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Abstract

We report results of first-principles density functional theory calculations, which
introduce a new class of carbon nanostructures formed due to creation of covalent
interlayer C-C bonds in twisted bilayer graphene (TBG). This interlayer bonding
becomes possible by hydrogenation of the graphene layers according to certain
hydrogenation patterns. The resulting relaxed configurations consist of two-dimensional
(2D) superlattices of diamond-like nanocrystals embedded within the graphene layers,
with the same periodicity as that of the Moiré pattern corresponding to the rotational
layer stacking in TBG. The 2D diamond nanodomains resemble the cubic or the
hexagonal diamond phase. The detailed structure of these superlattice configurations is
determined by parameters that include the twist angle, ranging from 0 to ~15°, and the
number of interlayer C-C bonds formed per unit cell of the superlattice. We demonstrate
that formation of such interlayer-bonded finite domains causes the opening of a band gap

in the electronic band structure of TBG, which depends on the density and spatial



distribution of interlayer C-C bonds. We have predicted band gaps as wide as 1.2 eV and
found that the band gap increases monotonically with increasing size of the embedded
diamond nanodomain in the unit cell of the superlattice. Such nanostructure formation
constitutes a promising approach for opening a precisely tunable band gap in bilayer

graphene.
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I. INTRODUCTION

Since its discovery in 2004, graphene has attracted a tremendous amount of
interest due to its unique physical properties that promise an extremely broad range of
potential applications. Graphene is a zero-band-gap semiconductor (or semi-metal), with
valence and conduction bands touching at the Fermi level at the special K point in the
first Brillouin zone (BZ); in the vicinity of this special point in reciprocal space, electrons
have a linear energy-versus-momentum dispersion relation exhibiting the so-called Dirac
cones and, as a result, they behave like relativistic particles as described by the Dirac
equation.’” An extremely important electronic property of graphene is its very high
mobility of charge carriers, which enables electrons to travel sub-micrometer-long
distances without scattering. ~ Nevertheless, broad applications of graphene in
microelectronics require the opening of a band gap in its electronic band structure.
Toward this end, several approaches have been applied successfully, including chemical
functionalization,*® creation of graphene nanoribbons,” application of an electric field
perpendicular to the graphene plane,'® and insertion of defects, such as vacancies, for the
creation of periodic antidot lattices.""

Chemical functionalization of single-layer graphene, such as hydrogenation and
fluorination,™® introduces sp’-hybridized C-C bonds in the original graphene structure
characterized by delocalized sp> C-C bonding of the C atoms in a honeycomb lattice
arrangement. Such chemical functionalization alters the electronic and atomic structure
of single-layer graphene. Typically, the introduction of such sp® bonds in graphene opens
a band gap in its electronic band structure;'*"> however, depending on the concentration
and spatial arrangement of the chemisorbed atoms used for chemical functionalization, or
more specifically, on the symmetry and the periodicity of the resulting superlattice of
introduced defects, the Dirac cones at the K point may be preserved, with a reduction in

the corresponding Fermi velocity.'*'®



Control of the band gap by generation of superlattices of defects in single-layer
graphene (SLG) has been explored in depth in recent studies; more specifically, these

studies focused on the relationship between structural and electronic properties of

11,14,17,18 14,15

superlattices of “holes” (termed graphene antidots), chemisorbed atoms, and
substitutional defects (B and N)."” These theoretical studies demonstrated that the
existence and the width of energy band gaps depend not only on the density of the defects
introduced in SLG, but also on their spatial distribution, or more formally, on the
symmetry of the resulting superlattice. In cases where the Dirac cones are partially
preserved in the resulting band structure, the Fermi velocity also was shown to depend on

these symmetry parameters.M’lg’19

The formation of such superstructures allows for a
precise control of the electronic properties of graphene, enabling the development of
interesting practical applications.

The electronic band structure of pristine twisted bilayer graphene (TBQG)
resembles that of single-layer graphene and is characterized by the appearance of the
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Dirac cones and linear dispersion in the vicinity of the K point in the first BZ.
multilayer graphene, another way of introducing sp® bonding and altering the electronic
band structure is the formation of interlayer bonds, namely, covalent C-C bonds between
atoms of adjacent graphene layers.'® Several theoretical studies have demonstrated that
hydrogenation and formation of such interlayer bonds usually opens a band gap in the

. 23-2
electronic band structure; >’

again, however, depending on the spatial arrangement of
these interlayer bonds, certain features of the electronic band structure of the pristine,
non-bonded configuration are preserved.'® In a recent study,'® we showed that creation
of interlayer C-C bonds in TBG with the individual graphene planes rotated with respect
to each other by angles around 30° leads to the formation of superlattices of caged
structures (fullerenes) that have the same periodicity with that of the Moiré pattern
characteristic of the TBG; depending on the size of these local fullerene structures, the

Dirac cones are either preserved or lost opening a narrow gap in the band structure. The
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effect of interlayer covalent bonding on electron transport in bilayer graphene also has
been investigated.”® Density functional tight binding calculations demonstrated that
formation of interlayer C-C bonds in bilayer graphene, resulting from the insertion of
atomic defects, leads to a decrease in the electronic conductance of the material but also
to significant electronic transport between the layers.”®

Creation of interlayer C-C bonds also has been studied in multi-walled carbon
nanotubes (MWCNTSs),” aiming at a better understanding of the initial stages of diamond
nanostructure formation upon exposure of MWCNTs to a hydrogen plasma, which has
been observed experimentally;*>' such interlayer bonds generate local nanodomains that
resemble bulk diamond structures and can act as seeds for the nucleation of diamond
nanocrystals embedded within the MWCNT matrix.”” This mechanism also may be
operative during the synthesis of “diamond nanotubes” (DNTSs) by a process the first step
of which is the formation of MWCNTs, followed by the appearance of diamond
nanostructures.

Previous studies reported structures formed by interlayer bonding in AA- and AB-
stacked graphene bilayers,B'27 as well as in MWCNTs of mixed chirality.”” In those
studies, hydrogen atoms at a surface coverage of 50% were used to passivate dangling
bonds at the outer surfaces, being distributed on the surface in a checkerboard pattern; it
was shown that the presence of these chemisorbed H atoms stabilized the interlayer-
bonded structures. The resulting configurations are characterized by a local crystalline
structure that resembles that of diamond; some authors have called them “diamane” or

“diamond-like C,H nanolayer”,***’ while others have used the terms “hydrogenated
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bilayer graphene”,” “hydrogenated few layer graphene”,* or bilayer graphane.”

In the
study of Ref. 26, it was demonstrated that the energy barriers for the formation of such
configurations starting from atomic H and pristine few-layer graphene (FLG) are very

low, implying that such structures can be experimentally feasible.



The purpose of this article is to investigate the possible nanostructures that can be
formed as a result of covalent interlayer C-C bonding between planes of twisted bilayer
graphene based on density functional theory (DFT) calculations. This investigation is
carried out over a range of twist angles, 6, that guarantees the appearance of certain
stacking arrangements in TBG. The analysis shows that the resulting structures are
superlattices of 2D diamond-like nanocrystalline domains embedded within the graphene
planes with a superlattice periodicity equal to that of the TBG Moiré patterns. The
formation of such structures impacts the electronic band structure of TBG by either
opening a band gap or making TBG metallic. We find that this band gap depends on the
density and spatial distribution of interlayer C-C bonds, which introduces parameters that
can be used for precise control of band gap tuning in graphene.

The rest of the article is structured as follows. Section II gives a detailed
description of the computational methodology employed in our study. In Sec. III, we
present and discuss the results of our computational analysis, focusing on the atomic and
electronic structures of the configurations formed as a result of interlayer C-C bonding
within the finite AA- and AB-stacked domains in the unit cell of the TBG superlattice.

Finally, the main conclusions and implications of our study are summarized in Sec. I'V.

II. COMPUTATIONAL METHODS

DFT calculations were employed for structural relaxation of the generated
nanostructures and determination of the electronic band structure of the corresponding
relaxed configurations. These calculations were carried out within the local density
approximation (LDA)> and the generalized gradient approximation (GGA),** with plane-
wave basis sets for the wave function expansion and ultrasoft pseudopotentials® for the

representation of the ionic cores as implemented in the QUANTUM ESPRESSO



software package.’® In the GGA calculations, we used a dispersion-corrected version of
the exchange and correlation functional (PBE-D),”” which is denoted as GGA-D and
includes a semi-empirical correction® in order to take into account the van der Walls
interactions typical of the inter-layer interactions in multi-layer graphene; the parameters
used for the empirical correction of the functional were the same with those suggested in
Ref. 37. It has been shown that the use of LDA allows for the accurate prediction of the
interlayer spacing c¢ in graphite/graphene bilayers and the correct description of the
electronic structure of graphene (both single-layer and multi-layered) in the vicinity of
the Fermi level, in spite of the LDA’s well-known inability to describe long-range
dispersion forces.'®*'****%° Only the I' point was used for sampling the first BZ in the
calculations, employing an energy cutoff of 60 Ry for plane waves and of 540 Ry for
charge density. Marzari-Vanderbilt cold smearing®' was applied with a smearing factor
of 0.020 Ry. In the implementation of the supercell approximation, convergence
regarding the extent of vacuum used in the direction perpendicular to the graphene planes
(distance between images of at least 12 A) was tested in order to avoid spurious
interactions between images. Cell and atomic relaxation were carried out until forces on
the atoms reach a tolerance weaker than 0.005 eV/atom. In a limited study of relevant
optimal reaction pathways that we conducted, we employed the nudged elastic band
(NEB) method* in conjunction with DFT calculations for computation of thermal

activation energy barriers.

III. RESULTS AND DISCUSSION
A. Atomic structure

The atomic structure of interlayer-bonded configurations in few-layer graphene
depends mainly on the local alignment of the atoms in adjacent graphene layers,'®*

which is defined by the relative displacement of the layers translated or rotated with
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respect to each other. The two basic patterns for graphene layer stacking are the AA (or
hexagonal) stacking, where the atoms of each graphene layer overlap fully when
projected to the graphene plane, and the AB (or Bernal) stacking, where one of the planes
in AA stacking is rotated by 60° around the axis normal to the graphene plane or,
equivalently, shifted by one C-C bond length in the armchair-oriented direction. In both
of these stacking cases, the same local atomic alignment is found throughout the entire
domain. When interlayer C-C bonds are created between adjacent graphene planes
within AB- and AA-aligned pairs of atoms, two-dimensional (2D) nanostructures are
formed resembling the atomic structures of bulk cubic and hexagonal diamond,
respectively.”* %"

In TBG, where the two graphene layers are rotated with respect to each other by
twist angles @ between 0° and 60°, the honeycomb lattices of each layer generate a
superlattice of domains that are characterized by a specific type of local alignment; these
superlattices have the same symmetry with but a larger periodicity than the original

43-46

honeycomb lattice and are called Moiré patterns. For twist angles over the range

from 0° to ~16° (or, equivalently, from ~44° to 60°), these local domains consist of AA-

and AB-stacked atoms.?”**4

Outside this @ range, qualitatively different stacking
patterns are observed, which are similar to the pattern that arises at &= 30°, where one of
the two graphene layers is zigzag-oriented and the other one is armchair-oriented. '

In TBG, there is a countably infinite number of twist angles that generates
commensurate bilayers; Refs. 47 and 48 give an elegant analytical solution for finding
these “magic” angles and the corresponding parameters of the commensurate-bilayer
superlattices. In the present study, we examined TBG configurations generated by two
such twist angles, within the € range that produces local AA/AB stacking, namely, 6 =
9.43° and 6= 13.17°. The corresponding bilayers are depicted in Fig. 1; the number of C
atoms per unit cell of the resulting superlattices is 148 and 76, respectively, with lattice

parameters of V111 a, and V57 ac., respectively, where a,. is the sp2 C-C bond length of
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the graphene layer. These angles lead to relatively small unit cell sizes, which can be
modeled in a computationally efficient manner by DFT within the supercell
approximation; similar twist angles also have been observed in TBG samples analyzed in

experimental studies.*"'

The resulting interlayer spacing for the relaxed configurations
of these bilayers, as computed by GGA-D, is 3.43 A and 3.45 A for the twist angles of
9.43° and 13.17°, respectively; according to LDA calculations, these interlayer spacings
are found to be 3.47 A and 3.51 A, respectively.

Starting from these TBG configurations, we generated interlayer-bonded
structures by displacing C atoms of the pristine bilayers in the direction normal to the
graphene planes and relaxing the resulting configurations. The atoms selected to be
displaced were the ones most likely to participate in the formation of such interlayer C-C
bonds, namely, pairs of C atoms (one atom from each graphene layer) that are relatively
well aligned in order to minimize the resulting interlayer C-C bond strain.”® Figure 1
depicts the superlattices of the bilayers investigated with domains characterized by AA
and AB stacking; each unit cell of the superlattice contains three such finite domains, one
domain of AA-stacked atoms and two domains of AB-stacked atoms. Interlayer C-C
bonds were created within these domains, generating superlattices of 2D diamond-like
structures embedded within the two graphene layers of the original TBG.

We investigated numerous relaxed interlayer-bonded configurations containing
different numbers of interlayer bonds per unit cell, N;z, ranging from a single interlayer
C-C bond to the maximum possible number of such bonds allowed per unit cell; in each
case, this maximum N value depends on the size of the locally aligned domains, which

decreases with increasing twist angle 6.%%

Figures 2-4 show different views of the
supercells used in the calculations; in the depicted structures, the atoms that participate in
interlayer C-C bonding and the formed C-C bonds are shaded dark gray (colored orange
online). Hydrogen atoms were chemisorbed onto each graphene layer at every C atom

that is a nearest neighbor of a C atom involved in the interlayer bonding; these
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hydrogenated interlayer-bonded configurations were found to be the thermodynamically
most stable ones. In general, the presence of hydrogen atoms (or some other
functionalizing agent) is of major importance for stabilizing the C-C interlayer bonds
formed.'**

In order to define and characterize the generated interlayer-bonded configurations,
three parameters are required: the twist angle, 6, the local layer stacking type, s, and the
number of interlayer C-C bonds per unit cell of the superlattice, N, i.e., each
configuration is determined by the triplet (6, st, Njz). Therefore, the resulting structures
for the bilayers with €= 9.43° and 8= 13.17° are denoted as (9.43°, st, N;z) and (13.17°,
st, Ni), respectively, where st = AA, AB, AAAB, or ABAB depending on the local
stacking of atoms that participate in the interlayer C-C bonding that generates the Nz
such bonds; st = AAAB means that the interlayer C-C bonds are formed within both AA-
and AB-stacked domains in the unit cell and st = ABAB means that these bonds are
formed within both of the two AB-stacked domains in the unit cell. Figures 2 and 3 show
interlayer-bonded configurations where C-C bonds are formed within only AA-stacked
and only one AB-stacked domain in the unit cell, respectively. Figure 4 shows
configurations where interlayer C-C bonds are formed simultaneously within both AA-
and AB-stacked domains (st = AAAB), or within different locally AB-stacked domains
within the same supercell (st = ABAB).

In order to check the relative thermodynamic stability of the generated interlayer-
bonded configurations, we computed the formation energy, E; of each one of them,
defined as E, = (E s —Epse —N,E, )/(N, +N.), where Eps is the energy of the
interlayer-bonded structure, E7p¢ is the energy of the pristine twisted bilayer that gave
origin to the interlayer-bonded configuration, £y is the energy of an isolated hydrogen
atom, and Ny and N are the total numbers of hydrogen and carbon atoms in the
configuration under consideration. The calculated formation energies as a function of Nz
are given in Fig. 5(a), as predicted by the GGA-D calculations; LDA calculations yielded
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the same trend for E(N;p), with slightly lower (by 3 to 20 meV/atom) values for the
actual energies. In all the cases examined, £y < 0, indicating that the interlayer bonded
structures are thermodynamically stable with respect to the reference state used in the Er
definition, consisting of pristine TBG and atomic hydrogen. This suggests that such
configurations can be observed experimentally upon exposure of the TBG surfaces to a
flux of atomic hydrogen, which can be generated, e.g., by a H, plasma. The results of
Fig. 5(a) indicate that Ey increases with increasing N;z; however, the average decrease in
the total energy per interlayer C-C bond introduced, E/N;z, decreases with increasing Nyz,
as shown in Fig. 5(b). These results imply that the growth of such interlayer-bonded
domains is favorable from one interlayer bond up to the maximum allowed domain size,
determined by the maximum allowed N;.

Although the investigation of interlayer C-C bond formation mechanisms and
determination of the corresponding energy barriers are not within the scope of this study,
we discuss briefly the stability of these hydrogenated interlayer-bonded structures against
the eventual detachment of the two layers from each other or hydrogen desorption from
the surfaces. For the 2D interlayer-bonded structures formed from AB-stacked layers at

27 . . .
227 j e., for continuous 2D diamond structures, the

0 = 0° and at the maximum Nz,
energy barrier required to break the interlayer bonds and separate the two graphene layers
is ~5 eV *® according to DFT/GGA calculations; this energy barrier is practically equal to
the energy difference between the interlayer-bonded and non-bonded states.
Consequently, for the interlayer-bonded nanostructures of Figs. 2-4, the energy per bond
required to break the interlayer bonds must be comparable to ~5 eV even though the
number of interlayer bonds per unit cell Nz is lower than that of the continuous 2D
diamond domains.

Experimental studies have demonstrated that the hydrogenation of graphene and
graphite and the formation of graphane are reversible processes;*””>>® at high

temperatures, over the range from 600 to 1073 K, H atoms chemisorbed onto
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hydrogenated graphene/graphite layers diffuse on the surface and recombine to form and
release H, molecules.”” A similar response is expected for the interlayer-bonded
structures examined in this study due to their chemical similarity with graphane; both
types of structure correspond to a hydrogenated 2D sp*-bonded carbon network.
DFT-GGA calculations® have shown that the energy barrier for recombination
and desorption of H, from pure graphane in the chair configuration is ~4.3 eV; this
configuration is structurally analogous to the core of our interlayer-bonded domains. For
graphane/graphene interfaces (with structure analogous to that of the boundary between
our interlayer-bonded domains and bilayer graphene), this energy lies within the range
from ~1.0 to 4.2 eV.>* Due to their chemical and structural similarity with the above
configurations, it is expected that the interlayer-bonded structures examined here will be
at least as stable as graphane at high temperature; this makes our interlayer-bonded
structures suitable for applications under typical thermal conditions. A comprehensive
analysis of the barriers for H, desorption from the interlayer-bonded structures of this
study also is beyond the scope of this article. To simply approximate the magnitude of
these barriers, we employed DFT calculations in conjunction with the NEB method to
compute the energy barrier for desorption of H, from graphane in the chair configuration
and from interlayer bonded AA- and AB-stacked bilayers that yield continuous 2D
diamond structures using 2x2 supercells. We found that all of these energies are of
comparable level and equal to 4.6, 5.0, and 4.8 eV, respectively. These results support

the expectation that our interlayer-bonded structures are as stable as graphane.

B. Electronic structure

Based on DFT calculations, as described in Sec. II, we determined the electronic
band structures of the twisted bilayers in their pristine state and of the hydrogenated

interlayer-bonded configurations presented and discussed in Sec. III.LA. The results are
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summarized in Figs. 6-9. These results were obtained by using the GGA-D exchange and
correlation functional; predictions based on LDA are essentially the same with those
reported in Figs. 6-9, with only some slight quantitative differences in the energy
predictions, as seen in Table 1. In all cases, the corresponding dispersion relations are
plotted along the path I'-M-K-I" that connects these three special points in the first BZ of
the supercell. Curves are shifted in the vertical direction in order to make the Fermi
level, Er, coincide with a zero energy level exactly midway between the top of the
valence band and the bottom of the conduction band. Figure 6 shows that, as expected,
the electronic structure of pristine non-bonded TBG preserves the Dirac cones at the K
point, which is typical of the band structure of single-layer graphene,zo'22 due to the
electronic decoupling of the two graphene layers.

The band structures of the interlayer-bonded configurations generated from AA-
and AB-stacked bilayers that yield continuous 2D diamond structures have been reported
in the literature; they have been found to be insulators, with band gaps over the range
from 2.5 to 3.5 eV as predicted by DFT calculations within the GGA approximation.”’
We also carried out electronic band structure calculations for some of these same
reported atomic structures, following the procedure described in Sec. II; our results were
in excellent agreement with the published DFT predictions.

The hydrogenated interlayer-bonded structures introduced in the present study,
are characterized by the presence of both sp*- and sp-hybridized C-C bonds, which has
significant effects on the resulting electronic band structure. When interlayer bonds are
created within AA-aligned regions in TBG (as done in the configurations of Fig. 2), the
Dirac cones at the K point disappear and a band gap is opened, as depicted in Fig. 7; the
size of this band gap, E,, depends on the number of interlayer bonds per unit cell, N3, or,
equivalently, on the fraction of sp3-bonded C atoms in the atomic configuration. In this
case, a hexagonal superlattice of interlayer-bonded domains is generated, with the point-

group symmetry (originally Dgh, characteristic of single-layer graphene) being reduced to
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Dsp, and a band gap opening is expected.'*"® The dependence of the band gaps on Ny is
analogous to the case of graphene antidots, where given a superlattice periodicity and
symmetry, increasing the size of the holes typically increases the band gap.'"'*!'” Figure
10 shows the dependence of E, on Nz for the hydrogenated interlayer-bonded structures
we generated. When interlayer bonds are created within AB-aligned regions (as in the
configurations of Fig. 3), the corresponding band structures, depicted in Fig. 8, indicate
that the resulting atomic structure exhibits metallic behavior at Nz = 1; however, a band
gap is opened, with increasing Nyz. Figure 9 shows the band structures of configurations
(such as those of Fig. 4) where interlayer C-C bonds are created within different sub-
domains in the same supercell, i.e., for st = AAAB or ABAB, resulting in hexagonal and
honeycomb superlattices respectively, and also in a larger density of interlayer bonds
(higher Njp); in this case, wider band gaps open for some configurations, while for others
the band gaps are comparable to those in Figs. 7 and 8.

Even though it is well known that DFT underestimates electronic band gaps as
compared to experimental results, the E (N;z) trend presented in Fig. 10 is clear. The
computed band gaps for the hydrogenated interlayer-bonded structures that we generated
and analyzed range from a few meV up to ~1.2 eV. Importantly, for a given superlattice
symmetry and periodicity, E, is seen to increase with increasing Ny, i.e., the higher the
density of interlayer C-C bonds, the wider the opening of the band gap. This monotonic
increase of E, with N implies that the formation of such nanostructures can be used to
open a tunable band gap in graphene in a precisely controlled fashion, using as control
parameters the symmetry of the superlattice and the density of the formed sp’ interlayer
bonds, i.e., the size, shape, and spatial distribution of the 2D diamond nanodomains
generated by the interlayer C-C bonding, as expressed by the corresponding triplet of
degrees of freedom (6, st, Njz). The same fine tuning of electronic properties
demonstrated by creating superlattices of defects in SLG'"*'*!*'7""? can be accomplished

by the superlattices of finite 2D diamond-like clusters introduced in the present study.
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Our nanodiamond superlattices, as well as the superlattices reported in Ref. 16, are
conceptually analogous to the SLG-based defect superlattices, with one fundamental
difference: these 2D superstructures originate from twisted bilayer graphene (TBQG)
instead of single-layer graphene. This difference in the superlattice structure, as well as
the local atomic structure due to the interlayer C-C bonding, may endow these TBG-
based nanomaterials with distinct (chemical, mechanical, structural, and morphological)
properties when compared to single-layered configurations; this is a topic that deserves to
be explored further.

The existence of such diverse features in the electronic band structure is a result
of the chemical nature of the superlattices of interlayer-bonded configurations that we
formed. The introduction of sp’ C-C bonds, through H chemisorption and formation of
covalent interlayer bonds, creates defects in the network of delocalized sp* C-C bonds,

opening a band gap in the electronic band structure.**'>

Depending on the density of
interlayer bonds and of hydrogenated sites, and on how they are distributed on the
graphene layer, conjugated sp” bonding can be partially preserved in these configurations,
leading to conducting m-bands.'*'® Confinement of electrons within finite sp”-bonded
domains of modified graphene can lead to semiconducting or metallic behavior
depending on the size and geometry of these domains.>

In general, increasing the number of interlayer covalent bonds (or any defects in
the network of delocalized sp* C-C bonds) would be expected to intensify the effect of
defects on the electronic structure and, consequently, increase the band gap, as observed
in most of our results in Fig. 10. However, it is possible to form large diamond domains
in such interlayer-bonded structures that preserve conjugated sp” bonds, as is the case for
configurations with parameters (9.43°, AAAB, 10) and (9.43°, AAAB, 17); in spite of the
high Njp values of these structures, the resulting band gaps are comparable to those with
lower interlayer bond densities. The opposite behavior is observed for the configuration

with parameters (9.43°, ABAB, 14); in this case, the nanocrystalline diamond domains
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break the network of conjugated sp® bonding, confining electrons within domains of
unmodified graphene (here, more specifically, within the AA-stacked regions) and, as a
result, opening a wide band gap in the electronic band structure. Similar behavior has

. . 11,14,15,17,18
been demonstrated for superstructures of antidot lattices,''"'*!>!"

where the resulting
band gap was found to depend not only on the size of the “holes” in the structure, but also
on the specific geometry and symmetry of the superlattice and, consequently, in the
presence of a delocalized sp® bonding network. Also, it must be emphasized that for the
(9.43°, ABAB, 14) configuration, a honeycomb superlattice analogous to the ones studied
in Ref. 14 is generated; the study of Ref. 14 has demonstrated that due to their particular
symmetry, these configurations lead to the widest band gaps per number of defects
introduced.

These features also explain why the band gaps exhibited by the interlayer-bonded
structures introduced in this study are considerably narrower than the ones exhibited by
the interlayer-bonded continuous 2D diamond structures generated in AA- or AB-stacked
graphene bilayers that range from 2.5 to 3.5 eV.>? In these 2D diamond configurations,
the structure is formed exclusively by sp’-hybridized C-C bonds, which are responsible
for the insulating nature of these nanomaterials as they are for that of bulk cubic
diamond.

The opening of a band gap due to formation of covalently bonded domains
embedded within graphene layers has been demonstrated in experimental studies, but in
different contexts. Experimental studies of adsorption of H atoms onto graphene
supported by Ir(111) substrates have shown that hydrogen adsorbs onto the substrate
surface selectively:® as a consequence of the Moiré patterns resulting from the
superposition of the graphene layers onto the metallic surface, “graphane islands” are
arranged in a superlattice throughout the surface. There are specific regions where every
other carbon atom from the graphene layer is perfectly aligned with an Ir atom from the

substrate; this leads to formation of covalent bonds between C and Ir atoms in an
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alternate pattern; followed by chemisorption of H atoms onto the neighboring C atoms,
this generates a superlattice of graphane-like local structures. These experiments, in
conjunction with calculations, demonstrated that a band gap is opened in these structures
and that this band gap depends on the degree of hydrogenation and, consequently, on the
size of the covalently bonded domains.® Another recent experimental study’® investigated
the effect of chemical fusion of pre-synthesized nanodiamond particles to a graphene
matrix on the graphene’s electronic and magnetic properties; as expected, the electronic
properties are affected in the same way that was discussed above, as observed by an
increase in the conduction resistance of the graphene sheets after the binding of the

nanoparticles.

IV. SUMMARY AND CONCLUSIONS

We have carried out a first-principles computational analysis of superlattice
formation of diamond nanocrystalline domains embedded in twisted bilayer graphene.
These superstructures have the periodicity of the underlying Moiré pattern and are
formed upon creation of covalent interlayer C-C bonds in domains of the graphene
bilayer characterized by AA- and AB-stacking over a range of twist angles from 0 to
about 15°. The formation of these interlayer bonds alters the electronic band structure of
the original non-bonded bilayer by usually opening a band gap, which can be tuned by
controlling the embedded nanodomain sizes, i.e., the density and spatial distribution of
the formed interlayer C-C bonds. As discussed in Sec. III.B, formation of defect

HLILISIT19 and, in the present case

superlattices in graphene (both single-layer graphene
and that of Ref. 16, twisted bilayer graphene) are promising alternatives for the fine
tuning of its electronic properties, enabling the development of various practical

applications. For our nanodiamond superstructures, we found energy gaps of the same

order of magnitude as those reported for the SLG-based defect superlattices in previous
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studies.

Therefore, the present study demonstrates that numerous opportunities
may remain to be explored in the formation of superstructures based on single-layer and
few-layer graphene materials that may introduce new nanomaterials with unique
properties and function.

The computed formation energies reported in Sec. III.A imply that the embedded
nanodiamond superstructures studied in this work are experimentally feasible and can be
synthesized starting from twisted bilayer graphene and exposing it to atomic hydrogen
according to proper experimental protocols to generate the required hydrogenation
patterns. Formation of interlayer C-C bonds in graphitic materials can be induced by
high pressure/temperature or shock compression, which can cause a graphite-to-diamond

57-59

structural transition. Theoretical studies also have shown that interlayer C-C covalent

bonds can be formed as a result of a healing mechanism when defects are introduced in

: 1o 28,60-61
multi-layered carbon materials,”

e.g., due to ion/electron irradiation. Indeed,
synthesis of diamond nanocrystals starting from graphitic materials has been achieved in
a series of irradiation experiments; one well known example is the transformation of
carbon onions (concentric-shell, onion-like graphitic structures) into nanodiamond, by
exposure to an electron beam at temperatures over the range from 600 to 1000 K663
Another means of such interlayer C-C bond formation, already mentioned in Sec. I, is the
exposure of MWCNTs to atomic hydrogen fluxes, which leads to formation of diamond
nanocrystals embedded within the graphene walls of the MWCNTs.**"!

Recent experimental studies have demonstrated the possibility of selective
hydrogenation of graphene™ leading to atomic H chemisorption onto specified regions of
the graphene plane; such experimental techniques could be applied to tailor the
distribution of H atoms on the outer surfaces of the graphene planes in TBG during or
before inducing the formation of the interlayer C-C bonds. The thermodynamics and

kinetics of formation of the embedded nanodiamond superstructures reported in this

article is well beyond the scope of the present study. We mention, however, that a
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previous study*® has demonstrated that the activation energy barriers associated with the
formation of such interlayer-bonded nanostructures, starting from atomic H and pristine
AB-stacked few-layer graphene, are quite low, which also implies that synthesis of such
structures is indeed experimentally feasible.

It was demonstrated in Sec. III.B that the creation of diamond nanodomains due
to interlayer C-C bonding in TBG provides a systematic approach for the precise tuning
of the band gap of graphene reaching band gaps wider than 1 eV. The computational
demand for the first-principles DFT calculations employed in this work, limited our
investigation to relatively small supercells (up to 154 C atoms) that correspond to
relatively high values of the twist angle 6, this, in turn, has limited the size range of the
interlayer bonded domains examined in this study. For smaller twist angles, larger-size
diamond nanocrystals can be formed by interlayer C-C bonding, resulting in potentially
wider band gaps than those reported in this article; more importantly, this can lead to
more precise control of the interlayer bond density and, consequently, finer tuning of the
band gap.

In order to explore the entire set of physical properties, including thermal, optical,
and magnetic properties, exhibited by this class of nanostructures, further theoretical
analysis needs to be carried out. The findings of such theoretical studies will allow for a
comprehensive evaluation of the potential of such graphene-based nanodiamond
superstructures for a range of technological applications, and also to verify which

technical advantages they would present when compared to other graphene-derived

4-7,13 11,14,15,17-19 As

materials, such as graphane and other classes of defect superlattices.
discussed in Sec. IIL.B, it is expected that this new class of nanomaterials is endowed by
properties “inherited” from each one of its constituents: sp*-hybridized domains of

graphene in TBG and sp’-hybridized nanodiamond domains; analogous behavior has

been reported for nanostructures with similar structural and chemical features.**°
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The surface reactivity of such interlayer-bonded graphene-based nanomaterials
also is worth exploring. For example, it is well known that sp>-hybridized C atoms are
more reactive than sp”-hybridized C atoms when exposed to free radicals.’® Moreover, we
know that after the chemisorption of one H atom on a graphene plane, the chemisorption
of a second H atom can be barrierless depending on the adsorption site.®* Pristine
graphene is harder to functionalize; typically, covalent bonds are easier to form at the
graphene layer edges, ripples, and structural defects.”® The sp’-character introduced by
the diamond-like nanocrystals embedded within the graphene layers of TBG make the
graphene surfaces easier to functionalize further with other species, as demonstrated
experimentally in patterned superlattices of hydrogenated sites on graphene.”® Diamond
nanocrystals have been functionalized with a series of species, aiming at different types
of applications.®® Diamond nanodomains and other nanostructures embedded in the TBG
bilayer could serve as a platform for the creation of hybrid nanomaterials with the
interlayer-bonded domains providing the “anchors” for attachment of new species. One
major advantage of this approach is the capability of creating ordered superlattice
structures templated on the TBG’s Moiré pattern. Such structures also may be used to
attach diamond nanocrystals directly to the graphene layer, providing an alternative to the
experimental procedure of Ref. 56, or to induce growth of larger domains of crystalline
diamond protruding from the graphene layers, similar to what has been observed in

30,31
carbon nanotubes.”™
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TABLE CAPTIONS

Table 1. Comparison between computed band gaps (in eV) of the generated interlayer-
bonded structures according to DFT/GGA-D and DFT/LDA calculations. “NC” is used to
denote that the energy gap was not computed using the corresponding approximation.

Configuration E; (GGA-D/LDA)
(9.43°, AB, 1) metallic / metallic
(9.43°, AB, 7) 0.05/0.08
(9.43°, AA, 1) 0.16/0.17
(9.43°, AA, 3) 0.20/0.21
(9.43°, AA, 12) 0.23/0.24
(9.43°, ABAB, 2) 0.05/NC
(9.43°, ABAB, 8) 0.34/NC
(9.43°, ABAB, 14) 1.21 /NC
(9.43°, AAAB, 10) 0.17/NC
(9.43°, AAAB, 17) 0.06 /NC
(13.17°, AB, 1) metallic / metallic
(13.17°, AB, 3) 0.02 / metallic
(13.17°, AA, 1) 0.20/0.19
(13.17°, AA, 3) 0.33/0.35
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FIGURE CAPTIONS

FIG. 1. (Color online) Pristine twisted bilayer graphene with layers rotated
with respect to each other by (a) 9.43° and (b) 13.17°. The subdomains marked by light
gray (yellow online) and gray (green online) circles correspond to regions of local AA

and AB layer stacking, respectively.

FIG. 2. (Color online) Supercells of (hexagonal) diamond nanodomains
embedded in TBG, consisting of various interlayer-bonded configurations with interlayer
C-C bonds created in regions of AA layer stacking with graphene layers rotated with
respect to each other by (a-c) 9.43° and (d, e) 13.17°. Each panel shows top (upper-left

corner) and side (upper-right and bottom corners) views of the configurations.

FIG. 3. (Color online) Supercells of (cubic) diamond nanodomains
embedded in TBG, consisting of various interlayer-bonded configurations with interlayer
C-C bonds created in regions of AB layer stacking with graphene layers rotated with
respect to each other by (a, b) 9.43° and (c, d) 13.17°. Each panel shows top (upper-left

corner) and side (upper-right and bottom corners) views of the configurations.

FIG. 4. (Color online) Supercells of diamond nanodomains embedded in
TBG, consisting of various interlayer-bonded configurations with interlayer C-C bonds
created in regions of (a-c) AB and (d, e) both AB and AA layer stacking with graphene
layers rotated with respect to each other by 9.43°. Each panel shows top (upper-left

corner) and side (upper-right and bottom corners) views of the configurations.

FIG. 5. (Color online) (a) Formation energy, £y, and (b) formation energy
per number of interlayer C-C bonds, E/N;, of the superstructures of diamond
nanodomain configurations embedded in TBG investigated as a function of the number of

interlayer C-C bonds per unit cell, Njz.
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FIG. 6. (Color online) Electronic band structure of pristine twisted bilayer

graphene with a twist angle of (a) 9.43° and (b) 13.17°.

FIG. 7. (Color online) Electronic band structures of superlattices of
diamond nanodomains embedded in TBG, consisting of various interlayer-bonded
configurations with interlayer C-C bonds created in AA-stacked regions of the unit cell.
The parameters (6, sz, Njz) of the corresponding atomic configurations are (a) (9.43°, AA,
1), (b) (9.43° AA, 3), (c) (9.43°, AA, 12), (d) (13.17°, AA, 1), and (e) (13.17°, AA, 3).
Each inset highlights the dispersion relation in the vicinity of the Fermi level and the

opening of a band gap.

FIG. 8. (Color online) Electronic band structures of superlattices of
diamond nanodomains embedded in TBG, consisting of various interlayer-bonded
configurations with interlayer C-C bonds created in AB-stacked regions of the unit cell.
The parameters (6, st, Njp) of the corresponding atomic configurations are (a) (9.43°, AB,
1), (b) (9.43°, AB, 7), (c) (13.17°, AB, 1), and (d) (13.17°, AB, 3). Each inset highlights
the dispersion relation in the vicinity of the Fermi level and the opening (or not) of a band

gap.

FIG. 9. (Color online) Electronic band structures of superlattices of
diamond nanodomains embedded in TBG, consisting of various interlayer-bonded
configurations with interlayer C-C bonds created in two different AB-stacked or both
AB- and AA-stacked regions of the unit cell. The parameters (6, st, Njp) of the
corresponding atomic configurations are (a) (9.43°, ABAB, 2), (b) (9.43°, ABAB, 8), (¢)
(9.43°, ABAB, 14), (d) (9.43°, AAAB, 10), and (e) (9.43°, AAAB, 17). Each inset
highlights the dispersion relation in the vicinity of the Fermi level and the opening of a

band gap.
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FIG. 10. (Color online) Electronic band gap, E,, of the superstructures of
diamond nanodomain configurations embedded in TBG investigated as a function of the
number of interlayer C-C bonds per unit cell, N;3, for various values of the parameters 6

and sz. The drawn lines simply provide a guide to the eye.
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