meyer, J.; Reuter, K. O2 Adsorption
Dynamics at Metal Surfaces: Non-adiabatic Effects, Dissociation and
Dissipation. In Dynamics of Gas–Surface Interactions; Díez Muiño, R.;
Busnengo, H. F., Eds.; Springer: Berlin Heidelberg, Germany, 2013;
pp 389–419. doi:10.1007/978-3-642-32955-5_16

68. Hassan, Y.; Srivastava, P. K.; Singh, B.; Abbas, M. S.; Ali, F.;
Yoo, W. J.; Lee, C. ACS Appl. Mater. Interfaces 2020, 12,
14119–14124. doi:10.1021/acsami.9b20041

69. Jin, T.; Zheng, Y.; Gao, J.; Wang, Y.; Li, E.; Chen, H.; Pan, X.; Lin, M.;
Chen, W. ACS Appl. Mater. Interfaces 2021, 13, 10639–10649.
doi:10.1021/acsami.0c22561

70. Ukegbu, U.; Szoszkiewicz, R. J. Phys. Chem. C 2019, 123,
22123–22129. doi:10.1021/acs.jpcc.9b02739

71. Afanasiev, P.; Lorentz, C. J. Phys. Chem. C 2019, 123, 7486–7494.
doi:10.1021/acs.jpcc.9b01682

72. Walter, T. N.; Kwok, F.; Simchi, H.; Aldosari, H. M.; Mohney, S. E.
J. Vac. Sci. Technol., B: Nanotechnol. Microelectron.: Mater., Process
., Meas., Phenom. 2017, 35, 021203. doi:10.1116/1.4975144

73. Kotsakidis, J. C.; Zhang, Q.; Vazquez de Parga, A. L.; Currie, M.;
Helmerson, K.; Gaskill, D. K.; Fuhrer, M. S. Nano Lett. 2019, 19,
5205–5215. doi:10.1021/acs.nanolett.9b01599

74. Bizhani, M.; Thorat, R.; Poston, W.; Wickramasinghe, T.;
Aleithan, S. H.; Stinaff, E. Phys. Status Solidi B 2021, 258, 2000426.
doi:10.1002/pssb.202000426

75. Xie, M. Z.; Zhou, J. Y.; Ji, H.; Ye, Y.; Wang, X.; Jiang, K.;
Shang, L. Y.; Hu, Z. G.; Chu, J. H. Appl. Phys. Lett. 2019, 115,
121901. doi:10.1063/1.5116174

76. Chen, W.-H.; Kawakami, N.; Hsueh, J.-W.; Kuo, L.-H.; Chen, J.-Y.;
Liao, T.-W.; Kuo, C.-N.; Lue, C.-S.; Lai, Y.-L.; Hsu, Y.-J.; Lien, D.-H.;
Hu, C.; Chou, J.-P.; Luo, M.-F.; Lin, C.-L. ACS Appl. Mater. Interfaces
2023, 15, 16153–16161. doi:10.1021/acsami.2c21150

77. Gan, Z.; Paradisanos, I.; Estrada-Real, A.; Picker, J.;
Najafidehaghani, E.; Davies, F.; Neumann, C.; Robert, C.; Wiecha, P.;
Watanabe, K.; Taniguchi, T.; Marie, X.; Biskupek, J.; Mundszinger, M.;
Leiter, R.; Kaiser, U.; Krasheninnikov, A. V.; Urbaszek, B.; George, A.;
Turchanin, A. Adv. Mater. (Weinheim, Ger.) 2022, 34, 2205226.
doi:10.1002/adma.202205226

78. Yu, Z.; Pan, Y.; Shen, Y.; Wang, Z.; Ong, Z.-Y.; Xu, T.; Xin, R.;
Pan, L.; Wang, B.; Sun, L.; Wang, J.; Zhang, G.; Zhang, Y. W.; Shi, Y.;
Wang, X. Nat. Commun. 2014, 5, 5290. doi:10.1038/ncomms6290

79. Meng, Y.; Ling, C.; Xin, R.; Wang, P.; Song, Y.; Bu, H.; Gao, S.;
Wang, X.; Song, F.; Wang, J.; Wang, X.; Wang, B.; Wang, G.
npj Quantum Mater. 2017, 2, 16. doi:10.1038/s41535-017-0018-7

https://doi.org/10.1021%2Facsnano.8b01580
https://doi.org/10.1021%2Facs.nanolett.9b01555
https://doi.org/10.1002%2Faelm.201900044
https://doi.org/10.1038%2Fs44160-022-00038-z
https://doi.org/10.1103%2Fphysrevlett.113.066105
https://doi.org/10.1038%2Fs41467-025-58226-2
https://doi.org/10.1021%2Facs.nanolett.5c05258
https://doi.org/10.1016%2Fj.mtnano.2023.100314
https://doi.org/10.1021%2Facsenergylett.2c02599
https://doi.org/10.1038%2Fs41467-019-11342-2
https://doi.org/10.1039%2Fc8ta10306b
https://doi.org/10.1002%2Fadvs.202407175
https://doi.org/10.1002%2Fwcms.1280
https://doi.org/10.1039%2Fc4ra17320a
https://doi.org/10.1088%2F2053-1583%2Faa636c
https://doi.org/10.1002%2Fcnma.201900492
https://doi.org/10.1103%2Fphysrevb.111.094107
https://doi.org/10.1021%2Facs.jpcc.0c02141
https://doi.org/10.1039%2Fd0cp06502a
https://doi.org/10.1038%2Fsrep29726
https://doi.org/10.1039%2Fd4nr04992f
https://doi.org/10.1038%2Fs41524-024-01246-1
https://doi.org/10.1021%2Fnl4011172
https://doi.org/10.1038%2Fs41598-017-01883-1
https://doi.org/10.1103%2Fphysrevlett.77.3933
https://doi.org/10.1007%2F978-3-642-32955-5_16
https://doi.org/10.1021%2Facsami.9b20041
https://doi.org/10.1021%2Facsami.0c22561
https://doi.org/10.1021%2Facs.jpcc.9b02739
https://doi.org/10.1021%2Facs.jpcc.9b01682
https://doi.org/10.1116%2F1.4975144
https://doi.org/10.1021%2Facs.nanolett.9b01599
https://doi.org/10.1002%2Fpssb.202000426
https://doi.org/10.1063%2F1.5116174
https://doi.org/10.1021%2Facsami.2c21150
https://doi.org/10.1002%2Fadma.202205226
https://doi.org/10.1038%2Fncomms6290
https://doi.org/10.1038%2Fs41535-017-0018-7


Beilstein J. Nanotechnol. 2026, 17, 454–488.

482

80. Hashimoto, A.; Suenaga, K.; Gloter, A.; Urita, K.; Iijima, S. Nature
2004, 430, 870–873. doi:10.1038/nature02817

81. Lucchese, M. M.; Stavale, F.; Ferreira, E. H. M.; Vilani, C.;
Moutinho, M. V. O.; Capaz, R. B.; Achete, C. A.; Jorio, A. Carbon
2010, 48, 1592–1597. doi:10.1016/j.carbon.2009.12.057

82. Eigler, S.; Hof, F.; Enzelberger-Heim, M.; Grimm, S.; Müller, P.;
Hirsch, A. J. Phys. Chem. C 2014, 118, 7698–7704.
doi:10.1021/jp500580g

83. Jorio, A.; Kauppinen, E.; Hassanien, A. Carbon-Nanotube Metrology.
In Carbon Nanotubes; Jorio, A.; Dresselhaus, G.; Dresselhaus, M. S.,
Eds.; Springer: Berlin Heidelberg, Germany, 2008; pp 63–100.
doi:10.1007/978-3-540-72865-8_3

84. Jorio, A.; Dresselhaus, M. S. MRS Bull. 2007, 32, 988–993.
doi:10.1557/mrs2007.201

85. Banhart, F.; Kotakoski, J.; Krasheninnikov, A. V. ACS Nano 2011, 5,
26–41. doi:10.1021/nn102598m

86. Ferrari, A. C.; Robertson, J. Phys. Rev. B 2001, 64, 075414.
doi:10.1103/physrevb.64.075414

87. Cançado, L. G.; Takai, K.; Enoki, T.; Endo, M.; Kim, Y. A.;
Mizusaki, H.; Jorio, A.; Coelho, L. N.; Magalhães-Paniago, R.;
Pimenta, M. A. Appl. Phys. Lett. 2006, 88, 163106.
doi:10.1063/1.2196057

88. Ribeiro-Soares, J.; Oliveros, M. E.; Garin, C.; David, M. V.;
Martins, L. G. P.; Almeida, C. A.; Martins-Ferreira, E. H.; Takai, K.;
Enoki, T.; Magalhães-Paniago, R.; Malachias, A.; Jorio, A.;
Archanjo, B. S.; Achete, C. A.; Cançado, L. G. Carbon 2015, 95,
646–652. doi:10.1016/j.carbon.2015.08.020

89. Cançado, L. G.; Monken, V. P.; Campos, J. L. E.; Santos, J. C. C.;
Backes, C.; Chacham, H.; Neves, B. R. A.; Jorio, A. Carbon 2024,
220, 118801. doi:10.1016/j.carbon.2024.118801

90. Popov, V. N.; Henrard, L.; Lambin, P. Carbon 2009, 47, 2448–2455.
doi:10.1016/j.carbon.2009.04.043

91. Kou, Z.; Hashemi, A.; Puska, M. J.; Krasheninnikov, A. V.;
Komsa, H.-P. npj Comput. Mater. 2020, 6, 59.
doi:10.1038/s41524-020-0320-y

92. Richter, H.; Wang, Z. P.; Ley, L. Solid State Commun. 1981, 39,
625–629. doi:10.1016/0038-1098(81)90337-9

93. Mignuzzi, S.; Pollard, A. J.; Bonini, N.; Brennan, B.; Gilmore, I. S.;
Pimenta, M. A.; Richards, D.; Roy, D. Phys. Rev. B 2015, 91, 195411.
doi:10.1103/physrevb.91.195411

94. Dash, A. K.; Swaminathan, H.; Berger, E.; Mondal, M.; Lehenkari, T.;
Prasad, P. R.; Watanabe, K.; Taniguchi, T.; Komsa, H.-P.; Singh, A.
2D Mater. 2023, 10, 035002. doi:10.1088/2053-1583/acc7b6

95. Rabelo, C.; Vasconcelos, T. L.; Publio, B. C.; Miranda, H.;
Cançado, L. G.; Jorio, A. Phys. Rev. Appl. 2020, 14, 024056.
doi:10.1103/physrevapplied.14.024056

96. Rabelo, C.; Vasconcelos, T. L.; Archanjo, B. S.; Cançado, L. G.;
Jorio, A. Phys. Status Solidi B 2023, 260, 2300204.
doi:10.1002/pssb.202300204

97. Jorio, A.; Nadas, R.; Pereira, A. G.; Rabelo, C.; Gadelha, A. C.;
Vasconcelos, T. L.; Zhang, W.; Miyata, Y.; Saito, R.; Costa, M. D. D.;
Cançado, L. G. 2D Mater. 2024, 11, 033003.
doi:10.1088/2053-1583/ad42ad

98. Klein, J.; Kuc, A.; Nolinder, A.; Altzschner, M.; Wierzbowski, J.;
Sigger, F.; Kreupl, F.; Finley, J. J.; Wurstbauer, U.; Holleitner, A. W.;
Kaniber, M. 2D Mater. 2017, 5, 011007.
doi:10.1088/2053-1583/aa9642

99. Carvalho, B. R.; Pimenta, M. A. 2D Mater. 2020, 7, 042001.
doi:10.1088/2053-1583/ab98ef

100.Cardoso Ofredi Maia, F.; Maciel, I. O.;
Vasconcelos Pazzini Massote, D.; Archanjo, B. S.; Legnani, C.;
Quirino, W. G.; Carozo Gois de Oliveira, V.; Fragneaud, B.
Nanotechnology 2021, 32, 465302. doi:10.1088/1361-6528/ac17c6

101.Ildefonso, L. M. V.; Buthers, E. L.; Archanjo, B. S.; Legnani, C.;
Quirino, W. G.; Massote, D. V. P.; Maciel, I. O.; Fragneaud, B.
J. Phys. Chem. C 2024, 128, 7294–7305.
doi:10.1021/acs.jpcc.4c00511

102.Sousa, F. B.; Fujisawa, K.; Menescal, F.; Matos, M. J. S.;
Pimenta, M. A.; Chacham, H.; Terrones, M.; Malard, L. M.;
Carvalho, B. R. Appl. Phys. Rev. 2025, 12, 021321.
doi:10.1063/5.0251288

103.Tuinstra, F.; Koenig, J. L. J. Chem. Phys. 1970, 53, 1126–1130.
doi:10.1063/1.1674108

104.Cançado, L. G.; Jorio, A.; Ferreira, E. H. M.; Stavale, F.;
Achete, C. A.; Capaz, R. B.; Moutinho, M. V. O.; Lombardo, A.;
Kulmala, T. S.; Ferrari, A. C. Nano Lett. 2011, 11, 3190–3196.
doi:10.1021/nl201432g

105.Parkin, W. M.; Balan, A.; Liang, L.; Das, P. M.; Lamparski, M.;
Naylor, C. H.; Rodríguez-Manzo, J. A.; Johnson, A. T. C.; Meunier, V.;
Drndić, M. ACS Nano 2016, 10, 4134–4142.
doi:10.1021/acsnano.5b07388

106.Shao, F.; Zenobi, R. Anal. Bioanal. Chem. 2019, 411, 37–61.
doi:10.1007/s00216-018-1392-0

107.Höppener, C.; Aizpurua, J.; Chen, H.; Gräfe, S.; Jorio, A.; Kupfer, S.;
Zhang, Z.; Deckert, V. Nat. Rev. Methods Primers 2024, 4, 47.
doi:10.1038/s43586-024-00323-5

108.Dai, Z.; Zhang, Q.; Zhao, Y.; Li, Y.; Huang, Y.; Li, Z.; Wei, F.; Shao, F.
J. Phys. Chem. C 2025, 129, 7591–7611.
doi:10.1021/acs.jpcc.5c01637

109.Guimarães, J. E.; Nadas, R.; Alves, R.; Zhang, W.; Endo, T.;
Watanabe, K.; Taniguchi, T.; Saito, R.; Miyata, Y.; Neves, B. R. A.;
Jorio, A. ACS Nano 2025, 19, 35438–35446.
doi:10.1021/acsnano.5c08036

110.Eckmann, A.; Felten, A.; Mishchenko, A.; Britnell, L.; Krupke, R.;
Novoselov, K. S.; Casiraghi, C. Nano Lett. 2012, 12, 3925–3930.
doi:10.1021/nl300901a

111.Maciel, I. O.; Anderson, N.; Pimenta, M. A.; Hartschuh, A.; Qian, H.;
Terrones, M.; Terrones, H.; Campos-Delgado, J.; Rao, A. M.;
Novotny, L.; Jorio, A. Nat. Mater. 2008, 7, 878–883.
doi:10.1038/nmat2296

112.Cançado, L. G.; Pimenta, M. A.; Neves, B. R. A.; Dantas, M. S. S.;
Jorio, A. Phys. Rev. Lett. 2004, 93, 247401.
doi:10.1103/physrevlett.93.247401

113.Miranda, H.; Monken, V.; Campos, J. L. E.; Vasconcelos, T. L.;
Rabelo, C.; Archanjo, B. S.; Almeida, C. M.; Grieger, S.; Backes, C.;
Jorio, A.; Gustavo Cançado, L. 2D Mater. 2023, 10, 015002.
doi:10.1088/2053-1583/ac988f

114.Gustavo Cançado, L.; Gomes da Silva, M.; Martins Ferreira, E. H.;
Hof, F.; Kampioti, K.; Huang, K.; Pénicaud, A.; Alberto Achete, C.;
Capaz, R. B.; Jorio, A. 2D Mater. 2017, 4, 025039.
doi:10.1088/2053-1583/aa5e77

115.Sharma, K.; Loew, A.; Wang, H.; Nilsson, F. A.; Jain, M.;
Marques, M. A. L.; Thygesen, K. S. npj Comput. Mater. 2025, 11, 334.
doi:10.1038/s41524-025-01820-1

116.Raimbault, N.; Grisafi, A.; Ceriotti, M.; Rossi, M. New J. Phys. 2019,
21, 105001. doi:10.1088/1367-2630/ab4509

117.Berger, E.; Komsa, H.-P. Phys. Rev. Mater. 2024, 8, 043802.
doi:10.1103/physrevmaterials.8.043802

https://doi.org/10.1038%2Fnature02817
https://doi.org/10.1016%2Fj.carbon.2009.12.057
https://doi.org/10.1021%2Fjp500580g
https://doi.org/10.1007%2F978-3-540-72865-8_3
https://doi.org/10.1557%2Fmrs2007.201
https://doi.org/10.1021%2Fnn102598m
https://doi.org/10.1103%2Fphysrevb.64.075414
https://doi.org/10.1063%2F1.2196057
https://doi.org/10.1016%2Fj.carbon.2015.08.020
https://doi.org/10.1016%2Fj.carbon.2024.118801
https://doi.org/10.1016%2Fj.carbon.2009.04.043
https://doi.org/10.1038%2Fs41524-020-0320-y
https://doi.org/10.1016%2F0038-1098%2881%2990337-9
https://doi.org/10.1103%2Fphysrevb.91.195411
https://doi.org/10.1088%2F2053-1583%2Facc7b6
https://doi.org/10.1103%2Fphysrevapplied.14.024056
https://doi.org/10.1002%2Fpssb.202300204
https://doi.org/10.1088%2F2053-1583%2Fad42ad
https://doi.org/10.1088%2F2053-1583%2Faa9642
https://doi.org/10.1088%2F2053-1583%2Fab98ef
https://doi.org/10.1088%2F1361-6528%2Fac17c6
https://doi.org/10.1021%2Facs.jpcc.4c00511
https://doi.org/10.1063%2F5.0251288
https://doi.org/10.1063%2F1.1674108
https://doi.org/10.1021%2Fnl201432g
https://doi.org/10.1021%2Facsnano.5b07388
https://doi.org/10.1007%2Fs00216-018-1392-0
https://doi.org/10.1038%2Fs43586-024-00323-5
https://doi.org/10.1021%2Facs.jpcc.5c01637
https://doi.org/10.1021%2Facsnano.5c08036
https://doi.org/10.1021%2Fnl300901a
https://doi.org/10.1038%2Fnmat2296
https://doi.org/10.1103%2Fphysrevlett.93.247401
https://doi.org/10.1088%2F2053-1583%2Fac988f
https://doi.org/10.1088%2F2053-1583%2Faa5e77
https://doi.org/10.1038%2Fs41524-025-01820-1
https://doi.org/10.1088%2F1367-2630%2Fab4509
https://doi.org/10.1103%2Fphysrevmaterials.8.043802


Beilstein J. Nanotechnol. 2026, 17, 454–488.

483

118.Egger, D. A.; Grumet, M.; Bučko, T. J. Chem. Phys. 2025, 163,
120901. doi:10.1063/5.0287358

119.Carbone, A.; Breev, I. D.; Figueiredo, J.; Kretschmer, S.; Geilen, L.;
Ben Mhenni, A.; Arceri, J.; Krasheninnikov, A. V.; Wubs, M.;
Holleitner, A. W.; Huck, A.; Kastl, C.; Stenger, N. Phys. Rev. Mater.
2025, 9, 056203. doi:10.1103/physrevmaterials.9.056203

120.Schuler, B.; Lee, J.-H.; Kastl, C.; Cochrane, K. A.; Chen, C. T.;
Refaely-Abramson, S.; Yuan, S.; van Veen, E.; Roldán, R.;
Borys, N. J.; Koch, R. J.; Aloni, S.; Schwartzberg, A. M.;
Ogletree, D. F.; Neaton, J. B.; Weber-Bargioni, A. ACS Nano 2019,
13, 10520–10534. doi:10.1021/acsnano.9b04611

121.Cochrane, K. A.; Lee, J.-H.; Kastl, C.; Haber, J. B.; Zhang, T.;
Kozhakhmetov, A.; Robinson, J. A.; Terrones, M.; Repp, J.;
Neaton, J. B.; Weber-Bargioni, A.; Schuler, B. Nat. Commun. 2021,
12, 7287. doi:10.1038/s41467-021-27585-x

122.Cochrane, K. A.; Zhang, T.; Kozhakhmetov, A.; Lee, J.-H.; Zhang, F.;
Dong, C.; Neaton, J. B.; Robinson, J. A.; Terrones, M.;
Bargioni, A. W.; Schuler, B. 2D Mater. 2020, 7, 031003.
doi:10.1088/2053-1583/ab8543

123.Stolz, S.; Hou, B.; Wang, D.; Kozhakhmetov, A.; Dong, C.;
Gröning, O.; Robinson, J. A.; Qiu, D. Y.; Schuler, B. ACS Nano 2023,
17, 23422–23429. doi:10.1021/acsnano.3c04841

124.Schuler, B.; Qiu, D. Y.; Refaely-Abramson, S.; Kastl, C.; Chen, C. T.;
Barja, S.; Koch, R. J.; Ogletree, D. F.; Aloni, S.; Schwartzberg, A. M.;
Neaton, J. B.; Louie, S. G.; Weber-Bargioni, A. Phys. Rev. Lett. 2019,
123, 076801. doi:10.1103/physrevlett.123.076801

125.Mitterreiter, E.; Schuler, B.; Cochrane, K. A.; Wurstbauer, U.;
Weber-Bargioni, A.; Kastl, C.; Holleitner, A. W. Nano Lett. 2020, 20,
4437–4444. doi:10.1021/acs.nanolett.0c01222

126.Mitterreiter, E.; Schuler, B.; Micevic, A.; Hernangómez-Pérez, D.;
Barthelmi, K.; Cochrane, K. A.; Kiemle, J.; Sigger, F.; Klein, J.;
Wong, E.; Barnard, E. S.; Watanabe, K.; Taniguchi, T.; Lorke, M.;
Jahnke, F.; Finley, J. J.; Schwartzberg, A. M.; Qiu, D. Y.;
Refaely-Abramson, S.; Holleitner, A. W.; Weber-Bargioni, A.; Kastl, C.
Nat. Commun. 2021, 12, 3822. doi:10.1038/s41467-021-24102-y

127.Xiang, F.; Huberich, L.; Vargas, P. A.; Torsi, R.; Allerbeck, J.;
Tan, A. M. Z.; Dong, C.; Ruffieux, P.; Fasel, R.; Gröning, O.;
Lin, Y.-C.; Hennig, R. G.; Robinson, J. A.; Schuler, B. Nat. Commun.
2024, 15, 2738. doi:10.1038/s41467-024-47039-4

128.Sheina, V.; Lang, G.; Stolyarov, V.; Marchenkov, V.; Naumov, S.;
Perevalova, A.; Girard, J.-C.; Rodary, G.; David, C.; Sop, L. R.;
Pierucci, D.; Ouerghi, A.; Cantin, J.-L.; Leridon, B.; Ghorbani-Asl, M.;
Krasheninnikov, A. V.; Aubin, H. Commun. Phys. 2023, 6, 135.
doi:10.1038/s42005-023-01244-7

129.Li, J.; Joseph, T.; Ghorbani-Asl, M.; Kolekar, S.;
Krasheninnikov, A. V.; Batzill, M. Adv. Funct. Mater. 2022, 32,
2110428. doi:10.1002/adfm.202110428

130.Ren, J.; Zhang, L.; Wang, Q.; Wang, L.; Shi, Y.; Zhou, H.; Wang, A.;
Zhao, D.; Hao, T.; Zhang, L.; Deng, K.; Zhang, J.; Tanigaki, K.;
Tao, C. J. Phys. Chem. Lett. 2023, 14, 4554–4559.
doi:10.1021/acs.jpclett.3c00675

131.Bobzien, L.; Allerbeck, J.; Krane, N.; Ortega-Guerrero, A.; Wang, Z.;
Figueroa, D. E. C.; Dong, C.; Pignedoli, C. A.; Robinson, J. A.;
Schuler, B. Phys. Rev. Lett. 2025, 134, 076201.
doi:10.1103/physrevlett.134.076201

132.Komsa, H.-P.; Krasheninnikov, A. V. Physics and theory of defects in
2D materials: the role of reduced dimensionality. In Defects in
Two-Dimensional Materials; Addou, R.; Colombo, L., Eds.; Elsevier:
Amsterdam, Netherlands, 2022; pp 7–41.
doi:10.1016/b978-0-12-820292-0.00008-2

133.Yu, P. Y.; Cardona, M. Fundamentals of Semiconductors; Springer:
Berlin Heidelberg, Germany, 2010. doi:10.1007/978-3-642-00710-1

134.Bae, S.; Miyamoto, I.; Kiyohara, S.; Kumagai, Y. ACS Nano 2024, 18,
33988–33997. doi:10.1021/acsnano.4c08366

135.Kozhakhmetov, A.; Schuler, B.; Tan, A. M. Z.; Cochrane, K. A.;
Nasr, J. R.; El-Sherif, H.; Bansal, A.; Vera, A.; Bojan, V.;
Redwing, J. M.; Bassim, N.; Das, S.; Hennig, R. G.;
Weber-Bargioni, A.; Robinson, J. A. Adv. Mater. (Weinheim, Ger.)
2020, 32, 2005159. doi:10.1002/adma.202005159

136.Vu, V. T.; Phan, T. L.; Vu, T. T. H.; Park, M. H.; Do, V. D.; Bui, V. Q.;
Kim, K.; Lee, Y. H.; Yu, W. J. ACS Nano 2022, 16, 12073–12082.
doi:10.1021/acsnano.2c02242

137.Li, S.; Hong, J.; Gao, B.; Lin, Y.-C.; Lim, H. E.; Lu, X.; Wu, J.; Liu, S.;
Tateyama, Y.; Sakuma, Y.; Tsukagoshi, K.; Suenaga, K.;
Taniguchi, T. Adv. Sci. 2021, 8, 2004438.
doi:10.1002/advs.202004438

138.Dolui, K.; Rungger, I.; Sanvito, S. Phys. Rev. B 2013, 87, 165402.
doi:10.1103/physrevb.87.165402

139.Kang, Y.; Han, S. Nanoscale 2017, 9, 4265–4271.
doi:10.1039/c6nr08555e

140.Pető, J.; Ollár, T.; Vancsó, P.; Popov, Z. I.; Magda, G. Z.; Dobrik, G.;
Hwang, C.; Sorokin, P. B.; Tapasztó, L. Nat. Chem. 2018, 10,
1246–1251. doi:10.1038/s41557-018-0136-2

141.Wolfowicz, G.; Heremans, F. J.; Anderson, C. P.; Kanai, S.; Seo, H.;
Gali, A.; Galli, G.; Awschalom, D. D. Nat. Rev. Mater. 2021, 6,
906–925. doi:10.1038/s41578-021-00306-y

142.Gottscholl, A.; Kianinia, M.; Soltamov, V.; Orlinskii, S.; Mamin, G.;
Bradac, C.; Kasper, C.; Krambrock, K.; Sperlich, A.; Toth, M.;
Aharonovich, I.; Dyakonov, V. Nat. Mater. 2020, 19, 540–545.
doi:10.1038/s41563-020-0619-6

143.Chejanovsky, N.; Mukherjee, A.; Geng, J.; Chen, Y.-C.; Kim, Y.;
Denisenko, A.; Finkler, A.; Taniguchi, T.; Watanabe, K.;
Dasari, D. B. R.; Auburger, P.; Gali, A.; Smet, J. H.; Wrachtrup, J.
Nat. Mater. 2021, 20, 1079–1084. doi:10.1038/s41563-021-00979-4

144.Heinrich, A. J.; Gupta, J. A.; Lutz, C. P.; Eigler, D. M. Science 2004,
306, 466–469. doi:10.1126/science.1101077

145.Hirjibehedin, C. F.; Lin, C.-Y.; Otte, A. F.; Ternes, M.; Lutz, C. P.;
Jones, B. A.; Heinrich, A. J. Science 2007, 317, 1199–1203.
doi:10.1126/science.1146110

146.Trishin, S.; Lotze, C.; Krane, N.; Franke, K. J. Phys. Rev. B 2023, 108,
165414. doi:10.1103/physrevb.108.165414

147.Akkoush, A.; Litman, Y.; Rossi, M. Phys. Status Solidi A 2024, 221,
2300180. doi:10.1002/pssa.202300180

148.Krane, N.; Lotze, C.; Läger, J. M.; Reecht, G.; Franke, K. J. Nano Lett.
2016, 16, 5163–5168. doi:10.1021/acs.nanolett.6b02101

149.Rovny, J.; Gopalakrishnan, S.; Jayich, A. C. B.; Maletinsky, P.;
Demler, E.; de Leon, N. P. Nat. Rev. Phys. 2024, 6, 753–768.
doi:10.1038/s42254-024-00775-4

150.Baumann, S.; Paul, W.; Choi, T.; Lutz, C. P.; Ardavan, A.;
Heinrich, A. J. Science 2015, 350, 417–420.
doi:10.1126/science.aac8703

151.Sellies, L.; Repp, J. Angew. Chem., Int. Ed. 2025, 64, e202506539.
doi:10.1002/anie.202506539

152.Yang, K.; Paul, W.; Phark, S.-H.; Willke, P.; Bae, Y.; Choi, T.; Esat, T.;
Ardavan, A.; Heinrich, A. J.; Lutz, C. P. Science 2019, 366, 509–512.
doi:10.1126/science.aay6779

153.Willke, P.; Bae, Y.; Yang, K.; Lado, J. L.; Ferrón, A.; Choi, T.;
Ardavan, A.; Fernández-Rossier, J.; Heinrich, A. J.; Lutz, C. P.
Science 2018, 362, 336–339. doi:10.1126/science.aat7047

https://doi.org/10.1063%2F5.0287358
https://doi.org/10.1103%2Fphysrevmaterials.9.056203
https://doi.org/10.1021%2Facsnano.9b04611
https://doi.org/10.1038%2Fs41467-021-27585-x
https://doi.org/10.1088%2F2053-1583%2Fab8543
https://doi.org/10.1021%2Facsnano.3c04841
https://doi.org/10.1103%2Fphysrevlett.123.076801
https://doi.org/10.1021%2Facs.nanolett.0c01222
https://doi.org/10.1038%2Fs41467-021-24102-y
https://doi.org/10.1038%2Fs41467-024-47039-4
https://doi.org/10.1038%2Fs42005-023-01244-7
https://doi.org/10.1002%2Fadfm.202110428
https://doi.org/10.1021%2Facs.jpclett.3c00675
https://doi.org/10.1103%2Fphysrevlett.134.076201
https://doi.org/10.1016%2Fb978-0-12-820292-0.00008-2
https://doi.org/10.1007%2F978-3-642-00710-1
https://doi.org/10.1021%2Facsnano.4c08366
https://doi.org/10.1002%2Fadma.202005159
https://doi.org/10.1021%2Facsnano.2c02242
https://doi.org/10.1002%2Fadvs.202004438
https://doi.org/10.1103%2Fphysrevb.87.165402
https://doi.org/10.1039%2Fc6nr08555e
https://doi.org/10.1038%2Fs41557-018-0136-2
https://doi.org/10.1038%2Fs41578-021-00306-y
https://doi.org/10.1038%2Fs41563-020-0619-6
https://doi.org/10.1038%2Fs41563-021-00979-4
https://doi.org/10.1126%2Fscience.1101077
https://doi.org/10.1126%2Fscience.1146110
https://doi.org/10.1103%2Fphysrevb.108.165414
https://doi.org/10.1002%2Fpssa.202300180
https://doi.org/10.1021%2Facs.nanolett.6b02101
https://doi.org/10.1038%2Fs42254-024-00775-4
https://doi.org/10.1126%2Fscience.aac8703
https://doi.org/10.1002%2Fanie.202506539
https://doi.org/10.1126%2Fscience.aay6779
https://doi.org/10.1126%2Fscience.aat7047


Beilstein J. Nanotechnol. 2026, 17, 454–488.

484

154.Gomes, K. K.; Mar, W.; Ko, W.; Guinea, F.; Manoharan, H. C. Nature
2012, 483, 306–310. doi:10.1038/nature10941

155.Kalff, F. E.; Rebergen, M. P.; Fahrenfort, E.; Girovsky, J.;
Toskovic, R.; Lado, J. L.; Fernández-Rossier, J.; Otte, A. F.
Nat. Nanotechnol. 2016, 11, 926–929. doi:10.1038/nnano.2016.131

156.Jansen, D.; Tounsi, T.; Fischer, J.; Krasheninnikov, A. V.; Michely, T.;
Komsa, H.-P.; Jolie, W. Phys. Rev. B 2024, 109, 195430.
doi:10.1103/physrevb.109.195430

157.Valerius, P.; Speckmann, C.; Senkovskiy, B. V.; Grüneis, A.;
Atodiresei, N.; Michely, T. Phys. Rev. B 2022, 105, 205413.
doi:10.1103/physrevb.105.205413

158.Standop, S.; Lehtinen, O.; Herbig, C.; Lewes-Malandrakis, G.;
Craes, F.; Kotakoski, J.; Michely, T.; Krasheninnikov, A. V.; Busse, C.
Nano Lett. 2013, 13, 1948–1955. doi:10.1021/nl304659n

159.Jolie, W.; Murray, C.; Weiß, P. S.; Hall, J.; Portner, F.; Atodiresei, N.;
Krasheninnikov, A. V.; Busse, C.; Komsa, H.-P.; Rosch, A.;
Michely, T. Phys. Rev. X 2019, 9, 011055.
doi:10.1103/physrevx.9.011055

160.Ahn, H.; Moon, G.; Jung, H.-g.; Deng, B.; Yang, D.-H.; Yang, S.;
Han, C.; Cho, H.; Yeo, Y.; Kim, C.-J.; Yang, C.-H.; Kim, J.; Choi, S.-Y.;
Park, H.; Jeon, J.; Park, J.-H.; Jo, M.-H. Nat. Nanotechnol. 2024, 19,
955–961. doi:10.1038/s41565-024-01706-1

161.Murray, C.; van Efferen, C.; Jolie, W.; Fischer, J. A.; Hall, J.;
Rosch, A.; Krasheninnikov, A. V.; Komsa, H.-P.; Michely, T.
ACS Nano 2020, 14, 9176–9187. doi:10.1021/acsnano.0c04945

162.van Efferen, C.; Fischer, J.; Costi, T. A.; Rosch, A.; Michely, T.;
Jolie, W. Nat. Phys. 2024, 20, 82–87.
doi:10.1038/s41567-023-02250-w

163.Bagchi, M.; Tounsi, T. Y.; Safeer, A.; van Efferen, C.; Rosch, A.;
Michely, T.; Jolie, W.; Costi, T. A.; Fischer, J. Phys. Rev. Lett. 2024,
133, 246701. doi:10.1103/physrevlett.133.246701

164.Jolie, W.; Michely, T. Nat. Nanotechnol. 2024, 19, 883–884.
doi:10.1038/s41565-024-01708-z

165.Desai, S. B.; Madhvapathy, S. R.; Sachid, A. B.; Llinas, J. P.;
Wang, Q.; Ahn, G. H.; Pitner, G.; Kim, M. J.; Bokor, J.; Hu, C.;
Wong, H.-S. P.; Javey, A. Science 2016, 354, 99–102.
doi:10.1126/science.aah4698

166.Wu, F.; Tian, H.; Shen, Y.; Hou, Z.; Ren, J.; Gou, G.; Sun, Y.;
Yang, Y.; Ren, T.-L. Nature 2022, 603, 259–264.
doi:10.1038/s41586-021-04323-3

167.Seah, M. P. Surf. Interface Anal. 1980, 2, 222–239.
doi:10.1002/sia.740020607

168.Bagus, P. S.; Ilton, E. S.; Nelin, C. J. Surf. Sci. Rep. 2013, 68,
273–304. doi:10.1016/j.surfrep.2013.03.001

169.Hantsche, H. Scanning 1989, 11, 257–280.
doi:10.1002/sca.4950110602

170.Fadley, C. S. J. Electron Spectrosc. Relat. Phenom. 2010, 178-179,
2–32. doi:10.1016/j.elspec.2010.01.006

171.Hüfner, S.; Schmidt, S.; Reinert, F.
Nucl. Instrum. Methods Phys. Res., Sect. A 2005, 547, 8–23.
doi:10.1016/j.nima.2005.05.008

172.Syari’ati, A.; Kumar, S.; Zahid, A.; Ali El Yumin, A.; Ye, J.; Rudolf, P.
Chem. Commun. 2019, 55, 10384–10387. doi:10.1039/c9cc01577a

173.Salazar, N.; Beinik, I.; Lauritsen, J. V. Phys. Chem. Chem. Phys.
2017, 19, 14020–14029. doi:10.1039/c7cp00958e

174.Susi, T.; Scardamaglia, M.; Mustonen, K.; Tripathi, M.;
Mittelberger, A.; Al-Hada, M.; Amati, M.; Sezen, H.; Zeller, P.;
Larsen, A. H.; Mangler, C.; Meyer, J. C.; Gregoratti, L.; Bittencourt, C.;
Kotakoski, J. Phys. Rev. Mater. 2018, 2, 074005.
doi:10.1103/physrevmaterials.2.074005

175.Bignardi, L.; Lacovig, P.; Larciprete, R.; Alfè, D.; Lizzit, S.; Baraldi, A.
Surf. Sci. Rep. 2023, 78, 100586. doi:10.1016/j.surfrep.2023.100586

176.Liu, H.; Lei, W.; Tong, Z.; Li, X.; Wu, Z.; Jia, Q.; Zhang, S.; Zhang, H.
Adv. Mater. Interfaces 2020, 7, 2000494.
doi:10.1002/admi.202000494

177.Easton, C. D.; Morgan, D. J. J. Vac. Sci. Technol., A 2025, 43,
053205. doi:10.1116/6.0004686

178.Grünleitner, T.; Henning, A.; Bissolo, M.; Zengerle, M.; Gregoratti, L.;
Amati, M.; Zeller, P.; Eichhorn, J.; Stier, A. V.; Holleitner, A. W.;
Finley, J. J.; Sharp, I. D. ACS Nano 2022, 16, 20364–20375.
doi:10.1021/acsnano.2c06317

179.Panepinto, A.; Cornil, D.; Guttmann, P.; Bittencourt, C.; Cornil, J.;
Snyders, R. J. Phys. Chem. C 2020, 124, 17401–17412.
doi:10.1021/acs.jpcc.0c05003

180.Ondračka, P.; Kümmerl, P.; Hans, M.; Mráz, S.; Primetzhofer, D.;
Holec, D.; Vašina, P.; Schneider, J. M. Mater. Des. 2025, 259,
114752. doi:10.1016/j.matdes.2025.114752

181.Zheng, X.; Calò, A.; Cao, T.; Liu, X.; Huang, Z.; Das, P. M.;
Drndic, M.; Albisetti, E.; Lavini, F.; Li, T.-D.; Narang, V.; King, W. P.;
Harrold, J. W.; Vittadello, M.; Aruta, C.; Shahrjerdi, D.; Riedo, E.
Nat. Commun. 2020, 11, 3463. doi:10.1038/s41467-020-17241-1

182.Susi, T.; Kaukonen, M.; Havu, P.; Ljungberg, M. P.; Ayala, P.;
Kauppinen, E. I. Beilstein J. Nanotechnol. 2014, 5, 121–132.
doi:10.3762/bjnano.5.12

183.Rajapakse, N. R.; Ghorbani-Asl, M.; Lasek, K.; Krasheninnikov, A. V.;
Batzill, M. Nanoscale Horiz. 2026, 11, 264–273.
doi:10.1039/d5nh00527b

184.Lin, Z.; Carvalho, B. R.; Kahn, E.; Lv, R.; Rao, R.; Terrones, H.;
Pimenta, M. A.; Terrones, M. 2D Mater. 2016, 3, 022002.
doi:10.1088/2053-1583/3/2/022002

185.Scardamaglia, M.; Susi, T.; Struzzi, C.; Snyders, R.; Di Santo, G.;
Petaccia, L.; Bittencourt, C. Sci. Rep. 2017, 7, 7960.
doi:10.1038/s41598-017-08651-1

186.Amati, M.; Susi, T.; Jovičević-Klug, P.; Jovičević-Klug, M.;
Kosmala, T.; Granozzi, G.; Agnoli, S.; Yang, P.; Zhang, Y.;
Scardamaglia, M.; Gregoratti, L.
J. Electron Spectrosc. Relat. Phenom. 2023, 265, 147336.
doi:10.1016/j.elspec.2023.147336

187.Zeller, P.; Amati, M.; Sezen, H.; Scardamaglia, M.; Struzzi, C.;
Bittencourt, C.; Lantz, G.; Hajlaoui, M.; Papalazarou, E.; Marino, M.;
Fanetti, M.; Ambrosini, S.; Rubini, S.; Gregoratti, L.
Phys. Status Solidi A 2018, 215, 1800308.
doi:10.1002/pssa.201800308

188.Scardamaglia, M.; Aleman, B.; Amati, M.; Ewels, C.; Pochet, P.;
Reckinger, N.; Colomer, J.-F.; Skaltsas, T.; Tagmatarchis, N.;
Snyders, R.; Gregoratti, L.; Bittencourt, C. Carbon 2014, 73, 371–381.
doi:10.1016/j.carbon.2014.02.078

189.Flavell, W. R. Faraday Discuss. 2022, 236, 9–57.
doi:10.1039/d2fd00071g

190.Vujin, J.; Huang, W.; Ciganović, J.; Ptasinska, S.; Panajotović, R.
Langmuir 2023, 39, 8055–8064. doi:10.1021/acs.langmuir.3c00107

191.Scardamaglia, M.; Casanova-Cháfer, J.; Temperton, R.;
Annanouch, F. E.; Mohammadpour, A.; Malandra, G.; Das, A.;
Alagh, A.; Arbouch, I.; Montoisy, L.; Cornil, D.; Cornil, J.; Llobet, E.;
Bittencourt, C. ACS Sens. 2024, 9, 4079–4088.
doi:10.1021/acssensors.4c01033

192.Scardamaglia, M.; Küst, U.; Klyushin, A.; Jones, R.; Knudsen, J.;
Temperton, R.; Shavorskiy, A.; Kokkonen, E. Beilstein J. Nanotechnol.
2025, 16, 1677–1694. doi:10.3762/bjnano.16.118

https://doi.org/10.1038%2Fnature10941
https://doi.org/10.1038%2Fnnano.2016.131
https://doi.org/10.1103%2Fphysrevb.109.195430
https://doi.org/10.1103%2Fphysrevb.105.205413
https://doi.org/10.1021%2Fnl304659n
https://doi.org/10.1103%2Fphysrevx.9.011055
https://doi.org/10.1038%2Fs41565-024-01706-1
https://doi.org/10.1021%2Facsnano.0c04945
https://doi.org/10.1038%2Fs41567-023-02250-w
https://doi.org/10.1103%2Fphysrevlett.133.246701
https://doi.org/10.1038%2Fs41565-024-01708-z
https://doi.org/10.1126%2Fscience.aah4698
https://doi.org/10.1038%2Fs41586-021-04323-3
https://doi.org/10.1002%2Fsia.740020607
https://doi.org/10.1016%2Fj.surfrep.2013.03.001
https://doi.org/10.1002%2Fsca.4950110602
https://doi.org/10.1016%2Fj.elspec.2010.01.006
https://doi.org/10.1016%2Fj.nima.2005.05.008
https://doi.org/10.1039%2Fc9cc01577a
https://doi.org/10.1039%2Fc7cp00958e
https://doi.org/10.1103%2Fphysrevmaterials.2.074005
https://doi.org/10.1016%2Fj.surfrep.2023.100586
https://doi.org/10.1002%2Fadmi.202000494
https://doi.org/10.1116%2F6.0004686
https://doi.org/10.1021%2Facsnano.2c06317
https://doi.org/10.1021%2Facs.jpcc.0c05003
https://doi.org/10.1016%2Fj.matdes.2025.114752
https://doi.org/10.1038%2Fs41467-020-17241-1
https://doi.org/10.3762%2Fbjnano.5.12
https://doi.org/10.1039%2Fd5nh00527b
https://doi.org/10.1088%2F2053-1583%2F3%2F2%2F022002
https://doi.org/10.1038%2Fs41598-017-08651-1
https://doi.org/10.1016%2Fj.elspec.2023.147336
https://doi.org/10.1002%2Fpssa.201800308
https://doi.org/10.1016%2Fj.carbon.2014.02.078
https://doi.org/10.1039%2Fd2fd00071g
https://doi.org/10.1021%2Facs.langmuir.3c00107
https://doi.org/10.1021%2Facssensors.4c01033
https://doi.org/10.3762%2Fbjnano.16.118


Beilstein J. Nanotechnol. 2026, 17, 454–488.

485

193.Racz, A. S.; Menyhard, M. Appl. Surf. Sci. Adv. 2025, 30, 100872.
doi:10.1016/j.apsadv.2025.100872

194.Cumpson, P. J. Appl. Surf. Sci. 1999, 144-145, 16–20.
doi:10.1016/s0169-4332(98)00752-1

195.Zemlyanov, D. Y.; Jespersen, M.; Zakharov, D. N.; Hu, J.; Paul, R.;
Kumar, A.; Pacley, S.; Glavin, N.; Saenz, D.; Smith, K. C.;
Fisher, T. S.; Voevodin, A. A. Nanotechnology 2018, 29, 115705.
doi:10.1088/1361-6528/aaa6ef

196.Deng, D.; Novoselov, K. S.; Fu, Q.; Zheng, N.; Tian, Z.; Bao, X.
Nat. Nanotechnol. 2016, 11, 218–230. doi:10.1038/nnano.2015.340

197.Fu, Q.; Bao, X. Chem. Soc. Rev. 2017, 46, 1842–1874.
doi:10.1039/c6cs00424e

198.Lunardon, M.; Cattelan, M.; Agnoli, S.; Granozzi, G.
Curr. Opin. Electrochem. 2022, 34, 101025.
doi:10.1016/j.coelec.2022.101025

199.Hu, J.; Quan, W.; Yang, P.; Cui, F.; Liu, F.; Zhu, L.; Pan, S.; Huan, Y.;
Zhou, F.; Fu, J.; Zhang, G.; Gao, P.; Zhang, Y. ACS Nano 2023, 17,
312–321. doi:10.1021/acsnano.2c07978

200.Carraro, F.; Calvillo, L.; Cattelan, M.; Favaro, M.; Righetto, M.;
Nappini, S.; Píš, I.; Celorrio, V.; Fermín, D. J.; Martucci, A.; Agnoli, S.;
Granozzi, G. ACS Appl. Mater. Interfaces 2015, 7, 25685–25692.
doi:10.1021/acsami.5b06668

201.Bruix, A.; Füchtbauer, H. G.; Tuxen, A. K.; Walton, A. S.;
Andersen, M.; Porsgaard, S.; Besenbacher, F.; Hammer, B.;
Lauritsen, J. V. ACS Nano 2015, 9, 9322–9330.
doi:10.1021/acsnano.5b03199

202.Åhlgren, E. H.; Kotakoski, J.; Krasheninnikov, A. V. Phys. Rev. B
2011, 83, 115424. doi:10.1103/physrevb.83.115424

203.Kretschmer, S.; Krasheninnikov, A. V. Phys. Rev. Mater. 2024, 8,
114003. doi:10.1103/physrevmaterials.8.114003

204.Cress, C. D.; Schmucker, S. W.; Friedman, A. L.; Dev, P.;
Culbertson, J. C.; Lyding, J. W.; Robinson, J. T. ACS Nano 2016, 10,
3714–3722. doi:10.1021/acsnano.6b00252

205.Burgdörfer, J.; Lerner, P.; Meyer, F. W. Phys. Rev. A 1991, 44,
5674–5685. doi:10.1103/physreva.44.5674

206.Grossek, A. S.; Niggas, A.; Wilhelm, R. A.; Aumayr, F.; Lemell, C.
Nano Lett. 2022, 22, 9679–9684. doi:10.1021/acs.nanolett.2c03894

207.Niggas, A.; Schwestka, J.; Balzer, K.; Weichselbaum, D.;
Schlünzen, N.; Heller, R.; Creutzburg, S.; Inani, H.; Tripathi, M.;
Speckmann, C.; McEvoy, N.; Susi, T.; Kotakoski, J.; Gan, Z.;
George, A.; Turchanin, A.; Bonitz, M.; Aumayr, F.; Wilhelm, R. A.
Phys. Rev. Lett. 2022, 129, 086802.
doi:10.1103/physrevlett.129.086802

208.Hagstrum, H. D. Phys. Rev. 1954, 96, 336–365.
doi:10.1103/physrev.96.336

209.Wilhelm, R. A. Surf. Sci. Rep. 2022, 77, 100577.
doi:10.1016/j.surfrep.2022.100577

210.Niggas, A.; Creutzburg, S.; Schwestka, J.; Wöckinger, B.; Gupta, T.;
Grande, P. L.; Eder, D.; Marques, J. P.; Bayer, B. C.; Aumayr, F.;
Bennett, R.; Wilhelm, R. A. Commun. Phys. 2021, 4, 180.
doi:10.1038/s42005-021-00686-1

211.Cederbaum, L. S.; Zobeley, J.; Tarantelli, F. Phys. Rev. Lett. 1997,
79, 4778–4781. doi:10.1103/physrevlett.79.4778

212.Wilhelm, R. A.; Gruber, E.; Schwestka, J.; Kozubek, R.; Madeira, T. I.;
Marques, J. P.; Kobus, J.; Krasheninnikov, A. V.; Schleberger, M.;
Aumayr, F. Phys. Rev. Lett. 2017, 119, 103401.
doi:10.1103/physrevlett.119.103401

213.Wilhelm, R. A.; Grande, P. L. Commun. Phys. 2019, 2, 89.
doi:10.1038/s42005-019-0188-7

214.Arnau, A.; Köhrbrück, R.; Grether, M.; Spieler, A.; Stolterfoht, N.
Phys. Rev. A 1995, 51, R3399–R3402.
doi:10.1103/physreva.51.r3399

215.Fano, U.; Lichten, W. Phys. Rev. Lett. 1965, 14, 627–629.
doi:10.1103/physrevlett.14.627

216.Creutzburg, S.; Schwestka, J.; Niggas, A.; Inani, H.; Tripathi, M.;
George, A.; Heller, R.; Kozubek, R.; Madauß, L.; McEvoy, N.;
Facsko, S.; Kotakoski, J.; Schleberger, M.; Turchanin, A.;
Grande, P. L.; Aumayr, F.; Wilhelm, R. A. Phys. Rev. B 2020, 102,
045408. doi:10.1103/physrevb.102.045408

217.Wilhelm, R. A.; Gruber, E.; Smejkal, V.; Facsko, S.; Aumayr, F.
Phys. Rev. A 2016, 93, 052708. doi:10.1103/physreva.93.052708

218.Momma, K.; Izumi, F. J. Appl. Crystallogr. 2011, 44, 1272–1276.
doi:10.1107/s0021889811038970

219.Wang, L.; Boutilier, M. S. H.; Kidambi, P. R.; Jang, D.;
Hadjiconstantinou, N. G.; Karnik, R. Nat. Nanotechnol. 2017, 12,
509–522. doi:10.1038/nnano.2017.72

220.Danda, G.; Drndić, M. Curr. Opin. Biotechnol. 2019, 55, 124–133.
doi:10.1016/j.copbio.2018.09.002

221.Wanunu, M. Phys. Life Rev. 2012, 9, 125–158.
doi:10.1016/j.plrev.2012.05.010

222.Garaj, S.; Hubbard, W.; Reina, A.; Kong, J.; Branton, D.;
Golovchenko, J. A. Nature 2010, 467, 190–193.
doi:10.1038/nature09379

223.Venkatesan, B. M.; Bashir, R. Nat. Nanotechnol. 2011, 6, 615–624.
doi:10.1038/nnano.2011.129

224.Clarke, J.; Wu, H.-C.; Jayasinghe, L.; Patel, A.; Reid, S.; Bayley, H.
Nat. Nanotechnol. 2009, 4, 265–270. doi:10.1038/nnano.2009.12

225.Kozubek, R.; Tripathi, M.; Ghorbani-Asl, M.; Kretschmer, S.;
Madauß, L.; Pollmann, E.; O’Brien, M.; McEvoy, N.; Ludacka, U.;
Susi, T.; Duesberg, G. S.; Wilhelm, R. A.; Krasheninnikov, A. V.;
Kotakoski, J.; Schleberger, M. J. Phys. Chem. Lett. 2019, 10,
904–910. doi:10.1021/acs.jpclett.8b03666

226.Liebsch, Y.; Leino, A.; Madauß, L.; Singh, R.; Grande, P. L.;
Tomić Luketić, K.; Karlušić, M.; Maas, A.; Breuer, L.; Lebius, H.;
Grygiel, C.; Toimil-Molares, M. E.; Trautmann, C.; Johnson, A. T. C.;
Zhao, M.; Muinos, H. V.; Tripathi, M.; Akhmadaliev, S.; Kotakoski, J.;
Djurabekova, F.; Schleberger, M. ACS Appl. Mater. Interfaces 2026,
18, 7237–7248. doi:10.1021/acsami.5c20044

227.James Ziegler - SRIM and TRIM. http://srim.org/ (accessed March 3,
2026).

228.Krasheninnikov, A. V. Nanoscale Horiz. 2020, 5, 1447–1452.
doi:10.1039/d0nh00465k

229.Sleziona, S.; Pelella, A.; Faella, E.; Kharsah, O.; Skopinski, L.;
Maas, A.; Liebsch, Y.; Schmeink, J.; Di Bartolomeo, A.;
Schleberger, M. Nanoscale Adv. 2023, 5, 6958–6966.
doi:10.1039/d3na00543g

230.Sleziona, S.; Kharsah, O.; Skopinski, L.; Daniel, L.; Schmeink, J.;
Schleberger, M. Adv. Electron. Mater. 2025, 11, 2400318.
doi:10.1002/aelm.202400318

231.Ochedowski, O.; Marinov, K.; Wilbs, G.; Keller, G.; Scheuschner, N.;
Severin, D.; Bender, M.; Maultzsch, J.; Tegude, F. J.; Schleberger, M.
J. Appl. Phys. 2013, 113, 214306. doi:10.1063/1.4808460

232.Martinella, C.; Natzke, P.; Alia, R. G.; Kadi, Y.; Niskanen, K.;
Rossi, M.; Jaatinen, J.; Kettunen, H.; Tsibizov, A.; Grossner, U.;
Javanainen, A. Microelectron. Reliab. 2022, 128, 114423.
doi:10.1016/j.microrel.2021.114423

233.Lu, P.; Zhu, M.; Zhao, P.; Fan, C.; Zhu, H.; Gao, J.; Yang, C.; Han, Z.;
Li, B.; Liu, J.; Zhang, Z. ACS Appl. Mater. Interfaces 2023, 15,
10936–10946. doi:10.1021/acsami.2c20005

https://doi.org/10.1016%2Fj.apsadv.2025.100872
https://doi.org/10.1016%2Fs0169-4332%2898%2900752-1
https://doi.org/10.1088%2F1361-6528%2Faaa6ef
https://doi.org/10.1038%2Fnnano.2015.340
https://doi.org/10.1039%2Fc6cs00424e
https://doi.org/10.1016%2Fj.coelec.2022.101025
https://doi.org/10.1021%2Facsnano.2c07978
https://doi.org/10.1021%2Facsami.5b06668
https://doi.org/10.1021%2Facsnano.5b03199
https://doi.org/10.1103%2Fphysrevb.83.115424
https://doi.org/10.1103%2Fphysrevmaterials.8.114003
https://doi.org/10.1021%2Facsnano.6b00252
https://doi.org/10.1103%2Fphysreva.44.5674
https://doi.org/10.1021%2Facs.nanolett.2c03894
https://doi.org/10.1103%2Fphysrevlett.129.086802
https://doi.org/10.1103%2Fphysrev.96.336
https://doi.org/10.1016%2Fj.surfrep.2022.100577
https://doi.org/10.1038%2Fs42005-021-00686-1
https://doi.org/10.1103%2Fphysrevlett.79.4778
https://doi.org/10.1103%2Fphysrevlett.119.103401
https://doi.org/10.1038%2Fs42005-019-0188-7
https://doi.org/10.1103%2Fphysreva.51.r3399
https://doi.org/10.1103%2Fphysrevlett.14.627
https://doi.org/10.1103%2Fphysrevb.102.045408
https://doi.org/10.1103%2Fphysreva.93.052708
https://doi.org/10.1107%2Fs0021889811038970
https://doi.org/10.1038%2Fnnano.2017.72
https://doi.org/10.1016%2Fj.copbio.2018.09.002
https://doi.org/10.1016%2Fj.plrev.2012.05.010
https://doi.org/10.1038%2Fnature09379
https://doi.org/10.1038%2Fnnano.2011.129
https://doi.org/10.1038%2Fnnano.2009.12
https://doi.org/10.1021%2Facs.jpclett.8b03666
https://doi.org/10.1021%2Facsami.5c20044
http://srim.org/
https://doi.org/10.1039%2Fd0nh00465k
https://doi.org/10.1039%2Fd3na00543g
https://doi.org/10.1002%2Faelm.202400318
https://doi.org/10.1063%2F1.4808460
https://doi.org/10.1016%2Fj.microrel.2021.114423
https://doi.org/10.1021%2Facsami.2c20005


Beilstein J. Nanotechnol. 2026, 17, 454–488.

486

234.Titze, M.; Belianinov, A.; Tonigan, A.; Su, S. S.; Vizkelethy, G.;
Wampler, W.; Hehr, B.; Wang, M.; Zhou, H.; Narayanan, V.;
Bielejec, E. S.; Arghavani, R. ACS Appl. Electron. Mater. 2024, 6,
5759–5765. doi:10.1021/acsaelm.4c00782

235.Kumar, A.; Intonti, K.; Viscardi, L.; Durante, O.; Pelella, A.;
Kharsah, O.; Sleziona, S.; Giubileo, F.; Martucciello, N.; Ciambelli, P.;
Schleberger, M.; Di Bartolomeo, A. Mater. Horiz. 2024, 11,
2397–2405. doi:10.1039/d4mh00027g

236.Farronato, M.; Mannocci, P.; Melegari, M.; Ricci, S.;
Compagnoni, C. M.; Ielmini, D. Adv. Mater. (Weinheim, Ger.) 2023,
35, 2205381. doi:10.1002/adma.202205381

237.Egerton, R. F.; Li, P.; Malac, M. Micron 2004, 35, 399–409.
doi:10.1016/j.micron.2004.02.003

238.Egerton, R. F. Ultramicroscopy 2013, 127, 100–108.
doi:10.1016/j.ultramic.2012.07.006

239.Kotakoski, J.; Krasheninnikov, A. V.; Kaiser, U.; Meyer, J. C.
Phys. Rev. Lett. 2011, 106, 105505.
doi:10.1103/physrevlett.106.105505

240.Meyer, J. C.; Eder, F.; Kurasch, S.; Skakalova, V.; Kotakoski, J.;
Park, H. J.; Roth, S.; Chuvilin, A.; Eyhusen, S.; Benner, G.;
Krasheninnikov, A. V.; Kaiser, U. Phys. Rev. Lett. 2012, 108, 196102.
doi:10.1103/physrevlett.108.196102

241.Susi, T.; Hofer, C.; Argentero, G.; Leuthner, G. T.; Pennycook, T. J.;
Mangler, C.; Meyer, J. C.; Kotakoski, J. Nat. Commun. 2016, 7,
13040. doi:10.1038/ncomms13040

242.Susi, T.; Meyer, J. C.; Kotakoski, J. Nat. Rev. Phys. 2019, 1, 397–405.
doi:10.1038/s42254-019-0058-y

243.Chirita Mihaila, A. I.; Susi, T.; Kotakoski, J. Sci. Rep. 2019, 9, 12981.
doi:10.1038/s41598-019-49565-4

244.Speckmann, C.; Mustonen, K.; Propst, D.; Mangler, C.; Kotakoski, J.
Phys. Rev. B 2025, 111, 054107. doi:10.1103/physrevb.111.054107

245.Zan, R.; Ramasse, Q. M.; Bangert, U.; Novoselov, K. S. Nano Lett.
2012, 12, 3936–3940. doi:10.1021/nl300985q

246.Postl, A.; Hilgert, P. P. P.; Markevich, A.; Madsen, J.; Mustonen, K.;
Kotakoski, J.; Susi, T. Carbon 2022, 196, 596–601.
doi:10.1016/j.carbon.2022.05.039

247.Kretschmer, S.; Lehnert, T.; Kaiser, U.; Krasheninnikov, A. V.
Nano Lett. 2020, 20, 2865–2870. doi:10.1021/acs.nanolett.0c00670

248.Yoshimura, A.; Lamparski, M.; Giedt, J.; Lingerfelt, D.; Jakowski, J.;
Ganesh, P.; Yu, T.; Sumpter, B. G.; Meunier, V. Nanoscale 2023, 15,
1053–1067. doi:10.1039/d2nr01018f

249.Speckmann, C.; Lang, J.; Madsen, J.; Monazam, M. R. A.; Zagler, G.;
Leuthner, G. T.; McEvoy, N.; Mangler, C.; Susi, T.; Kotakoski, J.
Phys. Rev. B 2023, 107, 094112. doi:10.1103/physrevb.107.094112

250.Bui, T. A.; Leuthner, G. T.; Madsen, J.; Monazam, M. R. A.;
Chirita, A. I.; Postl, A.; Mangler, C.; Kotakoski, J.; Susi, T. Small 2023,
19, 2301926. doi:10.1002/smll.202301926

251.Leuthner, G. T.; Susi, T.; Mangler, C.; Meyer, J. C.; Kotakoski, J.
2D Mater. 2021, 8, 035023. doi:10.1088/2053-1583/abf624

252.Jin, C.; Lin, F.; Suenaga, K.; Iijima, S. Phys. Rev. Lett. 2009, 102,
195505. doi:10.1103/physrevlett.102.195505

253.Kotakoski, J.; Jin, C. H.; Lehtinen, O.; Suenaga, K.;
Krasheninnikov, A. V. Phys. Rev. B 2010, 82, 113404.
doi:10.1103/physrevb.82.113404

254.Javed, U.; Längle, M.; Zobac, V.; Markevich, A.; Kofler, C.; Paul, M.;
Mangler, C.; Susi, T.; Kotakoski, J. arXiv 2025, 2507.
doi:10.48550/arxiv.2507.13180

255.Åhlgren, E. H.; Markevich, A.; Scharinger, S.; Fickl, B.; Zagler, G.;
Herterich, F.; McEvoy, N.; Mangler, C.; Kotakoski, J.
Adv. Mater. Interfaces 2022, 9, 2200987.
doi:10.1002/admi.202200987

256.Leuthner, G. T.; Hummel, S.; Mangler, C.; Pennycook, T. J.; Susi, T.;
Meyer, J. C.; Kotakoski, J. Ultramicroscopy 2019, 203, 76–81.
doi:10.1016/j.ultramic.2019.02.002

257.Jain, M.; Kretschmer, S.; Meyer, J.; Krasheninnikov, A. V.
Phys. Rev. Mater. 2024, 8, 054004.
doi:10.1103/physrevmaterials.8.054004

258.Yuan, B.; Wang, Z.; Zhang, S.; Hofer, C.; Gao, C.; Chennit, T.; Shi, H.;
Wu, X.; Han, Y.; Dou, L.; Yu, Y.; Pennycook, T. J. Nature 2025, 647,
364–368. doi:10.1038/s41586-025-09693-6

259.Smith, J.; Tran, H.; Roccapriore, K. M.; Shen, Z.; Zhang, G.; Chi, M.
Small Methods 2025, 9, 2400742. doi:10.1002/smtd.202400742

260.Propst, D.; Joudi, W.; Längle, M.; Madsen, J.; Kofler, C.; Mayer, B. M.;
Lamprecht, D.; Mangler, C.; Filipovic, L.; Susi, T.; Kotakoski, J.
Sci. Rep. 2024, 14, 26939. doi:10.1038/s41598-024-77740-9

261.Glaeser, R. M. Ultramicroscopy 2025, 271, 114118.
doi:10.1016/j.ultramic.2025.114118

262.Zhan, Z.; Liu, Y.; Wang, W.; Du, G.; Cai, S.; Wang, P.
Nanoscale Horiz. 2024, 9, 900–933. doi:10.1039/d3nh00494e

263.Höflich, K.; Hobler, G.; Allen, F. I.; Wirtz, T.; Rius, G.;
McElwee-White, L.; Krasheninnikov, A. V.; Schmidt, M.; Utke, I.;
Klingner, N.; Osenberg, M.; Córdoba, R.; Djurabekova, F.; Manke, I.;
Moll, P.; Manoccio, M.; De Teresa, J. M.; Bischoff, L.; Michler, J.;
De Castro, O.; Delobbe, A.; Dunne, P.; Dobrovolskiy, O. V.; Frese, N.;
Gölzhäuser, A.; Mazarov, P.; Koelle, D.; Möller, W.; Pérez-Murano, F.;
Philipp, P.; Vollnhals, F.; Hlawacek, G. Appl. Phys. Rev. 2023, 10,
041311. doi:10.1063/5.0162597

264.Stanford, M. G.; Pudasaini, P. R.; Belianinov, A.; Cross, N.;
Noh, J. H.; Koehler, M. R.; Mandrus, D. G.; Duscher, G.;
Rondinone, A. J.; Ivanov, I. N.; Ward, T. Z.; Rack, P. D. Sci. Rep.
2016, 6, 27276. doi:10.1038/srep27276

265.Fox, D. S.; Zhou, Y.; Maguire, P.; O’Neill, A.; Ó’Coileáin, C.;
Gatensby, R.; Glushenkov, A. M.; Tao, T.; Duesberg, G. S.;
Shvets, I. V.; Abid, M.; Abid, M.; Wu, H.-C.; Chen, Y.; Coleman, J. N.;
Donegan, J. F.; Zhang, H. Nano Lett. 2015, 15, 5307–5313.
doi:10.1021/acs.nanolett.5b01673

266.Fekri, Z.; Chava, P.; Hlawacek, G.; Ghorbani-Asl, M.; Kretschmer, S.;
Awan, W.; Mootheri, V.; Venanzi, T.; Sycheva, N.; George, A.;
Turchanin, A.; Watanabe, K.; Taniguchi, T.; Helm, M.;
Krasheninnikov, A. V.; Erbe, A. Adv. Electron. Mater. 2024, 10,
2400037. doi:10.1002/aelm.202400037

267.Jadwiszczak, J.; Keane, D.; Maguire, P.; Cullen, C. P.; Zhou, Y.;
Song, H.; Downing, C.; Fox, D.; McEvoy, N.; Zhu, R.; Xu, J.;
Duesberg, G. S.; Liao, Z.-M.; Boland, J. J.; Zhang, H. ACS Nano
2019, 13, 14262–14273. doi:10.1021/acsnano.9b07421

268.Barthelmi, K.; Klein, J.; Hötger, A.; Sigl, L.; Sigger, F.; Mitterreiter, E.;
Rey, S.; Gyger, S.; Lorke, M.; Florian, M.; Jahnke, F.; Taniguchi, T.;
Watanabe, K.; Zwiller, V.; Jöns, K. D.; Wurstbauer, U.; Kastl, C.;
Weber-Bargioni, A.; Finley, J. J.; Müller, K.; Holleitner, A. W.
Appl. Phys. Lett. 2020, 117, 070501. doi:10.1063/5.0018557

269.Hötger, A.; Männer, W.; Amit, T.; Hernangómez-Pérez, D.;
Taniguchi, T.; Watanabe, K.; Wurstbauer, U.; Finley, J. J.;
Refaely-Abramson, S.; Kastl, C.; Holleitner, A. W. Nano Lett. 2023,
23, 11655–11661. doi:10.1021/acs.nanolett.3c03517

https://doi.org/10.1021%2Facsaelm.4c00782
https://doi.org/10.1039%2Fd4mh00027g
https://doi.org/10.1002%2Fadma.202205381
https://doi.org/10.1016%2Fj.micron.2004.02.003
https://doi.org/10.1016%2Fj.ultramic.2012.07.006
https://doi.org/10.1103%2Fphysrevlett.106.105505
https://doi.org/10.1103%2Fphysrevlett.108.196102
https://doi.org/10.1038%2Fncomms13040
https://doi.org/10.1038%2Fs42254-019-0058-y
https://doi.org/10.1038%2Fs41598-019-49565-4
https://doi.org/10.1103%2Fphysrevb.111.054107
https://doi.org/10.1021%2Fnl300985q
https://doi.org/10.1016%2Fj.carbon.2022.05.039
https://doi.org/10.1021%2Facs.nanolett.0c00670
https://doi.org/10.1039%2Fd2nr01018f
https://doi.org/10.1103%2Fphysrevb.107.094112
https://doi.org/10.1002%2Fsmll.202301926
https://doi.org/10.1088%2F2053-1583%2Fabf624
https://doi.org/10.1103%2Fphysrevlett.102.195505
https://doi.org/10.1103%2Fphysrevb.82.113404
https://doi.org/10.48550%2Farxiv.2507.13180
https://doi.org/10.1002%2Fadmi.202200987
https://doi.org/10.1016%2Fj.ultramic.2019.02.002
https://doi.org/10.1103%2Fphysrevmaterials.8.054004
https://doi.org/10.1038%2Fs41586-025-09693-6
https://doi.org/10.1002%2Fsmtd.202400742
https://doi.org/10.1038%2Fs41598-024-77740-9
https://doi.org/10.1016%2Fj.ultramic.2025.114118
https://doi.org/10.1039%2Fd3nh00494e
https://doi.org/10.1063%2F5.0162597
https://doi.org/10.1038%2Fsrep27276
https://doi.org/10.1021%2Facs.nanolett.5b01673
https://doi.org/10.1002%2Faelm.202400037
https://doi.org/10.1021%2Facsnano.9b07421
https://doi.org/10.1063%2F5.0018557
https://doi.org/10.1021%2Facs.nanolett.3c03517


Beilstein J. Nanotechnol. 2026, 17, 454–488.

487

270.Barthelmi, K.; Amit, T.; Sigl, L.; Troue, M.; Klokkers, T.; Herrmann, A.;
Taniguchi, T.; Watanabe, K.; Finley, J.; Kastl, C.;
Refaely-Abramson, S.; Holleitner, A. Phys. Rev. Mater. 2025, 9,
016201. doi:10.1103/physrevmaterials.9.016201

271.Zhao, S.; Xue, J.; Wang, Y.; Yan, S. Nanotechnology 2012, 23,
285703. doi:10.1088/0957-4484/23/28/285703

272.Kretschmer, S.; Maslov, M.; Ghaderzadeh, S.; Ghorbani-Asl, M.;
Hlawacek, G.; Krasheninnikov, A. V. ACS Appl. Mater. Interfaces
2018, 10, 30827–30836. doi:10.1021/acsami.8b08471

273.Kolesov, E. A. Beilstein J. Nanotechnol. 2019, 10, 531–539.
doi:10.3762/bjnano.10.54

274.Lehtinen, O.; Dumur, E.; Kotakoski, J.; Krasheninnikov, A. V.;
Nordlund, K.; Keinonen, J. Nucl. Instrum. Methods Phys. Res., Sect. B
2011, 269, 1327–1331. doi:10.1016/j.nimb.2010.11.027

275.Herbig, C.; Åhlgren, E. H.; Jolie, W.; Busse, C.; Kotakoski, J.;
Krasheninnikov, A. V.; Michely, T. ACS Nano 2014, 8, 12208–12218.
doi:10.1021/nn503874n

276.Mathew, S.; Chan, T. K.; Zhan, D.; Gopinadhan, K.; Barman, A.-R.;
Breese, M. B. H.; Dhar, S.; Shen, Z. X.; Venkatesan, T.;
Thong, J. T. L. Carbon 2011, 49, 1720–1726.
doi:10.1016/j.carbon.2010.12.057

277.Thiruraman, J. P.; Masih Das, P.; Drndić, M. Adv. Funct. Mater. 2019,
29, 1904668. doi:10.1002/adfm.201904668

278.Ozden, B.; Zhang, T.; Liu, M.; Fest, A.; Pearson, D. A.; Khan, E.;
Uprety, S.; Razon, J. E.; Cherry, J.; Fujisawa, K.; Liu, H.;
Perea-López, N.; Wang, K.; Isaacs-Smith, T.; Park, M.; Terrones, M.
ACS Nano 2023, 17, 25101–25117. doi:10.1021/acsnano.3c07752

279.Jain, M.; Kretschmer, S.; Krasheninnikov, A. V. Nanoscale Adv. 2025,
7, 6596–6606. doi:10.1039/d5na00468c

280.Alkauskas, A.; Buckley, B. B.; Awschalom, D. D.; Van de Walle, C. G.
New J. Phys. 2014, 16, 073026. doi:10.1088/1367-2630/16/7/073026

281.Chen, C.; Ong, S. P. Nat. Comput. Sci. 2022, 2, 718–728.
doi:10.1038/s43588-022-00349-3

282.Batatia, I.; Kovacs, D. P.; Simm, G.; Ortner, C.; Csanyi, G. MACE:
Higher Order Equivariant Message Passing Neural Networks for Fast
and Accurate Force Fields. In Advances in Neural Information
Processing Systems 35 (NeurIPS 2022), Koyejo, S.; Mohamed, S.;
Agarwal, A.; Belgrave, D.; Cho, K.; Oh, A., Eds.; pp 11423–11436.
https://proceedings.neurips.cc/paper_files/paper/2022/file/4a36c3c51a
f11ed9f34615b81edb5bbc-Paper-Conference.pdf

283.Deng, B.; Zhong, P.; Jun, K.; Riebesell, J.; Han, K.; Bartel, C. J.;
Ceder, G. Nat. Mach. Intell. 2023, 5, 1031–1041.
doi:10.1038/s42256-023-00716-3

284.Neumann, M.; Gin, J.; Rhodes, B.; Bennett, S.; Li, Z.; Choubisa, H.;
Hussey, A.; Godwin, J. arXiv 2024, 2410.
doi:10.48550/arxiv.2410.22570

285.Park, Y.; Kim, J.; Hwang, S.; Han, S. J. Chem. Theory Comput. 2024,
20, 4857–4868. doi:10.1021/acs.jctc.4c00190

286.Liao, Y.-L.; Wood, B.; Das, A.; Schmidt, T. EquiformerV2: Improved
Equivariant Transformer for Scaling to Higher-Degree
Representations. In International Conference on Learning
Representations 2024 (ICLR 2024).
https://proceedings.iclr.cc/paper_files/paper/2024/file/ab12e8f3443c1a
789f595b18d8c597b4-Paper-Conference.pdf

287.Chmiela, S.; Vassilev-Galindo, V.; Unke, O. T.; Kabylda, A.;
Sauceda, H. E.; Tkatchenko, A.; Müller, K.-R. Sci. Adv. 2023, 9,
eadf0873. doi:10.1126/sciadv.adf0873

288.Stocker, S.; Gasteiger, J.; Becker, F.; Günnemann, S.; Margraf, J. T.
Mach. Learn.: Sci. Technol. 2022, 3, 045010.
doi:10.1088/2632-2153/ac9955

289.Loew, A.; Sun, D.; Wang, H.-C.; Botti, S.; Marques, M. A. L.
npj Comput. Mater. 2025, 11, 178. doi:10.1038/s41524-025-01650-1

290.Yang, H.; Hu, C.; Zhou, Y.; Liu, X.; Shi, Y.; Li, J.; Li, G.; Chen, Z.;
Chen, S.; Zeni, C.; Horton, M.; Pinsler, R.; Fowler, A.; Zügner, D.;
Xie, T.; Smith, J.; Sun, L.; Wang, Q.; Kong, L.; Liu, C.; Hao, H.; Lu, Z.
arXiv 2024, 2405.04967. doi:10.48550/arxiv.2405.04967

291.Bertoldo, F.; Ali, S.; Manti, S.; Thygesen, K. S. npj Comput. Mater.
2022, 8, 56. doi:10.1038/s41524-022-00730-w

292.Linderälv, C.; Österbacka, N.; Wiktor, J.; Erhart, P. npj Comput. Mater.
2025, 11, 101. doi:10.1038/s41524-025-01565-x

293.Charlier, J.-C.; Gonze, X.; Michenaud, J.-P. Europhys. Lett. 1994, 28,
403–408. doi:10.1209/0295-5075/28/6/005

294.Cousins, C. S. G.; Heggie, M. I. Phys. Rev. B 2003, 67, 024109.
doi:10.1103/physrevb.67.024109

295.Blakslee, O. L.; Proctor, D. G.; Seldin, E. J.; Spence, G. B.; Weng, T.
J. Appl. Phys. 1970, 41, 3373–3382. doi:10.1063/1.1659428

296.Zhao, Y. X.; Spain, I. L. Phys. Rev. B 1989, 40, 993–997.
doi:10.1103/physrevb.40.993

297.Mounet, N.; Marzari, N. Phys. Rev. B 2005, 71, 205214.
doi:10.1103/physrevb.71.205214

298.Stuart, S. J.; Tutein, A. B.; Harrison, J. A. J. Chem. Phys. 2000, 112,
6472–6486. doi:10.1063/1.481208

299.O’Connor, T. C.; Andzelm, J.; Robbins, M. O. J. Chem. Phys. 2015,
142, 024903. doi:10.1063/1.4905549

300.Morse, P. M. Phys. Rev. 1929, 34, 57–64. doi:10.1103/physrev.34.57
301.Brenner, D. W.; Shenderova, O. A.; Harrison, J. A.; Stuart, S. J.;

Ni, B.; Sinnott, S. B. J. Phys.: Condens. Matter 2002, 14, 783–802.
doi:10.1088/0953-8984/14/4/312

302.Qamar, M.; Mrovec, M.; Lysogorskiy, Y.; Bochkarev, A.; Drautz, R.
J. Chem. Theory Comput. 2023, 19, 5151–5167.
doi:10.1021/acs.jctc.2c01149

303.Willman, J. T.; Perriot, R.; Ticknor, C. J. Chem. Phys. 2024, 161,
064303. doi:10.1063/5.0213560

304.Rowe, P.; Deringer, V. L.; Gasparotto, P.; Csányi, G.; Michaelides, A.
J. Chem. Phys. 2022, 156, 159901. doi:10.1063/5.0091698

305.Meunier, V.; Bepete, G.; Cao, M.-S.; Chen, Y.; de Tomas, C.; Di, J.;
Ewels, C.; Koratkar, N.; Li, Q.; Liu, C.; Sheremetyeva, N.;
Terrones, M. Carbon 2024, 229, 119488.
doi:10.1016/j.carbon.2024.119488

306.Francas, G. R.; Delenda, A.-A.; Martin, J. W.; Bousige, C.;
Suarez-Martinez, I.; Marks, N. A.; Ewels, C. Carbon 2026, 247,
120995. doi:10.1016/j.carbon.2025.120995

307.Kolmogorov, A. N.; Crespi, V. H. Phys. Rev. B 2005, 71, 235415.
doi:10.1103/physrevb.71.235415

308.Maresca, F.; Dragoni, D.; Csányi, G.; Marzari, N.; Curtin, W. A.
npj Comput. Mater. 2018, 4, 69. doi:10.1038/s41524-018-0125-4

https://doi.org/10.1103%2Fphysrevmaterials.9.016201
https://doi.org/10.1088%2F0957-4484%2F23%2F28%2F285703
https://doi.org/10.1021%2Facsami.8b08471
https://doi.org/10.3762%2Fbjnano.10.54
https://doi.org/10.1016%2Fj.nimb.2010.11.027
https://doi.org/10.1021%2Fnn503874n
https://doi.org/10.1016%2Fj.carbon.2010.12.057
https://doi.org/10.1002%2Fadfm.201904668
https://doi.org/10.1021%2Facsnano.3c07752
https://doi.org/10.1039%2Fd5na00468c
https://doi.org/10.1088%2F1367-2630%2F16%2F7%2F073026
https://doi.org/10.1038%2Fs43588-022-00349-3
https://proceedings.neurips.cc/paper_files/paper/2022/file/4a36c3c51af11ed9f34615b81edb5bbc-Paper-Conference.pdf
https://proceedings.neurips.cc/paper_files/paper/2022/file/4a36c3c51af11ed9f34615b81edb5bbc-Paper-Conference.pdf
https://doi.org/10.1038%2Fs42256-023-00716-3
https://doi.org/10.48550%2Farxiv.2410.22570
https://doi.org/10.1021%2Facs.jctc.4c00190
https://proceedings.iclr.cc/paper_files/paper/2024/file/ab12e8f3443c1a789f595b18d8c597b4-Paper-Conference.pdf
https://proceedings.iclr.cc/paper_files/paper/2024/file/ab12e8f3443c1a789f595b18d8c597b4-Paper-Conference.pdf
https://doi.org/10.1126%2Fsciadv.adf0873
https://doi.org/10.1088%2F2632-2153%2Fac9955
https://doi.org/10.1038%2Fs41524-025-01650-1
https://doi.org/10.48550%2Farxiv.2405.04967
https://doi.org/10.1038%2Fs41524-022-00730-w
https://doi.org/10.1038%2Fs41524-025-01565-x
https://doi.org/10.1209%2F0295-5075%2F28%2F6%2F005
https://doi.org/10.1103%2Fphysrevb.67.024109
https://doi.org/10.1063%2F1.1659428
https://doi.org/10.1103%2Fphysrevb.40.993
https://doi.org/10.1103%2Fphysrevb.71.205214
https://doi.org/10.1063%2F1.481208
https://doi.org/10.1063%2F1.4905549
https://doi.org/10.1103%2Fphysrev.34.57
https://doi.org/10.1088%2F0953-8984%2F14%2F4%2F312
https://doi.org/10.1021%2Facs.jctc.2c01149
https://doi.org/10.1063%2F5.0213560
https://doi.org/10.1063%2F5.0091698
https://doi.org/10.1016%2Fj.carbon.2024.119488
https://doi.org/10.1016%2Fj.carbon.2025.120995
https://doi.org/10.1103%2Fphysrevb.71.235415
https://doi.org/10.1038%2Fs41524-018-0125-4


Beilstein J. Nanotechnol. 2026, 17, 454–488.

488

License and Terms
This is an open access article licensed under the terms of
the Beilstein-Institut Open Access License Agreement
(https://www.beilstein-journals.org/bjnano/terms), which is
identical to the Creative Commons Attribution 4.0
International License
(https://creativecommons.org/licenses/by/4.0). The reuse of
material under this license requires that the author(s),
source and license are credited. Third-party material in this
article could be subject to other licenses (typically indicated
in the credit line), and in this case, users are required to
obtain permission from the license holder to reuse the
material.

The definitive version of this article is the electronic one
which can be found at:
https://doi.org/10.3762/bjnano.17.31

https://www.beilstein-journals.org/bjnano/terms
https://creativecommons.org/licenses/by/4.0
https://doi.org/10.3762/bjnano.17.31

	Abstract
	Introduction
	Challenges and Open Questions
	Can the defect concentration in epitaxial 2D materials be as low as in 2D materials exfoliated from their bulk counterparts?
	Are defect complexes in sub-stoichiometric/impurity-doped 2D materials more frequent than in bulk materials? Can complex multiatom defects form extended/periodic structures in 2D systems?
	What are the oxidation mechanisms and kinetics of defective surfaces in 2D materials?
	Does high-temperature annealing increase or decrease the concentration of defects in 2D materials?
	Which techniques can be used to assess defect concentration in 2D materials? What are the challenges for each technique?
	Raman spectroscopy has been used to estimate defect concentrations in graphene. How does it work for other 2D materials?
	Can Raman spectroscopy be used to not only assess defect concentration but also to differentiate between different kinds of defects?
	What are the challenges in the calculations of Raman spectra of defective 2D materials?
	Can optical spectra from individual defects be measured at the atomic scale and correlated with the local atomic and electronic structure?
	Can we establish a comprehensive database of defect fingerprints for defect identification/quantification using STM/STS?
	How can defect engineering be used to tune electronic properties of 2D materials? Do shallow defect states exist in 2D semiconductor materials? What is the origin of n-type doping in MoS2 and p-type doping in WSe2?
	Can magnetic moments of individual defects be measured?
	Where are the limits for controlled defect engineering in terms of spatial precision, single type or size (e.g., hole size), and scalability?
	What are the limitations of X-ray photoelectron spectroscopy in identifying and quantifying defect concentrations in 2D materials, and how can these limitations be addressed?
	Do the calculated and experimentally measured concentrations of irradiation-induced defects agree?
	Do we fully understand the mechanism of the neutralization of highly charged ions after passing through 2D materials? How does the neutralization depend on the electronic structure of the system?
	Can holes with controllable sizes be produced using energetic ions?
	Are 2D materials radiation-tolerant, as discussed in the literature in the context of transistor operation?
	What are the sources for e-beam damage in the transmission electron microscope, and how important are they for different 2D materials?
	Can atomistic simulations of the response of supported 2D materials to He ion irradiation in the helium ion microscope be carried out?
	Can machine learning be used (in practice) in the simulations of defects and ion/electron irradiation?
	How far can we go with machine learning potentials for 2D materials, given their often extreme anisotropy in properties?

	Conclusion
	Acknowledgements
	Authors
	Addresses
	Author Contributions
	ORCID iDs
	Data Availability Statement
	References

