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G R A P H I C A L A B S T R A C T

H I G H L I G H T S

Monolayer amorphous carbon (MAC) introduces a material with unique optoelectronic properties.
Cohesion energy values for MASi and MAGe range from −8.41 to −7.49 eV/atom.
Their electronic behavior varies from metallic to small band gap semiconductors.
Frontier orbitals analysis revealed similar electronic localization for LUCO and HOCO.
The corresponding MAC-like versions we propose are within our present synthetic capabilities.

A R T I C L E I N F O
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A B S T R A C T

A recent breakthrough has been achieved by synthesizing monolayer amorphous carbon (MAC). Here, we used
ab initio (DFT) molecular dynamics simulations to study silicon and germanium MAC analogs. Typical unit
cells contain more than 600 atoms. We also considered their corresponding nanotube structures. The cohesion
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Density functional theory (DFT)
Electronic properties

energy values for MASi and MAGe are approximately 3.0 eV/atom lower than the energy ordering of silicene
and germanene, respectively. Their electronic behavior varies from metallic to small band gap semiconductors.
Since silicene, germanene, and MAC have already been experimentally realized, the corresponding MAC-like
versions we propose are within our present synthetic capabilities.
1. Introduction

Since the experimental realization of graphene in 2004, the ongoing
search for new two-dimensional (2D) materials has been receiving
increased attention and has already produced interesting results [1–8].
Generally, ideal material candidates for prospective applications should
be easily synthesizable [9–11] and preferably cost-effective [12,13].

The growing interest in prototype graphene-based devices has pro-
duced several theoretical and experimental investigations [14,15]. The
aim is to obtain novel structures and advance the fabrication of more
efficient materials [16–18]. A recent milestone along these lines was
the successful synthesis of monolayer amorphous carbon (MAC) by
Toh and collaborators [19]. MAC is an amorphous material with sp2

and sp3 carbon atoms organized in a 2D lattice. MAC exhibits a wide
distribution of bond lengths and angle values, including rings of five to
eight atoms. It is worth highlighting that, although short-range order
is present in MAC, the interatomic distances and inter-bonding angles
deviate from those observed in pristine graphene lattices.

The MAC stable structure was synthesized through a straightforward
method involving laser-assisted chemical vapor deposition, standing
large structural deformations at high load strain values without fracture
or crack propagation [19]. Since its synthesis, MAC has been compre-
hensively investigated by various research groups, leading to a better
understanding of its properties and potential applications [20–30].
Theoretical investigations have probed the MAC mechanical proper-
ties. MAC’s yield strength is relatively high compared to other two-
dimensional carbon allotropes [28–30]. It should be stressed that al-
though other 2D carbon amorphous structures have been proposed in
the literature [31–34], MAC exhibits a distinctive ring distribution,
establishing its uniqueness among 2D carbon structures [35].

Among these studies, a Monte Carlo algorithm was employed to
distribute B and 𝑁 atoms into an initial MAC sheet, yielding a dis-
tinct structure named 2D monolayer amorphous boron nitride (MABN).
They monitored the MABN dynamics as a function of temperature
and intrinsic amorphous characteristics [26]. The results revealed that
MABN exhibits insulating behavior and bond lengths of approximately
1.54 Å, attributed to N-N and B-B bonds. The same research group
performed reverse nonequilibrium molecular dynamics (RNEMD) simu-
lations, demonstrating that the thermal conductivity at 300 K for MAC
and MABN are 13.3 and 7.2 W m−1 K−1, respectively [27]. However,
MAC-based sheets and nanotubes formed with other chemical species
from group 14 have not been reported in the literature, and the present
work aims to fill this gap.

In this study, we propose monolayers and nanotubes MAC-based
analogs composed of silicon and germanium atoms. These structures
were obtained using the reported MAC structural model [19] as a
starting point, replacing the carbon atoms with silicon (MASi) and
germanium (MAGe). Their structural and electronic properties were
investigated using DFT methods. Their electronic band structures and
frontier orbital patterns are contrasted against those obtained for the
MAC. Additionally, we explore the differences between these properties
when the systems are rolled up to form nanotubes.

2. Methods

For creating the MASi and MAGe structural models, all carbon
atoms in the previously discussed MAC structure were replaced with
silicon and germanium atoms, respectively. Subsequently, an optimiza-
tion methodology was used, involving the simultaneous relaxation of
2 
Fig. 1. MASi and MAGe optimized unit cell structural models. The left panels (a–d)
depict the MASi system, with (a) top and (b) side views of nanosheets, followed by
(c) longitudinal and (d) frontal views of tubes. The right panels (e–h) illustrate the
corresponding MAGe systems. The axial reference system indicates the crystallographic
directions.

both atoms and lattice vectors along the 𝑥 and 𝑦 directions (and 𝑧
for tubes), considering the systems’ periodic boundary conditions. It
is worth mentioning that DFT and molecular dynamics simulations
of silicene and germanene (the silicon and germanium equivalent of
graphene) show significant structural buckling [36]. The atoms devi-
ate from the plane, unlike graphene. These have been experimentally
validated [37,38].

To investigate the electronic properties and structural stability
of the MASi/MAGe nanostructures, we performed first-principles cal-
culations (DFT), as implemented in the SIESTA code [39–41]. The
exchange–correlation term was modeled using the generalized gradient
approximation (GGA-PBE) [42]. The wave functions were represented
as a linear combination of atomic orbitals, employing a summation of
a double zeta basis set along with a polarization function (DZP).

The interaction between valence electrons and atomic ions was
modeled using the norm-conserving Troullier–Martins pseudopotential,
adopting a Bylander-factorized form [43]. In the reciprocal space, we
employed a Monkhorst–Pack scheme at the 𝛤 k-point, given the large
size of the cell corresponding to 610 atoms, for electronic analyses, such
as band structure calculations, a mesh of 4 × 4 × 1 (1 × 1 × 4) was
considered for nanosheets (nanotubes). Calculations were performed
with an energy cut-off of 200 Ry.

Convergence in self-consistent calculation cycles was established
when the maximum difference between density matrix elements was
less than 10−4 eV. During the structural optimization, atoms and lattice
parameters could vary until the force acting on each atom reached a
magnitude less than 0.05 eV/Å.

To investigate potential changes at room temperature and, most
importantly, to reliably describe the buckling states, ab initio molecular
dynamics (AIMD) simulations were performed at 𝑇 = 300 K (see Fig. 1).
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Table 1
Structural parameters for MASi and MAGe nanosheets and nanotubes.

Structures MASi MAGe MASi-NT MAGe-NT

Ecoh (eV/atom) −8.40 −7.49 −8.41 −7.50
𝑎 (Å) 61.78 63.40 30.00 30.00
𝑏 (Å) 61.83 63.44 30.00 30.00
𝑐 (Å) 30.00 30.00 61.17 62.65
𝛼 (◦) 87.98 88.93 90.33 91.11
𝛽 (◦) 89.98 89.87 89.84 89.18
𝛾 (◦) 89.96 90.05 91.92 92.15
𝑑bond 2.21 2.31 2.21 2.32

A time step of 1.0 fs was employed with an NVT ensemble for a total
simulation duration of 500 steps. A Nosé–Hoover thermostat was used
to control the temperature of the AIMD simulations. It is worth stressing
that the final structures derived from AIMD simulations were used as
input for the cohesive energy, band structure, and frontier orbitals
calculations.

To estimate the cohesive energy, the following relation was used:

𝐸coh =
𝐸MASi/MAGe −𝑁Si∕Ge ⋅ 𝐸Si∕Ge

𝑁Si∕Ge
. (1)

Here, 𝐸MASi∕MAGe represents the MASi/MAGe total energy, 𝐸Si∕Ge is the
energy of an isolated Si/Ge atom, and 𝑁Si∕Ge denotes the total number
of atoms.

3. Results

In Fig. 1, we present the optimized structures obtained from the
AIMD simulations. MASi-based structures are shown on the left (panels
(a) to (d)), while the MAGe-ones are shown on the right (panels (e)
to (h)). The sheets exhibit the expected buckling, where the atoms
are slightly above or below the two-dimensional plane. This lattice
arrangement differs from the more pronounced buckling observed in
silicene or germanene [37,38]. The presence of lattice structural disor-
der significantly decreases the buckling effect. These results agree with
previous studies in which the impact of carbon doping, defects, and
network size on silicene structures was explored [44].

The results in Fig. 1 suggest that MA(Si/Ge) systems tend to be
less sensitive to changes in out-of-plane atomic displacements by de-
creasing the intrinsic buckling. Although minimal, buckling effects are
slightly more pronounced in germanium-based systems [45,46]. This
trend aligns with the fact that germanium, having a larger atomic
radius, would exhibit more pronounced out-of-plane atomic displace-
ments [47]. More importantly, this also reflects that silicon and germa-
nium exhibit the so-called pseudo-Jahn–Teller effect [48], which favors
the sp3 hybridization, while carbon favors the sp2 one.

In the case of nanotubes (refer to Figs. 1(c–d) and (g–h)), the buck-
ling effect is slightly more pronounced than for the nanosheet cases.
This result suggests that curvature effects play a crucial role in inducing
the buckling states in these systems. Hence, there is a competition
between disorder and curvature, where one tends to decrease, and the
other tends to increase the structural buckling. The buckling level can
be correlated to changes in the electronic changes induced by external
disorder factors [44,48]. In this way, for MA(Si/Ge) systems, the lattice
curvature has a more pronounced influence on the electronic structure
regarding the disorder than for the carbon structures.

In addition to the discussion on buckling, Table 1 presents other
structural characteristics of interest for the investigated systems. The
lattice parameters (𝑎, 𝑏, 𝑐, 𝛼, 𝛽, and 𝛾) for germanium are more
significant than those for silicon in both layers and tubes, as expected
due to the greater atomic radius of germanium compared to silicon. The
average bond lengths (𝑑bond) for both layers and tubes are practically
the same: 2.21 Å for silicon and 2.31 Å for germanium, indicating that
3 
Fig. 2. Electronic band structure calculations for the investigated structures: (a) MASi,
(b) MAGe, (c) MASi-NT, and (d) MAGe-NT.

Fig. 3. Lowest Unoccupied Crystal Orbital (LUCO) for MASi (a), MASi-NT (b), MAGe
(c), and MAGe-NT (d).

although the curvature affects the buckling, it does not significantly
affect the bond lengths. These values are in agreement with those
obtained for silicene and germanene, which are reported as 2.25 Å and
2.38 Å, respectively [49–51].

In Table 1, we summarize the structural features and the cohesive
energy values obtained for each system using Eq. (1), which correlates
the system’s structural stability. The table shows that the cohesive
energies for the silicon layer and tube are smaller than the values for
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germanium analogs, with differences of almost 1.0 eV. This trend is
consistent with the relative stability trend observed for silicene and
germanene [52–56]. The atomic coordinates and lattice parameters of
MASi and MAGe, after optimization, are available in the supplementary
material.

In Fig. 2, we present the electronic band structure for the inves-
tigated systems. In the case of MASi, valence band crossings occur
at the Fermi level, indicating metallic characteristics (see Fig. 2(a)).
These crossings are observed between the symmetry points of the
square lattice, between X-U and Y-𝛤 . In contrast, all other structures
are low-band-gap semiconductors with small band gaps. The calculated
electronic band gap values are 3.2 (indirect, Fig. 2(b)), 11.1 (direct,
Fig. 2(c)), and 8.4 meV (indirect, Fig. 2(d)) for MAGe, MASi-NT and
MAGe-NT, respectively.

It is well-known that GGA/PBE calculations underestimate elec-
tronic band gaps [57]. These factors, when combined, may lead to a
transition from a low-band gap semiconductor to a material with semi-
metallic or even metallic characteristics. We can also observe from
Fig. 2 that nanotubes exhibit a slightly larger band gap value than the
corresponding sheets. This trend is consistent with previous investiga-
tions on silicene, where nanotube chirality was also found to play a
crucial role in determining the band gap value due to variations in
the overlap of molecular orbitals [58]. Also, as expected, the nanotube
topology induces electronic confinement, which also contributes to
increasing the bandgap values. It is important to note that the presence
of non-hexagonal rings contributes to increasing the structural disorder
and decreasing the electronic delocalization of the frontier orbitals.
This consequently affects the electronic and optical properties of the
amorphous structures.

In Fig. 3, we present the squared modulus of the wave function
corresponding to the lowest unoccupied crystalline orbitals (LUCO), for
both MA(Si/Ge) for the sheets and tubes. We can see that LUCO in all
systems has a significant localization on the nonhexagonal rings sepa-
rated by crystalline regions. A subtle difference in localization between
MASi and MAGe is observed due to their distinct disorder patterns.
These disorders are attributed to the reduced number of hexagonal
rings. It is worth noting that the highest occupied crystalline orbitals
(HOCO) localization trends for MA(Si/Ge) show the same behavior
as the LUCO. These localization trends among LUCO and HOCO are
analogous to what happens in the MAC case [30].

The structural and electronic properties of the structures investi-
gated here are similar to other 2D structures reported in the literature.
These properties make them suitable for applications in nanoelectron-
ics, sensors, and energy storage or conversion devices.

4. Conclusions

In summary, we carried out DFT simulations to investigate the
structural and electronic properties of the silicon and germanium ver-
sions of the experimentally realized monolayer amorphous carbon. Our
findings reveal that these materials in the nanosheets and nanotubes
form can present metallic and narrow semiconducting electronic band
gaps. Cohesive energy values for the Si and Ge-based structures follow
the same ordering for silicene and germanene. Frontier orbitals analysis
revealed similar electronic localization for LUCO and HOCO. These
localizations are related to the arrangement of nonhexagonal rings
separated by crystalline regions.

Since silicene, germanene, and MAC have already been experimen-
tally realized, their corresponding MAC-like versions are within our
present synthetic capabilities. Similar to how MAC was obtained, the
strategy of using laser-assisted chemical vapor deposition emerges as a
realistic possibility for synthesizing MASi and MAGe, given the similar
structural nature of the chemical species involved and that silicene
and germanene have already been experimentally realized. We hope
the present work will stimulate further studies on this new class of
nanostructures.
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