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Exploring the electronic and mechanical
properties of the recently synthesized nitrogen-
doped amorphous monolayer carbon

Emanuel J. A. dos Santos,a,b Marcelo L. Pereira, Junior, *c Raphael M. Tromer,d

Douglas S. Galvãoe and Luiz A. Ribeiro, Junior a,b

The recent synthesis of nitrogen-doped amorphous monolayer carbon (NAMC) opens new possibilities

for multifunctional materials. In this study, we have investigated the nitrogen doping limits and their

effects on NAMC’s structural and electronic properties using density functional-based tight-binding simu-

lations. Our results show that NAMC remains stable up to 35% nitrogen doping, beyond which the lattice

becomes unstable. The formation energies of NAMC are higher than those of nitrogen-doped graphene

for all the cases we have investigated. Both undoped MAC and NAMC exhibit metallic behavior, although

only MAC features a Dirac-like cone. MAC has an estimated Young’s modulus value of about 410 GPa,

while NAMC’s modulus can vary around 416 GPa depending on nitrogen content. MAC displays optical

activity in the ultraviolet range, whereas NAMC features light absorption within the infrared and visible

ranges, suggesting potential for distinct optoelectronic applications. Their structural thermal stabilities

were addressed through molecular dynamics simulations. MAC melts at approximately 4900 K, while

NAMC loses its structural integrity for temperatures ranging from 300 K to 3300 K, lower than graphene.

These results point to potential NAMC applications in flexible electronics and optoelectronics.

1 Introduction

Two-dimensional (2D) carbon-based materials,1 particularly
graphene,2 have received significant attention over the past
decades due to their exceptional mechanical, electronic, and
optical properties.3 Graphene, a monolayer of sp2-hybridized
carbon atoms arranged in a honeycomb lattice, has become a
cornerstone for developing flexible electronics, energy storage
devices, and other applications.4 The discovery of graphene
has renewed the search for other 2D carbon allotropes, aiming
to explore new physical properties and functionalities by modi-
fying the carbon lattice.5–8 Among these new materials,
pure9,10 and doped11,12 amorphous 2D carbon lattices have
emerged as promising candidates due to their inherent struc-
tural flexibility and tunable electronic characteristics. Ref. 12
discusses the effects of different dopants on similar amor-

phous carbon-based systems, highlighting their unique contri-
butions to material properties. It was shown that boron doping
in amorphous carbon tends to reduce the bandgap and
improve p-type conductivity due to boron’s ability to create
acceptor levels near the valence band edge. Similarly, nitrogen
doping introduces localized electronic states and enhances
light absorption in specific wavelength ranges, which could
benefit optoelectronic applications.

The recent synthesis of the first freestanding monolayer of
amorphous carbon (MAC) using laser-assisted chemical vapor
deposition represents a significant advancement in the field of
2D materials.9 MAC consists of a random arrangement of sp2

and sp3-like hybridized carbon atoms, forming a network of
five- to eight-member rings. Unlike graphene’s crystalline
structure, MAC exhibits short-range order with a wide variation
in bond lengths and angles, profoundly influencing its
mechanical and electronic properties. A key aspect of this syn-
thesis method is its self-limiting nature, which enabled the
rapid formation of a uniform monolayer within minutes, cov-
ering several square centimeters, at relatively low substrate
temperatures of around 200 °C. This starkly contrasts other
techniques that require temperatures as high as 900 °C for
amorphous carbon monolayer formation.13

MAC’s unique ring distribution deviates from conventional
Zachariasen random networks,13 endowing it with exceptional
thermal stability and mechanical strength.14,15 This structural
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disorder, while different from graphene, offers distinct advan-
tages. As a result, MAC holds great promise for a range of
applications, including flexible electronics,16 energy storage,17

and optoelectronics.18 While it shares some of the beneficial
properties of graphene,19 MAC’s structural disorder introduces
additional functionalities that make it an attractive candidate
for future technologies.

The recent synthesis of nitrogen-doped amorphous mono-
layer carbon (NAMC) introduces another exciting development
in two-dimensional materials.11 NAMC was synthesized
through a space-confined solution-phase process using a
layered double hydroxide (LDH) template, facilitating precise
control over nitrogen incorporation into the amorphous
carbon lattice. This novel approach yields a freestanding
monolayer consisting of a random arrangement of five-, six-,
and seven-membered carbon rings, where nitrogen atoms
replace some of the carbon atoms within the network. The
polymerization of pyrrole within the confined interlayer of the
LDH template is critical to forming the nitrogen-doped struc-
ture, preventing excessive bond rearrangements that could lead
to instability during synthesis. As a result, NAMC exhibits a
unique in-plane π-like-conjugation electronic structure, setting it
apart from other carbon-based 2D materials. Nitrogen atoms
further impact the material’s electronic and mechanical pro-
perties by introducing localized electronic states distinct from
those observed in pure amorphous carbon or crystalline gra-
phene.11 Additionally, the nitrogen-doped structure maintains
the flexibility and structural disorder characteristic of amor-
phous carbon while offering enhanced tunability of its elec-
tronic and optical properties through controlling nitrogen
content.11 These features make NAMC a promising candidate
for applications in flexible electronics, optoelectronics, and
other multifunctional devices, where structural flexibility and
controlled electronic behavior are critical.

Nitrogen doping is a well-known strategy for tuning the pro-
perties of carbon-based materials,20–23 providing enhanced
control over electronic behavior,24 mechanical strength,25,26

and chemical reactivity.27,28 However, the critical issue of the
nitrogen saturation limit that can be incorporated into the
amorphous carbon lattice while maintaining its structural
integrity remains to be determined. Understanding this
doping limit is crucial for optimizing NAMC sheets for various
applications, particularly in flexible electronics and opto-
electronics, where precise control over material properties is
essential.

In this study, we have addressed this fundamental question
through density functional-based tight-binding (DFTB+) simu-
lations. Molecular dynamics (MD) simulations were also
carried out to investigate the nitrogen doping limits in NAMC
and their effects on the material’s structural, optical, mechani-
cal, and electronic properties. Our findings revealed that
NAMC remains structurally stable up to a nitrogen doping con-
centration of 35%, beyond which the lattice becomes unstable.
Furthermore, we have also analyzed these properties for nitro-
gen-doped graphene (N-Gr) and NAMC to understand how
nitrogen incorporation comprehensively alters their behavior.

2 Methodology

In this study, we have used DFTB+ simulations29,30 to explore
the structural, electronic, and mechanical properties of MAC
and NAMC with different nitrogen-doping contents. The 3ob
set of Slater–Koster parameters,31,32 and dispersion correction
were adopted for the calculations. Importantly, although pro-
viding lower precision results than pure DFT methods, DFTB+
can produce good-quality results for treating large-scale
systems, which would be cost-prohibitive with pure DFT
methods. This is particularly important for modeling the dis-
ordered structure of monolayer amorphous carbon, which typi-
cally requires large unit cells.

The DFTB+ method relies on pre-calculated integrals and
parametrized Hamiltonians derived from DFT calculations for
reference systems.29,33 These parametrizations capture the
essential chemical interactions between atoms, allowing
DFTB+ to describe bonding, electronic states, and structural
properties accurately.34–36 Additionally, DFTB+ supports
efficient geometry optimizations and molecular dynamics
simulations, providing insights into equilibrium properties
and dynamic behaviors at various temperatures.37–39

An essential feature of DFTB+ is its ability to account for
self-consistent charge redistribution, which becomes crucial
when dealing with heteroatomic systems such as NAMC.29,30

Nitrogen doping introduces localized electronic states and
charge polarization effects within the carbon network, which
DFTB+ captures through its self-consistent charge
formalism.40–42 This capability allows us to accurately model
the impact of nitrogen on the structural stability, electronic
properties, and mechanical behavior of NAMC across different
doping concentrations. Thus, DFTB+ strikes an optimal
balance between computational efficiency and accuracy,
making it a powerful tool for studying complex amorphous
carbon-based systems.43–46

In our approach, MAC, N-Gr, and NAMC structural models
(PM-CS-1 space group) contain 100 total atoms and were
created based on the available experimental data11 (see Fig. 1).
The lattice vectors ~a and ~b are 15.00 Å and 20.42 Å, respect-
ively. These models consist of randomly distributed five-, six-,
and seven-membered carbon rings and nitrogen-doping sites,
forming the MAC and NAMC sheets. The nitrogen doping
process was simulated by randomly replacing carbon atoms
with nitrogen ones at different concentrations, ranging from
5% up to 40% of the total number of carbon atoms. Fig. 1
illustrates the model lattices studied in this work, i.e., the (a)
MAC, (b) NAMC structure doped with 10% nitrogen (N10AMC),
and (c) NAMC structure doped with 35% nitrogen (N35AMC).

The geometry optimizations were performed using the
DFTB+ package for each nitrogen-doped structure. The conver-
gence criteria for structure optimization and energy calcu-
lation were set to energy tolerance of 0.02 kcal mol−1,
maximum force tolerance of 0.1 kcal mol−1 Å−1, and
maximum displacement tolerance of 0.001 Å, ensuring that
each system was in its lowest energy state. Periodic boundary
conditions were applied to mimic the behavior of an infinite
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monolayer. The optimized geometries were then used to
analyze the electronic and mechanical properties of the MAC
and NAMC systems.

The electronic and optical properties were also computed,
including the electronic band structure, the projected density
of states (DOS), charge distribution, and light absorption
coefficient. The Monkhorst–Pack scheme was employed to
sample the Brillouin zone with a 15 × 15 × 1 k-point grid for
accurate results. The mechanical properties of the nitrogen-
doped amorphous monolayer carbon were assessed by calcu-
lating Young’s modulus and Poisson’s ratio for each optimized
structure. Special attention was dedicated to the effects of
nitrogen doping on the electronic characteristics of the NAMC
systems, particularly on the bandgap values and the presence
or absence of Dirac-like cones.

To further explore the thermal stability of MAC and NAMC
layers, we also carried out MD simulations using DFTB+.
These simulations were performed under the NVT ensemble
using a time step of 1 fs and a Nosé–Hoover thermostat47 to
control the temperature values. The systems were incremen-
tally heated from 10 K to 5000 K to determine their melting
points.

DFTB+ provides a reliable and computationally efficient
approach for investigating NAMC structural and electronic pro-
perties. The accuracy of DFTB+ for systems containing carbon–
carbon and carbon–nitrogen bonds has been extensively vali-
dated in the literature, demonstrating excellent agreement
with DFT calculations.29,48,49 This agreement is consistent
across systems with varying degrees of crystallinity, including
amorphous and defective carbon materials.50,51 Additionally,
DFTB+ has proven effective in accurately modeling charge dis-
tribution and local bonding environments for nitrogen
doping, further supporting its suitability for our study.51 By
enabling simulations of larger systems and longer time scales
than those feasible with DFT, DFTB+ ensures the exploration

of complex doping scenarios while maintaining computational
tractability.52

3 Results

We begin the discussions by analyzing the structural results
for N-Gr and NAMC. The formation energy, EF(n), as a function
of n doping concentration, is defined by

EF ðnÞ ¼ ENnAMC � n � EN � ð100� nÞ � EC

100
; ð1Þ

where ENn AMC is the total energy of the NAMC and EN and EC
are the nitrogen and carbon atoms isolated-energy, respect-
ively. As shown in Fig. 2, the EF of NAMC is consistently higher
than that of N-Gr for all nitrogen contents investigated here.
This difference arises from the intrinsic structural character-
istics of the two materials. Graphene possesses a highly
ordered hexagonal lattice, allowing for uniform incorporation
of nitrogen atoms with minimal structural disruption to the
bonding network. In contrast, MAC exhibits a disordered struc-
ture composed of a mixture of five-, six-, and seven-membered
carbon rings, which leads to variations in bond lengths and
angles. When nitrogen atoms are introduced into the dis-
ordered MAC lattice, they disrupt the local bonding environ-
ment more significantly than in the regular structure of
graphene.

Also, nitrogen atoms have different atomic radii and
bonding configurations than carbon ones. As the lattice has to
accommodate more nitrogen atoms at higher doping concen-
trations, it results in more pronounced bond distortions and
increased residual strain throughout the structure. This
additional strain increases the formation energy values as the
lattice becomes progressively less stable with increasing nitro-
gen content.

Fig. 1 Schematic representation of some of the proposed structural models with their corresponding lattice vectors. (a) Pure amorphous monolayer
carbon (MAC), (b) NAMC structure doped with 10% nitrogen, and (c) NAMC structure doped with 35% nitrogen.
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Although for N-Gr and NAMC, the increase in formation
energy values allows a good linear fitting with nitrogen con-
centration, their behavior is slightly different. For N-Gr, the
fitting is almost perfectly linear, with a rate of change of 0.018
eV per atom per unit of nitrogen concentration, with an error
of 2.6%, reflecting the uniform nature of its hexagonal carbon
lattice. The ordered structure of graphene allows for an easier
adjustment to nitrogen incorporation, resulting in a steady
increase in formation energy with each incremental increase
in doping concentration. In contrast, NAMC shows a slight
deviation from ideal linearity, with some dispersion among
data points. For NAMC, the increase in energy as a function of
doping concentration has a growth rate of 0.016 eV per atom,
with a 5.8% error in fitting the data points. This deviation
arises from the amorphous nature of the MAC lattice, where
variations in local atomic environments lead to uneven strain
distributions as nitrogen atoms are incorporated. The intrinsic
disorder of MAC introduces variations in how nitrogen atoms
interact with the surrounding carbon network, resulting in
differences in the energy values required to stabilize the struc-
ture at different doping levels. Importantly, we observed that
the reported formation energies and structural features align
well with values documented in the literature for nitrogen-free
amorphous carbon.12,53,54 This consistency underscores the
reliability of DFTB+ for capturing critical properties of NAMC.

The results further reveal that the nitrogen doping limit for
maintaining lattice structural stability in NAMC is 35%.
Doping levels up to 35% yield negative formation energies,
indicating stability, while higher concentrations result in posi-
tive formation energies, pointing to instability. In contrast, gra-
phene can accommodate a higher nitrogen concentration
before becoming unstable.55 This difference is primarily attrib-

uted to the structural characteristics of MAC, which, unlike
graphene, lacks uniformity and long-range order.9–11 The dis-
ordered arrangement of carbon rings in MAC results in a struc-
ture that experiences significant structural deformations at
elevated doping levels. As discussed above, as more nitrogen
atoms are incorporated into the structures, there is an increase
in strain, which contributes to significant structural distor-
tions. In contrast, the regular hexagonal lattice of graphene
offers a more stable framework for nitrogen incorporation,
enabling the material to sustain higher doping levels without
compromising its structural integrity.

Based on the formation energy and structural analyses, we
selected two relevant nitrogen doping concentrations for a
more detailed investigation: 10% and 35%. The 10% doping
level was chosen to align with the concentration reported in
the experimental synthesis of NAMC.11 This choice allows for a
direct comparison between our theoretical predictions and
experimental observations, providing a deeper understanding
of NAMC’s properties at a moderate doping concentration. In
contrast, the 35% doping level was selected because it rep-
resents the upper limit of nitrogen concentration at which the
NAMC lattice remains stable, offering insights into the struc-
tural and electronic behavior of the material at the highest
achievable doping level without compromising lattice struc-
tural stability.

Similar behavior has been reported in other studies of
nitrogen-doped carbon materials.56–60 For instance, studies on
nitrogen-doped tetrahedral amorphous carbon (ta-C) have
demonstrated that while low levels of nitrogen incorporation
can be accommodated, higher concentrations lead to signifi-
cant changes in bonding configurations and increased defect
densities, resulting in structural instability.60 These findings
suggest that the introduction of nitrogen into amorphous
carbon structures is limited by the material’s ability to accom-
modate the resulting strain and disorder. Beyond a specific
doping concentration, the accumulation of defects and the dis-
ruption of the carbon network’s integrity lead to instability.
Therefore, our study’s 35% nitrogen doping threshold aligns
with these observations, indicating a critical limit for main-
taining structural stability in nitrogen-doped amorphous
carbon materials.

The electronic band structure features change as nitrogen
atoms are incorporated into the MAC lattice. For the N10AMC
case (Fig. 3(b)), the Dirac-like cone observed in undoped MAC
disappears. This change can be attributed to the delocalized
π-electron network disruption caused by nitrogen substitution.
Due to their distinct number of electrons and bond nature
compared to carbon, nitrogen atoms introduce localized elec-
tronic states into the band structure. These localized states
disrupt the symmetry that initially enabled the appearance of
the Dirac-like cone in the undoped MAC. The PDOS for NAMC
with 10% nitrogen shows that carbon p-orbitals dominate the
contributions to electronic states near the Fermi level. In con-
trast, the nitrogen p-orbitals contribute only marginally. This
trend indicates that, at this doping level, nitrogen primarily
acts as a perturbative element in the electronic structure rather

Fig. 2 Formation energy values as a function of nitrogen concentration
(N%) for NAMC (black) and N-Gr (red). The insets depict the atomic
structures of the NAMC (left) and N-Gr (right) systems, with the nitrogen
atoms highlighted in blue.
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than playing a significant role in the material’s conduction
mechanism.

In contrast, the electronic band structure of the NAMC
system with 35% nitrogen doping (Fig. 3(c)) exhibits more pro-
nounced changes. The PDOS for this system reveals relevant
contributions from nitrogen’s s- and p-orbitals to the elec-
tronic states near the Fermi level. This behavior differs from
the 10% nitrogen-doped system, where the nitrogen p-orbitals
played a more limited role. The increased nitrogen content at
35% leads to a more significant localization of electronic
states, particularly those arising from nitrogen’s s-orbitals,
which hybridize with the carbon p-orbitals to form the bands
near the Fermi level. This enhanced hybridization alters the
electronic structure, resulting in a distinct band profile com-
pared to the undoped MAC and N10AMC systems.

Fig. 4 illustrates the spatial distribution of the highest occu-
pied crystalline orbital (HOCO, in red) and lowest unoccupied

crystalline orbital (LUCO, in green) for the three systems:
undoped MAC (Fig. 4(a)), N10AMC (Fig. 4(b)), and N35AMC
(Fig. 4(c)). Due to the amorphous nature of these materials,
the overall spatial distribution of the HOCO and LUCO lacks a
clear or ordered pattern, with distinct contributions from
atoms at different parts of the structure. This is characteristic
of amorphous materials, where the lack of long-range atomic
order leads to localized electronic states.11 The observed
orbital delocalization in undoped MAC aligns closely with find-
ings from previous studies.12,54,61

Introducing nitrogen into the MAC structure does not fun-
damentally alter the spatial distribution of frontier electronic
orbitals. However, as shown in Fig. 4(b), regions with more
nitrogen atoms tend to exhibit more localized orbitals. This be-
havior can be attributed to the electronic nature of nitrogen,
which is more electronegative than carbon. In areas where
nitrogen atoms cluster or are more concentrated, they create

Fig. 3 Electronic band structure and projected density of states (PDOS) for (a) MAC, (b) N10AMC, and (c) N35AMC. The red dashed line indicates the
Fermi level.
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localized perturbations in the electronic structure, leading to
the confinement of the HOCO and LUCO in those regions.
Consequently, these orbitals become more localized around
nitrogen-rich areas. Nonetheless, the overall spatial distri-
bution of the orbitals persists due to the amorphous nature of
the MAC structure.

At higher nitrogen concentrations, as observed in the
NAMC system with 35% doping (Fig. 4(c)), there is an apparent
increase in the degree of orbital delocalization. This trend can
be explained by the more significant number of nitrogen-
induced electronic states interacting with the carbon network.
As more nitrogen atoms are incorporated, they create more
hybridized states with carbon p-orbitals, resulting in a broader
overlap of electronic states. This enhanced hybridization
between nitrogen and carbon atomic orbitals increases the
coupling of the electronic orbitals throughout the structure,
leading to greater delocalization of both the HOCO and LUCO.
The more extensive overlap between nitrogen and carbon orbi-
tals allows the electronic states to spread further across the
structure, reducing the tendency for orbitals to remain con-
fined to localized regions.

Now, we discuss the optical absorption of the MAC and
NAMC systems. In Fig. 5, we present the optical absorption
spectra of the undoped MAC (red and blue), N10AMC (black
and yellow), and N35AMC (brown and green) for light polariz-
ation along the plane (x,y)-directions. The undoped MAC exhi-
bits a strong optical absorption, primarily in the ultraviolet
(UV) region. This behavior can be attributed to the nature of
the electronic transitions in the all-carbon amorphous
network. The delocalized π-electrons in the sp2 regions of MAC
contribute to transitions requiring higher photon energies,
which correspond to UV light.

As observed for the NAMC systems, introducing nitrogen
into the MAC structure results in a redshift in the absorption
spectra. This shift can be attributed to new localized states
within the electronic band structure caused by nitrogen incor-
poration. Due to its higher electronegativity than carbon, nitro-
gen introduces electronic states closer to the Fermi level, low-
ering the energy required for electronic transitions.

Consequently, lower-energy photons, corresponding to the
visible or even infrared regions, become sufficient to induce
these transitions, shifting the absorption peak toward longer
wavelengths (lower energies). Moreover, nitrogen doping dis-
rupts the sp2 bonding network of the carbon atoms, increasing
light scattering and reducing the intensity of the absorption
peaks.

The N10AMC system exhibits an increase/decrease in optical
activity in the visible/UV region (black and yellow curves), as
shown in Fig. 5. This moderate optical activity arises from a
balance between retaining sufficient carbon–carbon π-bonding
regions, which continue contributing to UV absorption, and
introducing nitrogen states that induce lower-energy tran-
sitions. The 10% nitrogen concentration is low enough to pre-
serve some of the intrinsic electronic transitions of undoped
MAC while providing enough localized states to extend the
absorption into the visible spectrum.

In contrast, the N35AMC system exhibits an absorption
spectrum that extends further into the infrared and visible
regions (brown and green curves in Fig. 5). At this higher nitro-
gen concentration, the additional localized states introduced
by nitrogen atoms significantly reshape the material’s elec-
tronic structure. The increased nitrogen content results in a
higher density of states near the Fermi level, making low-
energy electronic transitions more likely. As a result, the
absorption spectrum is dominated by transitions involving
these states, leading to optical activity that spans into the
infrared and visible regions. This characteristic makes the
NAMC system with 35% doping particularly promising for
applications that require an optical response in the lower-
energy range of the spectrum, such as infrared detectors and
specialized optoelectronic devices.

Fig. 4 Spatial distribution of the highest occupied crystalline orbital
(HOCO, in red) and lowest unoccupied crystalline orbital (LUCO, in
green) for (a) MAC, (b) N10AMC, and (c) N35AMC.

Fig. 5 Optical absorption spectra of (red and blue) MAC, (black and
yellow) N10AMC, and (brown and green) N35AMC. The light absorption
coefficient is shown as a function of photon energy value, highlighting
the influence of nitrogen doping on the optical properties.
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Some of the mechanical properties of the MAC and
N10AMC systems are illustrated in Fig. 6. We have estimated
Young’s modulus (Y(θ)) and Poisson’s ratio (ν(θ)) values under
pressure along the xy plane, as given by the following
equations:62,63

Y ðθÞ ¼ C11C22 � C12
2

C11α4 þ C22β
4 þ C11C22 � C12

2

C44
� 2C12

� �
α2β2

ð2Þ

and

ν ðθÞ ¼
C11 þ C22 � C11C22 � C12

2

C44

� �
α2β2 � C12ðα4 þ β4Þ

C11α4 þ C22β
4 þ C11C22 � C12

2

C44
� 2C12

� �
α2β2

: ð3Þ

Here, α = sin(θ), β = cos(θ), and C11, C22, C12, and C44 rep-
resent the 2D linear elastic constants. The specific values used
to compute these mechanical properties are shown in Table 1,
providing key insights into the material’s behavior under
various types of deformation. Specifically, C11 and C22 describe
the stiffness along different in-plane directions, C12 captures
the coupling between these directions, and C44 characterizes
the material’s resistance to shear deformation. These con-
stants satisfy the Born–Huang stability criteria – namely,
C11C22 − C12

2 > 0 and C44 > 0 64,65 – ensuring that both the
undoped MAC and N10AMC structures retain their structural
stability under strain.

It is important to remark that the mechanical properties of
the NAMC system with 35% nitrogen doping were not calcu-
lated, as this structure is only metastable at 300 K, as dis-
cussed below. Due to its instability at room temperature, any
mechanical property analysis would not accurately reflect the
behavior of a stable lattice. Consequently, we focused our cal-
culations on the undoped MAC and the NAMC system with
10% nitrogen doping, which maintains structural stability
under the considered conditions.

In Fig. 6(a), we present the results for Young’s modulus for
undoped MAC (black) and N10AMC (red). The estimated values
are 409.40 GPa and 416.43 GPa, respectively. The volume of
the system, required for the calculation of Young’s modulus,
was considered as V = lx·ly·hz, where lx and ly represent the in-
plane dimensions of the system. At the same time, hz is the
system’s thickness, taken here as 3.35 Å, a reference value for
graphene.66 The variation in these values can be attributed to
the impact of nitrogen atoms on the structural rigidity of the
amorphous carbon network. The well-distributed sp2 and sp3-
like hybridized carbon atoms in the undoped MAC contribute
to a relatively small Young’s modulus value. Introducing 10%
nitrogen slightly increases this value due to the localized dis-
ruptions caused by nitrogen atoms within the carbon lattice
and nitrogen–carbon bonds. Nitrogen atoms also introduce
distortions and break the uniformity of the carbon–carbon
bonding network, increasing the overall stiffness of the struc-
ture. These findings agree with an MD study on undoped and
nitrogen-doped graphene, in which the latter presenters a
slightly higher Young’s modulus than the former.67 This study
has also revealed that at some doping levels, up to 6%,
Young’s modulus of graphene was not changed.67

Fig. 6(b) illustrates the Poisson’s ratio values for the same
set of structures. The all-carbon MAC exhibits a slightly higher
Poisson’s ratio than its nitrogen-doped counterpart, and a
general trend can be inferred where the Poisson’s ratio
decreases as the nitrogen doping concentration increases. The

Fig. 6 (a) Estimated Young’s modulus and (b) Poisson’s ratio values about the basal plane for MAC and N10AMC.

Table 1 Elastic constants Cij (GPa) and maximum values for Young’s
modulus (GPa) (Ymax) and maximum (νmax) and (νmin) Poisson’s ratios

Structure C11 C12 C22 C44 Ymax νmax νmin

MAC 409.40 66.11 419.95 163.56 405 0.18 0.15
N10AMC 416.43 63.54 418.36 168.94 410 0.17 0.15
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Poisson’s ratio measures the material’s tendency to
expand/compress laterally when compressed/stretched
longitudinally. The presence of nitrogen atoms alters the local
bonding environment and introduces localized regions of
stiffness, as mentioned above. This localized stiffness
reduces the material’s ability to deform laterally under strain,
resulting in a lower Poisson’s ratio. In both cases, MAC and
N10AMC exhibit brittle behavior, regardless of the strain direc-
tion, similar to graphene, as ν < 0.25 (ductility criterion).68

Thus, the increase in the number of rings in the
amorphous case and nitrogen doping up to 10% does not alter
the fracture pattern observed in the crystalline honeycomb
lattice.

The variations in Young’s modulus and Poisson’s ratio with
nitrogen concentration highlight the tunable nature of the

mechanical properties in NAMC systems, making them prom-
ising candidates for applications where specific mechanical
characteristics are required.

Finally, in Fig. 7, we present the results from the MD simu-
lations, showcasing the thermal stability of the MAC and
NAMC systems, with representative snapshots taken at
different temperatures. The top, middle, and bottom rows
correspond to the undoped MAC, N10AMC, and N35AMC cases.
These simulations provide valuable insights into these
materials’ structural integrity under increasing temperatures.

The undoped MAC (top row) and N10AMC (middle row)
demonstrate thermal stability at room temperature, maintain-
ing their structural integrity. The undoped MAC and N10AMC
become thermally unstable at 3800 K and 3300 K, respectively.
This difference can be attributed to nitrogen atoms in the

Fig. 7 Representative snapshots from MD simulations illustrating the thermal stability of (top) MAC, (middle) N10AMC, and (bottom) N35AMC
systems.
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doped system and all distinct degrees of thermal fluctuations.
Incorporating nitrogen into the amorphous carbon lattice
introduces a different interplay between localized states and
bonding interactions, requiring lower thermal energy to
disrupt the network. As a result, the nitrogen-doped N10AMC
structure exhibits a slightly decreased resistance to thermal
fluctuations, resulting in a lower temperature for loss of its
stability. These critical temperatures for thermal stability are
consistent with those reported for other MAC structures,14,15

highlighting the inherent robustness of the amorphous
carbon network.

At elevated temperatures, the N10AMC system exhibits
lattice atomization and the formation of linear atomic chains
(LACs) around 4700 K, as seen in the sequence of snapshots
illustrated in the middle row of Fig. 7. This phenomenon,
characterized by the appearance of elongated chains of atoms,
is not observed in the undoped MAC, even at a higher tempera-
ture of 4900 K. Nitrogen in the NAMC structure facilitates the
LAC appearance by forming more flexible and less constrained
bonding configurations when subjected to high thermal
energy values. The nitrogen atoms can create localized regions
of weaker bonds, allowing the carbon network to reconfigure
into LACs as the structure destabilizes.

The N35AMC case can be considered metastable at tempera-
tures ranging from 100 K to 300 K. At these temperatures,
some of the atomic bonds within the structure begin to recon-
figure, which indicates that the lattice is under thermal strain.
However, despite these reconfigurations, the atoms remain
bonded, preventing the formation of LACs or atomization.
This behavior suggests that while the system is not entirely
stable, it maintains some structural integrity.

Additionally, within this temperature range, we can observe
the presence of well-structured lattice domains where original
MAC regions persist. However, the high nitrogen content intro-
duces significant local strain and deformations, creating small
holes or vacancies within the amorphous structure, as illus-
trated in the first snapshot of the bottom row of Fig. 7. These
defects contribute to the system’s metastability, creating
points of localized instability without leading to a complete
breakdown/fracture of the overall structure. The combination
of partial reconfiguration and the coexistence of stable
domains with defects characterizes the metastable nature of
the N35AMC system.

The rapid destabilization of N35AMC results from the high
concentration of nitrogen atoms, which introduces consider-
able intrinsic strain and disorder into the MAC lattice, as dis-
cussed above. The increased number of nitrogen atoms dis-
rupts the carbon–carbon bonds pattern, leading to a structure
that cannot maintain its integrity even at relatively low thermal
energies. As the temperature further increases, lattice atomiza-
tion and the formation of LACs occur at around 1520 K, lower
than the temperatures required for the undoped MAC and
N10AMC systems. The complete atomization of the N35AMC
system occurs at 3220 K.

Our study revealed some distinctive trends that set NAMC
apart from MAC. One key observation is that NAMC exhibits a

significant decrease in thermal stability as nitrogen doping
increases, particularly at 35% doping, where the material
becomes metastable at temperatures as low as 300 K. This be-
havior contrasts sharply with undoped MAC, which retains
structural integrity up to approximately 3800 K, and nitro-
gen-doped graphene, which can sustain higher doping levels
without such pronounced instability. The intrinsic disorder
of the amorphous carbon network in MAC, combined with
the localized electronic states introduced by nitrogen atoms,
leads to increased strain and bond distortions at high
doping levels, accelerating the onset of structural degra-
dation. At moderate doping levels (e.g., 10%), NAMC demon-
strates a unique combination of structural flexibility and
localized disruptions, which is not observed in undoped
MAC or N-Gr. The nitrogen atoms alter the bonding environ-
ment, introducing perturbations that influence thermal
response. These perturbations facilitate the formation of
linear atomic chains at elevated temperatures, a phenom-
enon absent in undoped MAC and less pronounced in N-Gr.
This behavior highlights the influence of nitrogen doping
on the thermal dynamics of the amorphous structure. These
trends suggest that NAMC offers tunable properties due to
nitrogen incorporation, but its thermal stability is highly
sensitive to doping concentration. This sensitivity differs
from conventional amorphous carbon or graphene and
underscores the importance of carefully optimizing doping
levels for specific applications. We have added the sentence
below to address this issue in the manuscript.

To summarize the discussion, the metastability of NAMC
was determined through formation energy calculations and
MD simulations conducted at 300 K, which revealed signifi-
cant structural rearrangements and strain in the lattice, even
at this relatively low temperature. While the system maintained
some degree of structural coherence, localized bond breaking,
and reconfigurations were observed, particularly around
regions with higher nitrogen concentrations. These behaviors
indicate that the material does not achieve an equilibrium
state and instead exists in a metastable configuration prone to
further structural changes under minor perturbations. The
presence of local strain and defects, as evidenced by small
vacancies and distortions in the lattice, further supports this
conclusion.

This metastability implies potential limitations for practi-
cal applications of the 35% NAMC. For example, while the
material may exhibit desirable electronic or optical pro-
perties at low temperatures, its structural integrity could
degrade under operational conditions involving mechanical
stress, thermal cycling, or prolonged exposure to environ-
mental factors. Consequently, such high doping levels may
restrict the material’s suitability for applications requiring
long-term stability, such as structural components in flexible
electronics or optoelectronic devices. Instead, doping con-
centrations below 35%, where stability is preserved, are
likely more practical for real-world applications. We have
added the sentence below to address this issue in the
manuscript.
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4 Conclusions

In summary, we have investigated the recently synthesized
nitrogen-doped monolayer amorphous carbon’s structural,
electronic, optical, and thermal properties using the DFTB+
approach. Our findings reveal that the maximum nitrogen con-
centration for achieving a stable NAMC structure is 35%,
beyond which the lattice becomes structurally unstable.
Nitrogen doping influences the formation energy values,
which are consistently higher for NAMC than N-Gr for all con-
centration cases investigated here. This trend is attributed to
the disordered nature of the amorphous carbon network in
NAMC, which experiences more significant strain and bond
rearrangement upon nitrogen incorporation than the graphene
case.

Undoped MAC retains a metallic character with a Dirac-like
cone. Upon nitrogen doping, it disappears. The doping also
creates a significant number of localized states. Optical
absorption spectra of MAC and NAMC systems show that nitro-
gen doping causes a redshift in the absorption spectra, broad-
ening the range of optical activity. Undoped MAC displays
strong absorption, mainly in the ultraviolet range. Undoped
MAC and NAMC with 10% nitrogen doping exhibit consider-
ably high thermal stability, with melting/vaporization tempera-
tures of 3800 K and 3300 K, respectively. At 35% nitrogen
doping, NAMC shows a significant decrease in structural stabi-
lity, being metastable for temperatures ranging from 100 K up
to 300 K, caused by increased structural disorder. The esti-
mated Young’s modulus values for the undoped MAC and
N10AMC are about 409.4 GPa and 416.4 GPa, respectively.
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