
Understanding Disorder in 2D Materials: The Case of Carbon Doping
of Silicene
Ricardo Pablo-Pedro, Miguel Angel Magaña-Fuentes, Marcelo Videa, Jing Kong, Mingda Li,
Jose L. Mendoza-Cortes,* and Troy Van Voorhis*

Cite This: Nano Lett. 2020, 20, 6336−6343 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: We investigate the effect of lattice disorder and
local correlation effects in finite and periodic silicene structures
caused by carbon doping using first-principles calculations. For
both finite and periodic silicene structures, the electronic
properties of carbon-doped monolayers are dramatically changed
by controlling the doping sites in the structures, which is related to
the amount of disorder introduced in the lattice and electron−
electron correlation effects. By changing the position of the carbon
dopants, we found that a Mott−Anderson transition is achieved.
Moreover, the band gap is determined by the level of lattice
disorder and electronic correlation effects. Finally, these structures
are ferromagnetic even under disorder which has potential
applications in Si-based nanoelectronics, such as field-effect
transistors (FETs).
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■ INTRODUCTION

From the large variety of two-dimensional (2D) materials that
exist today, silicene, the silicon counterpart of graphene, has
steadily increased its sphere of influence due to its malleable
electronic properties and its compatibility with the current
silicon-based technology.1 For instance, the buckled layer
geometry of silicene facilitates a band gap engineering and in
the presence of an electric field opens a gap transport that
makes possible the realization of a field-effect transistor (FET)
at room temperature.2 Synthesis of silicene is achieved
nowadays by surface-assisted epitaxial growth on different
substrates;3−5 however, during this process, the formation of
imperfections on the layer is practically unavoidable, which
strongly influences the magnetic and electronic properties of
the material.6−10 In the context of imperfections, these
modifications of the electronic, magnetic, and structural
properties imply a fundamental form of disorder.11

To illustrate the origin and impact of disorder in silicene, we
use chemical doping substitution since it is the simplest way of
introducing disorder and of modifying 2D materials’ electronic
and structural properties beyond electrically controlled
means.12,13 Unlike graphene, silicene’s monolayers are also
particularly sensitive to alterations in the geometry of the
lattice due to their inherent buckling structure; moreover,
silicene’s monolayers present two parallel sublattices which
induces symmetry breaking between them when defects are
introduced. This symmetry between the sublattices produces a

position dependence when more than one defect is introduced.
Different arrangements have distinct electronic properties.
These geometry and symmetry considerations make silicene
prone to a diverse range of phase transitions. Depending on
the concentration, distribution, and nature of the doping
atoms, the monolayers undergo semimetal to semiconductor
or metal transitions.
Consider, for instance, the case of phosphorus-doped silicon

(3D structure), a particularly well-studied example of a system
showing a metal−insulator transition (MIT).14 According to
Mott’s argument, a transition from an insulator to metal occurs
at a critical concentration, nc.

15 Although a temperature, T = 0,
is necessary for the MIT, several physical systems have shown
an MIT at finite temperatures,16−18 hence the importance of
studying this transition. An MIT which is driven mostly by the
electronic correlations is known as a Mott−Hubbard
transition,19 while an Anderson transition is driven mostly by
lattice disorder.20

The semimetallic character of silicene limits its potential as a
suitable material for distinct applications; however, this
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limitation could be overcome by the induction of Mott−
Hubbard or Anderson transitions. Various authors have
studied in detail silicene−graphene hybrid layers and their
properties;21,22 however, to the best of our knowledge, there is
no systematic study on the behavior of carbon-doped silicene
in simulations or experiments. In this work, we study the
doping behavior of both finite and periodic structures of
silicene with carbon atoms. We show that the electronic
properties of carbon-doped silicene structures depend on
disorder effects and electron−electron correlations. Also, we
found that C-doped periodic structures are more stable than
monovacancies. Furthermore, we compare the electronic and
structural properties of periodic and finite-size structures to
have a better understanding of the influence of dopant atoms
on the nanoclusters.
AB Initio Characterization. For finite-size structures, we

choose the pairing of the Beck 3-Parameter (exchange), Lee,
Yang, and Parr (B3LYP) functional with the correlation
consistent polarized valence double-ζ (cc-pVDZ) base, along
with D3 dispersion correction,23 as implemented in Q-Chem
5.0.24 For the periodic structures, the numerical simulations
were carried out using plane-wave basis as implemented in the
Vienna ab initio simulation package (VASP).25−29 The kinetic
energy cutoff for plane waves is set to 500 eV after convergence
tests. B3LYP and Perdew−Burke−Ernzerhof (PBE) func-
tionals were used for the periodic structure calculations to
compare our results. For the PBE functional, the generalized
gradient approximation (GGA) is carried out.

■ RESULTS AND DISCUSSION

First, we study the geometrical and electronic properties of a
rectangular silicene nanocluster with monohydrogen termi-
nation at its edges (H-SiNC), see Figure 1a. The selection of
these specific structure was based on ref 30 which states that
finite rectangular silicene nanoclusters with an armchain edge
length (La) larger than the zigzag edge length (Lz) could only
present ferromagnetic states that when combined with silicon-
based semiconductor technology could be valuable for
spintronic applications. Different shapes can form different

electronic states, see the Supporting Information for more
details. Here, we selected 14 inequivalent doping positions S1−
S14 for a single C atom; then, to study the stability of the doped
structures, the defect formation energy, Ef, per dopant is
calculated using the following equation:

E E E nE nEf d ud Si C= − + − (1)

where Ed is the total energy of a doped structure, Eud is the
energy of a pristine structure, n is the number of dopants, and
the ESi and EC represent the energy of the free Si and C atoms.
The formation energies for single carbon substitutions are
listed in Table 1. Here, the singlet (antiferromagnetic) and
triplet (ferromagnetic) states are reported since C-doped
structures can be present in either state. The negative
formation energies show that C-doped systems are thermody-
namically stable. For a single C substitution, the formation

Figure 1. Equilibrium structures of a pure, single-, and double-doped silicene nanocluster. (a) Pure silicene nanocluster, which has 14
nonequivalent possible doping positions. (b) Silicene single-doped with carbon generates out-of-plane distortion. (c) Double-doped carbon
substitution generates both out-of-plane and bonds distortions.

Table 1. Formation Energies (in eV per impurity atom) of a
Single C Substitution at 13 Different Sites of H-SiNC for
Singlet (S) and Triplet (T) States at the B3LYP Level of
Calculationa

site 1-carbon (S) 1-carbon(T)

1 −2.266 −2.421
2 −2.331 −2.468
3 −2.456 −2.585
4 −2.271 −2.422
5 −2.294 −2.431
6 −2.327 −2.498
7 −2.526 −2.660
8 −2.468 −2.607
9 −2.600 −2.748
10 −2.532 −2.681
11 −2.474 −2.614
12 −3.372 −3.495
13 −3.233 −3.353
14 −2.849 −2.997

aAll formation energies were calculated with respect to the singlet
undoped ground state of H-SiNC(4,6).
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energy increases for sites S1, S4, S5, S6, S2, S3, S8, S11, S7, S10, S14,
S13, and S12, respectively. This shows that Si atoms closer to the
edge are more likely to be substituted than those in the interior
sites around the zigzag or armchair directions. Similar
conclusions were obtained for N- and B-doped silicene
nanoribbons.31 Figures 1b and 1c illustrate how C
substitutions to two silicene structures induce significant
distortions caused by disorder; see the Supporting Information
for quantification of the disorder in the structures. In addition
to the in-plane distortion, a large vertical bending is observed,
indicating that the disorder caused by C doping is of long
range. In particular, position 1 exhibits the highest buckling
distortion, which can extend afar from the substitution site
since most of the distortions are elastic. Also, the farther away
from the nanocluster’s center the more stable the structure
becomes and the less disorder it presents. Furthermore, all of
the doped configurations prefer to be in a triplet state,
indicating that these structures are ferromagnetic and stable
under disorder. This intrinsic magnetism is an advantage since
it is required for spin-based electronics,32,33 particularly for
information technology.34

When a carbon atom replaces a silicon one, there is a
redistribution of the electronic charge in the system. To
illustrate this effect, we show the spatial spin density
distribution in Figure 2 for both singlet and triplet states at

two different sites. For position S6, the singlet state exhibits a
negative (positive) magnetic moment at the upper (lower)
edge and a zero net magnetic moment, indicating that at this
position the C atom does not have a strong effect in the spin
density compared with the pristine H-SiNC.35 In the triplet
state, the nanoclusters now exhibit a net magnetic moment,
having the spins paired-up at opposite edges. For the S13

position in the singlet state, the spin density on the edge is
locally concentrated. It is worth noting that such a spin density
modification effect is also found in the other inner substitution
configurations, but it is gradually weakened as the C atom gets
closer to the center of the nanocluster.
For two carbon substitutions, there will be new interactions

that can lead to nontrivial effects in the electronic structure. To
measure these interaction effects between two carbon atoms,
one of them is fixed at position S12 (the most stable position)
while the other sites are varied. The formation energies for
double C-doped structures are listed in Table 2 for singlet and
triplet states. All of these structures are thermodynamically
favorable, confirming that double C-doped H-SiNCs are stable.
We also compare the stability of double versus single C-doping
by contrasting the energies Ef(Si + S12) with respect to Ef(S12)
+ Ef(Si) with i = 1, ..., 14. With the condition |Ef(Si + S12)| > |
Ef(S12) + Ef(Si)|, only the S1, S2, S3, S4, and S8 positions can be
stable for both singlet and triplet state configurations. Similarly
to the single C-doping case, the formation energies increase as
we move toward the center of the nanocluster. For the adjacent
doping cases, S12−S14, the C C bond introduces a higher
strain into the structures, due to its shorter length, making
those nanoclusters the most unstable ones. Additionally, we
have included quintuplet states for the double C-doped
nanoclusters since two triplet C defects can form a quintuplet
(Q) state as well. Here, we can observe first that the formation
energy of the quintuplet states follows a similar tendency as
triplet and singlet states; second, quintuplet states are less
stable than singlet and triplet states.
To show the effect of carbon interactions on the electronic

structure of C-doped H-SiNCs, the HOMO−LUMO gap is
calculated for all 14 configurations, see Figure 3. For the
antiferromagnetic states, the HOMO−LUMO gap depends on
the site and the number of C atoms in the silicene nanocluster.
Single C substitutions near the center have a larger effect on
the band gap. For double C doping, the larger effects on the
gap are shown near the edges due to correlation effects and
structural relaxation. The results for the ferromagnetic states
follow a similar trend to the antiferromagnetic state for single
and double C substitutions.
Since dislocations and vacancies can arise as a consequence

of imperfections during synthesis or stress imposed through
thermal history,36 we also calculated the formation energy for a
dislocation and a monovacancy at position S1, see Figure 4.
The formation energies for this dislocation are 5.082 and 5.021
eV, for the singlet and triplet state configurations, respectively.
The band gap for the singlet and triplet state are 0.562 and
0.558 eV, respectively. For a monovacancy, the formacion
energy is 5.57 eV with a band gap of 0.405 eV. This shows the
thermodynamically unstable nature of these defects.
Nanoscale lengths structures could differ considerably from

their bulk counterparts in their physical and electronic
properties; hence, caution must be taken when extrapolating
results from finite to periodic structures. With this in mind, we
have studied periodic boundary conditions of monolayers with
supercell sizes of 2 × 2, 3 × 3, and 4 × 4; see the Supporting
Information for more details. Formation energy and electronic
structure properties were calculated using the PBE and B3LYP
functionals. For the hybrid functional, B3LYP, we were able to
obtain results for the 2 × 2 supercell due to the high
computational cost of these calculations for bigger systems. For
PBE, we obtained the formation energies −2.3609, −2.4772,
and −2.5505 eV for the 2 × 2, 3 × 3, and 4 × 4 supercells,

Figure 2. Spin density distributions for a single C-doped H-SiNC at
two different site positions. The yellow (cyan) isosurface corresponds
to the predominant spin-up (spin-down) charge density. The red
circle highlights the position of the carbon atom in the silicene
nanocluster.
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respectively; thus, these structures are thermodynamically
favorable, in agreement with the nanoclusters calculations. The
B3LYP calculations are in qualitative agreement and differ only
by small amount with respect to the PBE functional.
Formation energies for double C substitution are reported in

Table 3. Positions S12 and S13 are not considered here due to
the size constraints of the supercells. B3LYP’s results of double
C substitution for a 2 × 2 supercell are shown in the
Supporting Information. Formation energies shown in Table 3
follow the same trend as the nanoclusters. From the formation
energies, we can see that the position S8 is the most stable
periodic structure as one may expect from a doping
configuration that preserves most of the global symmetry of
the layer. Also, for those structures in which the carbon atoms
are located at the same sublattice, similar and larger band gaps
are exhibited than those for which the doping occurs in
opposite sublattices. This symmetry-breaking doping induces a

sublattice potential difference which in turn breaks the band
degeneracy and opens the band gap.

Correlating Disorder and Interactions with Electronic
Band Structures. As mentioned earlier, carbon substitutions
introduce disorder and interactions that can affect the
electronic structure. Here, we address the question of how
the details of the band structure near the Dirac point are
affected by disorder and interactions.
We select only the 2 × 2 supercell using the PBE functional.

Figure 5a shows the band structure of different silicene
structures alongside their respective density of states (DOS).
In the following discussion, S1 represents the only single-doped
structure, while the rest of the mentioned positions stand for a
double-doped structure with position S1 fixed. Note that in the
band structure calculations, different carbon positions generate
different disorder and interaction strength which introduce a
shift of the energy bands with respect to a reference case, i.e.,

Table 2. Formation Energies (in eV per impurity atom) of Double C Substitution at 13 Different Sites of H-SiNC for Singlet
(S), Triplet (T), and Quintuplet (Q) States at the B3LYP Level of Calculationa

site 2-C (S) 2-C (T) 2-C (Q) 1 + 1 C(S) 1 + 1 (T) 1 + 1 C (Q)

1 −5.710 −5.849 −4.992 −5.638 −5.793 −4.348
2 −5.752 −5.890 −5.097 −5.703 −5.840 −4.388
3 −6.177 −6.350 −5.525 −5.830 −5.957 −4.504
4 −5.651 −5.839 −5.057 −5.643 −5.794 −4.337
5 −5.655 −5.831 −5.001 −5.666 −5.803 −4.355
6 −5.634 −5.770 b −5.699 −5.870 −4.407
7 −5.865 −6.040 −5.190 −5.898 −6.032 −4.580
8 −5.997 −6.147 −5.418 −5.840 −5.979 −4.523
9 −5.823 −6.017 −5.191 −5.972 −6.120 −4.646
10 −5.805 −5.943 b −5.904 −6.053 −4.571
11 b −5.952 −5.155 −5.846 −5.986 −4.554
12 fixed fixed fixed fixed fixed fixed
13 −6.592 −6.690 −5.828 −6.605 −6.725 −5.241
14 −6.242 −6.360 −5.550 −6.221 −6.492 −4.928

aAll formation energies were calculated with respect to the singlet undoped ground state of H-SiNC(4,6). bStructures did not converge.

Figure 3. Calculated band gap of a rectangular silicene nanocluster, H-SiNC, for all 14 different positions. Antiferromagnetic and ferromagnetic
states are illustrated for single and doubled C-doped structures. The dashed green lines in both graphs represent the bang gap for the pristine
cluster.
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pristine silicene. For instance, when one silicene atom in the
supercell is substituted by a carbon atom, a gap opens at the K
point of 0.181 eV with a semiconductor behavior. Depending
on the sublattice position, adding an additional carbon atom
could break the symmetry of the system even more, resulting
in a large band gap; this is the case for the S1−S3 system (same
sublattice) which shows an indirect gap of 1.006 eV and
semiconductor behavior. On the other hand, the systems S1−S4
and S1−S8 act on different sublattices and show band gaps of
199 and 1 meV, respectively. Both systems present a direct
gap; yet, the C4 gap is around the G point and C8 in the K
direction. For the MV structure, we observe a metallic
behavior, with a sizable direct band gap of 0.458 eV.
Furthermore, we do not observe self-healing for any of the
MV systems.
Understanding the Phase Transition. Using a toy

model that captures the strength of electron interaction and
the amount of disorder, we have calculated the local density of
states (LDOS) around the Dirac point for the C-doped silicene
structure. The LDOS in this model is

k
E K U( )

d
(2 )

( ( , , ))kc

2

2 g 0∫ρ ω
π

δ ω ω= − ϵ −
(2)

with

E K U
K

( , , )
U
v

K K
g 0

0
2

p
2

( ) ( )F
2

0
2

p
2

0
2

p

ω
ω ω

=
− ϵ̃ + −

ω ωℏ − ϵ̃ − ϵ̃
i
k
jjj

y
{
zzz

(3)

where U
p p 2

ϵ̃ = ϵ − , ϵk = ℏvF|k| is the energy dispersion at the

K-point and K U Ur r( ) ( )i j0
2

imp imp= ⟨ ⟩ is the disorder correlator
with Uimp(ri) being the disorder potential strength. The energy
of the p-electron is given by ϵp. The Hubbard U parameter
describes the on-site interaction between two electrons with
opposite spins on site i.
Using the proposed model we obtained the phase transition

diagram for the Hubbard interaction U versus the strength of
the disorder K0 at zero temperature, see Figure 5b. Here, the
two insulating phases are separated roughly by U ∝ 2K0. This
means that the disorder affects the Mott transition by pushing
it to larger interaction strength as also reported in refs 37 and
38. Figures 5c and 5d show the double-peak impurity
resonances around the Fermi level for different disorder and
interaction strengths. This type of double-peak structure has
been experimentally observed in nitrogen-doped graphene and
most likely originates from long-range interactions.39 Indeed,
the peak−peak separation goes down with increasing U.
Eventually, for a large enough U, one of the resonance peaks
moves past ω = 0, where the Dirac point of the unperturbed
system is located. In addition, Figure 5d reveals that there are
more electronic states close to the Fermi level for higher
disorders. This alternation between lower and higher densities
of states brings out the fact that the two sublattices of silicene
are affected differently by a substitutional atom (see the
Supporting Information for consulting K0 values). Hence, both
the magnitude and the spatial range of the impurity potential
are modified by interactions. Those results alongside DFT
calculations help us to understand the driving factor for each
system’s transition.
In summary, we studied the effects of disorder on the

electronic properties of silicene nanoclusters and monolayers
caused by C doping. Total energies analysis indicates that C
tends to be doped at the edges of finite silicene structures,
which are ferromagnetic. Using field theory, we are able to
describe the driving factor for different dope-induced
transitions and to contrast its predictions with DFT results.
Specifically, by looking at the band gap of the systems we are

Figure 4. Geometry of a dislocation and a monovacancy in a silicene
nanocluster. In both cases the structures shown are for singlet states
configurations.

Table 3. Formation Energies, Ef, and Band Gaps, Eg, of Double C Substitution for Spin-Polarized Systems at the PBE Level of
Calculationc

2 × 2 3 × 3 4 × 4

site Ef (eV) Eg (eV) Ef (eV) Eg (eV) Ef (eV) Eg (eV)

1 fixed fixed fixed fixed fixed fixed
3 −5.4917 1.006a −5.0139 0.142 −5.0616 0.182
4 −4.0297 0.199b −4.1509 0.041 −4.2305 0.013
6   −4.8071 0.050 −4.9504 0.023
7   −5.6775 0.000 −5.4399 0.180
8 −6.2498 0.001a −5.6347 0.050 −5.5299 0.038
9     −4.9958 0.187
10     −5.3934 0.034
11     −5.4396 0.183
MV 2.9956 0.458a 3.2189 0.003 3.2918 0.074

aIndirect band gap. bDirect band gap. cHere, we use three different supercells. One C atom was fixed at position 1. The last row correspond to the
monovacancy (MV) case.
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able to distinguish between Anderson and Mott transitions.
For a pristine silicene monolayer, the electronic dispersion is
characterized by Dirac cones. Systems where the Hubbard
interaction predominates break the degeneracy and crossing of
the valence and conduction bands, hence opening a band gap;
however, as the strength of the disorder increases, the gaps
close, eventually recovering the presence of Dirac cones. This
indicates that the Mott and Anderson insulators are
continuously connected. The framework of our analysis not
only applies to silicene but also other doped 2D materials.40

Moreover, this combination of theoretical and computational
results may be valuable in the design of silicene-based
electronic devices in spintronics.32,33
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