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Abstract: The direct bandgap is favored for optoelectronic applications, such as light emitting or laser
diodes and solar cells. While monolayer two-dimensional graphene-like silicon carbide (2d-SiC)
possesses a moderate direct bandgap, multilayer 2d-SiC was recently found to exhibit an indirect
bandgap. In this paper, our ab initio electronic study demonstrates that a controllable direct bandgap of
bilayer/trilayer 2d-SiC can be realized via the interlayer oriented misalignment, where their
direct-bandgap character can be maintained for most rotation angles. This misalignment-induced direct
bandgap shows a decreasing tendency with a larger commensuration cell, where the minimum direct
optical transition frequency can vary from infrared to visible. Our work implies that the interlayer
oriented misalignment is a crucial way to tailor electronic structures of multilayer 2d-SiC, facilitating

potential applications for optoelectronic devices.
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Introduction

Two-dimensional graphene-like silicon carbide (2d-SiC) has emerged as an intriguing new class of

layered nanostructure [1-10], due to its recent success in experimental fabrication [11]. While bulk SiC

exists in either a sphalerite or wurtzite structure with an indirect bandgap [12], the monolayer 2d-SiC is

reported to own a moderate direct bandgap of ~2.5 eV, which can be tuned via the in-plane strain

[13-14], and shows improved photoluminescence capability [11]. Novel physics emerges by the

stacking of two or more atomic layers. For example, in contrast to monolayer 2d-SiC, multilayer

2d-SiC is found to be sensitive to the layer thickness and possess an indirect-bandgap character [13],

hindering their practical applications in optoelectronic devices such as light emitting diodes and solar

cells. In practical samples, the neighboring layers for the layered systems are often arbitrarily aligned

with respect to each other, leading to an interlayer oriented misalignment [15-21]. The complicated

interactions induced by the oriented misalignment would distinctively change their pristine electronic

and optical properties, which has been widely studied in graphene and its analogue systems, such as

bilayer graphene [16-19], graphene/hexagonal boron nitride [20-21], and bilayer molybdenum disulfide

(MoS,) [15]. Understanding these interactions is important for building functional heterojunction

devices and novel hybrid 2D materials. All of the above greatly motivate us to study the oriented

misalignment in the multilayer 2d-SiC system, which has not been discussed yet. Here we investigate

the influence of the oriented misalignment on the electronic structure of bilayer/trilayer 2d-SiC by

using the ab initio calculations. The indirect-to-direct bandgap transition is for the first time found to be

induced by the oriented misalignment, where the direct-bandgap character of multilayer 2d-SiC is

maintained for most rotation angles. This newly revealed direct bandgap will decrease with a larger

commensuration cell, varying between 1.2 eV and 2.1 eV.
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Calculation methods

Before investigating the electronic structures of multilayer 2d-SiC with oriented misalignment, it
is important to find the set of rotation angles which gives rise to the commensurate crystal structures. It
is noted that the mathematical method to process this crystallographic problem is well developed in
previous studies [22]. For the convenience of following expressions, here we will re-derive the
calculations. The crystallographic problem is in fact to find appropriate rotations such that applied to

the triangular lattice leave a subset of atoms coincident with the original unrotated lattice. We can

cosf@ —sinf

. ) are the direct-lattice
sinf  cos6

express this condition as a, = Ra,, where a,, and R =(
vectors and the rotation operator, respectively, and 6 is the rotation angle. With a standard choice of the
basis vectors, this condition is equivalent to

() = () 0
where T = <\/1§ ﬁ) is the operator that transforms between the triangular lattice and Cartesian

. ) m n )
coordinate systems, and all components in vectors (m;) and (n;) are integer-valued. From Eq.(1),

we have
isin@ + cosf isin@
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Eq. (2) is a Diophantine systems. A necessary condition for an integer solution of this Diophantine

equation is that the matrix is rational-valued which implies that sinf/v/3 = i;/is and cos® = i,/is,
where 3i? +i2 = i3, with {iy,i,, i3} € Z [22]. By solving the Diophantine equation, we have

i3m1 = (1’1 + iz)nl + Zilnz

ismy = =2ijny + (i; —in, (3)

where i; = p? —2pq — 3q?, i, = —(p? + 6pq — 3q?), and i3 = 2(p? + 3¢?), with {p,q} € Z. It

should be noted that for any (p,q) pair the Eq.(3) has infinitely many solutions which correspond to
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the same superlattices related by Eq.(1). Therefore, every commensuration of multilayer 2d-SiC can be
labelled by a (p,q) integer pair [22]. From these equations, it is convenient to determine the primitive
commensuration cells for these superlattices. In the following, we define & = 3/gcd(p,3) and
y = gecd(p + 3qg,p — 3q), where gcd is the abbreviation of the greatest common divisor. Then for the
case of § = 1, we have

1 1
t,=7 (p +3qa, +;(p —3q)a,

t, = —2pa; +-(p +3q)a, )
and for the case of § = 3, we have

-1 _1
l = V(P +Qa, quaz
1 1
t=—20@-Da +;(p +q)a, )

The vectors, t; and t,, are the primitive vectors for these superlattices. From these primitive vectors,

2_2
2Zz+52), where for p < q we have 0 < 0 < /3. Note

we can derive the rotation angle as 8 = cos™1(
that every commensuration can also be labelled by the rotation angle due to its uniqueness. In this work,
we treat the first two layers un-rotated (i.e. energetically stable AB stacking) and only rotate the third
layer with respect to the second layer for the case of trilayer 2d-SiC. Then the total atom number in the
commensuration cell in each layer is N = 6(3g? + p?)/(6y?2). From above, the total atom number in
the commensuration cell in each layer will rapidly increase when the rotation angle 6 — 0, making the
ab initio simulations rather unrealistic. Fortunately, there exists a range of rotation angles with a
moderate atom number in the commensuration cell, which is suitable for our ab initio simulations. One
example of bilayer 2d-SiC with (p,q) = (1,2) or a rotation angle of 32.2° is schematically depicted
in Fig.1. The Moire’s pattern for the bilayer system can be clearly seen, where the commensuration cell

for the superlattice is denoted by the dashed lines in Fig.1.
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The electronic structures of multilayer 2d-SiC are investigated through density functional theory
(DFT) in the generalized gradient approximation (GGA) by using the commercial SIESTA codes [23],
where the detailed setup for the ab initio simulations follows our previous works [13, 24]. The bond
length of 2d-SiC is theoretically set to be 1.79 A by energy optimization [13], consistent with the
experimental value [11]. The exchange-correlation function of GGA is represented by the revised
Perdew-Burke-Ernzerh (RPBE) approximation [25]. Double { polarized numerical atomic basis sets and
norm-conserving pseudo-potentials are used. Already-standard corrections like LDA/GGA+U are
mainly used to calculate redox reaction energies of many transition metal compounds with localized (or
strongly correlated) d and f electrons, since the self-interaction error in LDA/GGA is not cancelled out
in redox reactions where an electron is transferred between significantly different environments [26-28].
Here because we calculate the electronic properties of multilayer 2d-SiC without any metal oxides or
localized d and f electrons, GGA is chosen here. We also note that the conventional DFT cannot treat
the van der Waals (vdW) force effectively. This makes it difficult to obtain the precise interlayer
distance in multilayer systems, leading to the underestimation of bandgaps [29-30]. We thus set the
interlayer distance of neighboring 2d-SiC layers to be 3.47 A from previous experiments [11]. The vdW
density functional (vdW-DF) interaction calculation, on the other hand, employs a more accurate
semilocal exchange functional and a large-N asymptote gradient correction in determining the vdW
kernel [31-33]. The vdW-DF in the SIESTA-trunk-367 package is thus used here to take account of the
polarization effect and improve the description of the nonlocal vdW interaction [31-33]. We set the
electronic temperature to be 300 K. To avoid spurious interaction, a vacuum space (>2.5 nm) between
periodic images of the slabs is needed. A k-grid-Monkhorst-Pack mesh of 100 x 100 x 1 and a 300 Ry

energy cutoff are set to ensure converged GGA results.
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Results and discussions

To facilitate the ab initio simulations, we have exploited all the possible rotation angles with the
total atom number in the commensuration cell in each layer smaller than 90. These rotation angles are
30"+ 30°, 30°+8.2°,30°+22°, 30°+16.8°, 30°+12.1°, 30" +20.6°, 30"+ 14.8", with the
corresponding total atom number in the commensuration cell in each layer increasing from 2, 14, 26, 38,
62, 74, to 86, respectively. Note that the rotation angles of 60° and 0° are energetically stable AB
stacking and energetically unstable AA’ stacking, respectively.

The influence of the oriented misalignment on the electronic structure of bilayer 2d-SiC is shown
in Figs.2-3. Fig.2 shows the evolution of the band structures of bilayer 2d-SiC with increasing atom
number in the commensuration cell. When the atom number in the commensuration cell in each layer is
N < 14, bilayer 2d-SiC shows an indirect bandgap character, except for the energetically unstable AA’
stacking. When further increasing the atom number in the commensuration cell, there are distinctive
changes for the electronic structure. The band lines in the top of the valence band and the bottom of the
conduction band become smoother with larger commensuration cell. Most notably, a direct bandgap
character of bilayer 2d-SiC emerges and is maintained when the total atom number in the
commensuration cell in each layer is N > 26. Although we have only done simulations for limited
cases due to our computing capability, we still can safely conclude from Fig.2 that the direct bandgap
character will be preserved for cases with larger commensuration cells. We thus expect a direct bandgap
character being found in most of the practical samples of bilayer 2d-SiC with oriented misalignment. It
was previously shown that the oriented misalignment would effective decouple or weaken the
interaction between two neighboring layers, such as twisted bilayer graphene [22]. In this respect of the

bandgap character, we argue that most bilayer 2d-SiC with oriented misalignment more closely
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resembles two weakly perturbed monolayer direct bandgap 2d-SiC. Besides, although there is an

indirect-to-direct bandgap transition when increasing the physical thickness both for 2d-SiC [13] and

MoS; [34], the capability of indirect-to-direct bandgap transition induced by the oriented misalignment

for the first time revealed here is unique for multilayer 2d-SiC, and is not applicable for multilayer

MoS2 [15]. Our revealed direct bandgap character shall favor multilayer 2d-SiC in the potential

optoelectronic applications.

Fig.3 shows the evolution of the bandgap as a function of the atom number in the commensuration

cell in each layer. Here we define the bandgap value as the average value of these two bandgaps for

bilayer 2d-SiC with different rotation angles but having the same atom number in the commensuration

cell. From Fig.3, the bandgap shows a decreasing tendency with larger commensuration cells from 2.1

eV to 1.7 eV. Therefore, varying the interlayer rotation angle would result in strong tuning of the

minimum direct optical transition energy. With the development of nanotechnology in 2D materials,

such as artificially tailoring the rotation angle between neighboring atomic layers [15], our work

indicates the oriented misalignment is a crucial way in tailoring the electronic properties of multilayer

2d-SiC.

To generalize our finding, we also investigate the influence of oriented misalignment in trilayer

2d-SiC, as shown in Figs. 3-4. Similar results are found. From Fig.3, we can safely argue that a direct

bandgap for trilayer 2d-SiC can be maintained for most rotation angles with large commensuration cells.

From Fig.4, the bandgap shows a decreasing tendency with larger commensuration cells from 1.8 eV to

1.2 eV. Since the capability of indirect-to-direct bandgap transition for bilayer/trilayer 2d-SiC is caused

by the interlayer oriented misalignment, we argue that this capability should also be applicable for other

multilayer 2d-SiC. It is noted that 2D materials are often used as donor materials, and 2D materials
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such as graphene or silicone with mediate bandgaps (i.e. 1.0-2.0 eV) that are highly desired by the field

effect transistor and the solar cell [8,35] are still difficult to achieve. Therefore, our revealed mediate

direct bandgap within the range of 1.2-2.1 eV obtained via the interlayer oriented misalignment shall be

of scientific importance and desired by the industry.

Summary

To conclude, we explore the consequence of the interlayer rotation misalignment on the electronic

structures of multilayer 2d-SiC. A novel physical phenomenon is revealed where the oriented

misalignment can induce an indirect-to-direct bandgap transition for multilayer 2d-SiC. This induced

direct bandgap, which decreases with a larger commensuration cell, is maintained for most rotation

angles and controllable within the range of 1.2-2.1 eV through artificially tailoring the rotation angle

between neighboring layers. Our results indicates that the oriented misalignment provides an efficient

way to artificially tailor desirable electronic properties of multilayer 2d-SiC, which would favor their

future optoelectronic applications such as light emitting diode, field effect transistor, and solar cells.
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Fig. 1 Schematics of the atomic structure of bilayer 2d-SiC with oriented misalignment. The rotation
angle is 32.2°. The commensuration cell is marked by the dashed lines, with the primitive vectors for
the super-lattice denoted as t; and t,, respectively. The atom number in the commensuration cell in

each layer is N = 26.
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Fig. 2 Band structure evolution of bilayer 2d-SiC with oriented misalignment. The atom number in the
commensuration cell in each layer (i.e. N, denoted in the left side of the colon) increases from left to
right. The rotation angle is denoted in the right side of the colon. Bilayer 2d-SiC possesses a direct

bandgap character for most rotation angles (N > 26).
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Fig. 3 Bandgap evolution of bilayer 2d-SiC with oriented misalignment as a function of the atom

number in the commensuration cell in each layer. The bandgap value, i.e. E,, is defined as the average

value of these two bandgaps for bilayer 2d-SiC with the same atom number in the commensuration cell

but having different rotation angles.
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Fig. 4 Band structure evolution of trilayer 2d-SiC with oriented misalignment. The atom number in the
commensuration cell in each layer (i.e. N, denoted in the left side of the colon) increases from left to
right. The rotation angle is denoted in the right side of the colon. Trilayer 2d-SiC possesses a direct

bandgap character for most rotation angles (N > 26).
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Fig. 5 Bandgap evolution of trilayer 2d-SiC with oriented misalignment as a function of the atom
number in the commensuration cell in each layer. The bandgap value, i.e. E,, is defined as the average
value of these two bandgaps for trilayer 2d-SiC with the same atom number in the commensuration cell

but having different rotation angles.
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The direct bandgap is favored for optoelectronic applications, such as light emitting or laser
diodes and solar cells. While monolayer two-dimensional graphene-like silicon carbide (2d-SiC)
possesses a moderate direct bandgap, multilayer 2d-SiC was recently found to exhibit an indirect
bandgap. In this paper, our ab initio electronic study demonstrates that a controllable direct
bandgap of bilayer/trilayer 2d-SiC can be realized via the interlayer oriented misalignment, where
their direct-bandgap character can be maintained for most rotation angles. This
misalignment-induced direct bandgap shows a decreasing tendency with a larger commensuration
cell, where the minimum direct optical transition frequency can vary from infrared to visible. Our
work implies that the interlayer oriented misalignment is a crucial way to tailor electronic

structures of multilayer 2d-SiC, facilitating potential applications for optoelectronic devices.
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