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Stable holey two-dimensional C,N structures with tunable electronic structure

R. Longuinhos” and J. Ribeiro-Soares
Departamento de Fisica, Universidade Federal de Lavras, 37200-000 Lavras, Minas Gerais, Brazil

® (Received 18 December 2017; revised manuscript received 19 April 2018; published 11 May 2018)

C,N holey two-dimensional crystals, or C;N-h2D, a recently synthesized carbon nitride layered material, show
promising properties for electronic devices, highly selective molecular filters, and supercapacitors. Few studies
have investigated the stacking order in C,N-h2D, which is fundamental to determine its optical activity and plays
an important role in its band gap and in the diffusion barrier for ions and molecules through its structure. In this
work, we investigate the phonon stability of several bulk C,N-h2D polytypes by using first-principles calculations.
Among the polytypes addressed, only one does not display phonon instabilities and is expected to be observed
in equilibrium. The electronic structure evolution of dynamically stable C,N-h2D from monolayer to bilayer
and to bulk is unveiled. The direct band gap at I' can be decreased by 34% from monolayer to bulk, offering
opportunities for tuning it in optoelectronics. In addition, the effective masses of both carriers become smaller
as the number of layers increases, and their anisotropy along in-plane directions displayed in the monolayer is
reduced, which suggest that the carrier mobility may be tuned as well. These effects are then explained according
to the interaction of the orbitals in neighboring layers. The results presented here shed light on the geometry and
electronic structure of an emerging layered material due to its specific stacking and increasing number of layers

and suggest new perspectives for applications in optoelectronics.
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I. INTRODUCTION

The breakthrough of graphene [1-3] and the subsequent
development of the field of two-dimensional materials [4-6]
revealed the observation of a rich new chemistry and physics
in the few-layer regime in comparison to the layered bulk
counterpart. The new properties observed are promising for
advances in the fields of electronics, optoelectronics [7-9],
thermoelectrics [10,11], and clean-energy generation [12,13].
Graphene-based materials, such as graphene-oxide [14] and
graphene-nitride composites [15], are under intense research.
Besides their ease for use in large-scale production, they
are easily incorporated into advanced functional materials,
improving the physical properties of the resulting composite
for applications such as energy storage and generation, sensor
fabrication, and catalysis.

Layered carbon nitrides, or (graphitic) carbon IV nitrides,
g-C3Ny, can be viewed as s-triazine or tri-s-triazine (so-called
melem) linked subunits, stacked in a specific order; first-
principles calculations predict that stacked tri-s-triazine layers
with space group Cmc2; are more stable than s-triazine-based
g-C3N,4 [16-18]. A broad theoretical study predicted new semi-
conductor and metallic monolayer graphitic nitrides g-C,N,
[19], with nitrogen atoms at the graphitic, pyridinic, or pyrrolic
sites. Some of these materials were suggested as the geometries
of synthesized graphitic nitrides: the tri-s-triazine-based g-
C3Ny4 [20] and the s-triazine-based g-CN (the experiments did
not excluded the s-triazine-based g-C3Ny) [21].

Recently, a new phase of layered carbon nitride was synthe-
sized (at the time not yet predicted), whose empirical formulais
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C,N. As the structure displays holes, the authors named it C,N
holey two-dimensional crystal, or C,N-h2D [22]. Many-layer
C,N-h2D is a semiconductor, with a band gap of 1.96 eV [22],
and can be viewed as stacked atomic layers formed by pyrazine
rings linked by C-C bonds to each other, as shown in Fig. 1.

C,N-h2D thin, flexible, many-layer films were solution
processed for proof-of-concept field-effect transistor (FET)
devices. The active channel composed of C,N-h2D crystal
flakes, with an average thickness of 8.0 &£ 3.5 nm (many layers
thick), transferred on top of a SiO,/Si wafer substrate, has a
high on-off ratio (107; Si-based FET devices have an on-off
ratio of 10°) but low mobilities (1072 cm? V~'s71) [22]. We
note that early MoS;-based FET devices with bottom-gate
geometries have poor mobilities (*10~! cm? V~!'s™!) [23],
while in the top-gate configuration mobilities were higher
(10% cm? V~!s71) [24]. Furthermore, the nanoporous and
layered structure of C;N-h2D is envisioned for supercapacitor
[25] and molecular sieve [26-29] applications.

Most of the theoretical studies concerning C,N-h2D have
focused on the monolayer physical properties, such as the
mechanical [26,30] and thermal [30,31] properties, and tuning
its electronic and optical properties by alloying [32] and strain
engineering [30,33].

Few studies have investigated the bulk C,N-h2D geome-
tries, a topic of paramount importance. To the best of our
knowledge, there is no literature concerning the phonon stabil-
ity of stacking geometries for bulk C,N-h2D, a very relevant
topic, as only dynamically stable geometries are expected to
be observed in equilibrium.

Here we study the phonon stability of several bulk C,N-h2D
polytypes by using first-principles calculations. Among the
polytypes addressed, only one, previously unknown and named
AB” here, does not display phonon instabilities and is expected
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FIG. 1. Monolayer C,N-h2D viewed as formed by pyrazine rings
linked by C-C bonds to each other. Carbon and nitrogen atoms are
represented as brown (dark gray) and light blue (light gray) balls,
respectively.

to be observed in equilibrium under standard conditions. The
electronic structures of the dynamically stable monolayer,
bilayer, and bulk geometries of C,N-h2D are investigated and
found to be highly dependent on the number of layers. The
direct band gap at I" decreases from monolayer to bulk AB”,
opening opportunities to explore the band gap engineering by
controlling the number of layers in optoelectronic applications.
Furthermore, the effective masses of both electrons and holes
become smaller and more isotropic along in-plane directions as
the number of layers increases. This suggests that the transport
of the carriers may be tuned by controlling the number of layers
and the direction in devices. Both band gap and effective-mass
changes are explained in terms of the interaction of the orbitals
in adjacent layers.

This paper is organized as follows: in Sec. I we describe the
methods used. In Sec. III A we discuss the results for the struc-
tural parameters, the interlayer binding energies, and the lattice
dynamics of the addressed geometries; in Sec. III B we discuss
the evolution of the electronic structure from monolayer to
bilayer and to bulk dynamically stable geometries. In Sec. IV
we summarize the main conclusions on the electronic structure
tunability for the dynamically stable polytype according to the
number of layers and perspectives for use in optoelectronics.

II. METHODS

First-principles calculations were performed using density-
functional theory (DFT) [34,35] and density-functional per-
turbation theory (DFPT) [36] as implemented in the Plane-
Wave Self-Consistent Field (PWSCF) and PHONON packages
of the QUANTUM ESPRESSO distribution [37]. The Brillouin
zone integrations on the electron wave vector were performed
within the Monkhorst-Pack scheme [38] using I'-centered
grids of 8 x8x 6 for bulk and 8 x 8 x 1 for bilayer and monolayer
systems. The two latter systems were treated within the slab
model, with images separated by at least 14 A of vacuum space.
For lattice and atomic position optimization, convergence was
achieved for forces and stress lower than 0.1 mRy/bohr and
50 MPa, respectively.

Vibrational frequencies were computed using DFPT. In
these calculations, the exchange-correlation energy is evalu-
ated within the local-density approximation (LDA), with the
Perdew-Zunger parametrization [39]. The valence electron-ion

interaction is described using the Troullier-Martins formula-
tion for norm-conserving pseudopotentials [40]. The plane-
wave kinetic-energy cutoff to describe the electronic wave
functions (charge density) was set to 64 Ry (256 Ry). The
phonon dispersions were calculated from the interatomic
force-constant matrix, obtained from the dynamical matrices
at the phonon wave vector in grids of 2x2x2 and 4x4x1
for bulk and bilayer, respectively. We note that LDA results
for the lattice dynamics are in excellent agreement with the
experimental values for the lattice vibration in crystals [41].
Even for interlayer rigid modes in layered materials, where
the van der Waals (vdW) forces play an important role in the
interlayer interactions, LDA provides an excellent description
of the phonon frequencies in comparison to experiments,
such as in h-BN, where the agreement is within 1% [42—44].
LDA predicts phonon energies in layered materials in better
agreement with experiments than some functionals that better
describe the correct physics of the dispersion interactions
among the layers, such as the self-consistent nonlocal vdW-
DF and vdW-DF2 functionals (as shown in the literature for
MoS,, WSe,, and graphite) [45,46]. A recent study of the
lattice vibrational frequencies calculated by both the revised
Vydrov and Van Voorhis nonlocal functional (rVV10) [47]
and LDA for graphite showed that these functionals leads to
comparable results for both intralayer and interlayer vibrations,
where rVV10 is slightly closer to the experimental values
for the intralayer vibrations, while LDA is slightly closer to
the experimental values for the interlayer rigid modes [48].
This unexpected success of LDA may be due to the good
description of the derivative of the forces with respect to atomic
displacements [45] and to error cancellation [48].

For the study of the binding energies E, in the different
stacking phases in bulk and bilayer C;N-h2D, we use the
rVV10 functional, where the vdW interaction is described by
a nonlocal and self-consistent term [49]. In these calculations,
the valence electron-ion interaction is described by using the
projector augmented-wave potentials [50,51]. The plane-wave
kinetic-energy cutoff to describe the electronic wave functions
(charge density) was set to 38 Ry (304 Ry). We express E,
values normalized by the number of van der Waals gaps in the
unit cell n¥*V (for bilayer, n**W = 1, and in bulk n*®V = 2):

vdW

E, = [E(bulk/bilayer) — 2E(monolayer)]/n

Throughout this work, the space-group number and its
Schonflies notation are given according to the International
Tables for Crystallography [52].

III. RESULTS AND DISCUSSION

A. Stability and structural information

The monolayer C,N-h2D primitive unit cell has 12 carbon
and 6 nitrogen atoms and has the symmetries of the hexagonal
symmorphic space group P6/mmm (No. 191 or D/, ). The
experimental in-plane lattice parameter is 8.24(96) A [22]. In-
plane lattice parameters in layered materials are systematically
underestimated by LDA and overestimated by the generalized
gradient approximation (GGA) and vdW functionals, and
generally, LDA is in better agreement with experiments. Our
results show that LDA underestimates the experimental value
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TABLE 1. Lattice parameters of monolayer (L1), AB” bilayer
(L2), and bulk C,N-h2D.

LDA rvvi10 Expt. [22]
a b c a b c a c
L1 8202 a 8.316° a 8.24(96)
L2 8.192 8.198 8.310 8.315
Bulk 8.185 8.198 5.949 8.300 8.312 6.120 6.55(1)°

“DFT-D2: 8.33 A [29,53], 8.32 A [27]; vdW-DF: 8.35A [28].
*Interlayer spacing dyo = 3.27-3.28 A (vze assume ¢ = 2dyaY) [22];
this work: &Y = 2.97 A, &%, = 3.10 A.

T

by —0.4% and rVV 10 overestimates the experimental value by
0.9%. A comparison between the rVV 10 results and other vdW
functional results (DFT-D2 and vdW-DF) from the literature
shows that rVV10 is in better agreement with experiments
(L1 data in Table I).

To date, there are few data on the stacking geometry of the
layers in bulk C,N-h2D and the phonon stability of possible
polytypes. In order to shed light on the subject, we analyze
the lattice vibrations for several stacking geometries of bulk
C,N-h2D.

The vibrations of crystals can be described by phonon waves
expressed as Aexpli(k-r — wt)]. A dynamically unstable
stacking displays at least one phonon pattern associated with
an imaginary eigenfrequency, and the atomic displacement is
not a vibration; these are also called soft modes or phonon
instabilities and are involved in phase transitions. For example,
the AB orthorhombic graphite, which displays phonon instabil-
ities [54,55], is predicted to occur in the phase-transition path
from AB hexagonal graphite to diamond (under high pressure
and temperature) [56]. A comparison of the interlayer binding
energies among dynamically stable configurations provides an
estimation of which one is more likely to occur. However, it
does not provide any information regarding which one will
display phonon instabilities. Indeed, dynamically stable and
dynamically unstable geometries of ordered graphite display
comparable values for interlayer binding energies [54,55].

We consider the stacking configurations AA [space group
(SG) D},1, AB (SG D{,), and AB’' (SG D3}) [53]. In the
AA stacking the bottom and top layers of the unit cell are
separated by a translation along the stacking direction. By
translating one of the layers of the AA stacking along £ =
) / V2 (zigzag) or § = (a + 13)/ /2 (armchair) we reach
the AB stacking [in Fig. 2(a)], while along & we reach AB’ [in
Fig. 2(b)]. In addition we consider several lower-symmetry
stacking geometries along the paths connecting AA to AB
through the zigzag and armchair directions and AA to AB'.
Their geometry (atomic positions and lattice) were optimized
by minimizing the forces on the atoms and stress in the cell.
We found two stackings along the zigzag path, named AB'2
[in Fig. 2(c)] and AB’3 [in Fig. 2(d)], and the same stacking,
named AB'4 [in Fig. 2(e)], along the & and armchair paths.

In order to unveil the lattice stability of these stackings, we
calculated their lattice vibrations with along wavelength (at I").
The AB’2 and AB’3 stackings display phonon instabilities with
a shear rigid pattern, where the relative layer displacement is
along the § direction. The AB’4 stacking displays a soft mode
of a shear rigid pattern along the X direction. The AA, AB,
and AB’ stackings each display two soft modes of a shear rigid
pattern, one along X and the other along ¥ (all these patterns
are shown in Fig. S1 in the Supplemental Material [57]).

One approach to find a dynamically stable configuration
from a dynamically unstable one is to follow the soft mode.
We followed the unstable phonons displayed by the AB'2,
AB'3, and AB'4 geometries, and we found the AB” stacking
[in Fig. 2(f)], which does not display soft modes, as indicated
by its vibrational dispersion [in Fig. S2(a) in the Supplemental
Material]. These results suggest that among the considered
stackings in this work, only AB” is expected to be observed in
equilibrium under standard conditions. We hope this finding
will motivate experimental works to confirm our predictions.

We also considered a bulk ABC-like stacking [53] and
found it to display four soft modes with a shear rigid pattern
(two along % and two along ¥, as shown in Fig. S1). We also
proposed a corresponding ABC-like configuration for the AB”
stacking. The geometry optimization results of the ABC-like
AB” show that, after 150 steps of geometry optimization, we

FIG. 2. Bulk C;N-h2D geometries found by geometry optimization. Among (a) AB, (b) AB’, (c) AB'2, (d) AB’3, (¢) AB’4, and (f) AB”,
only AB” does not display phonon instabilities. Carbon and nitrogen atoms in the top (bottom) layer are in brown (gray) and light blue (blue).
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TABLEIL Space group (SG), interlayer distance d*®V from LDA
and rVV10 results, and interlayer binding energy E, from rVV10
results for bulk geometries.

TABLE 1II. Space group (SG), interlayer distance d*®V from
LDA and rVV10 calculations, and interlayer binding energy E, from
rVV10 calculations for bilayer geometries.

Stacking SG 4"V (A) E, (eV/n*W) Stacking SG d"V(A) E, (eV/n*Y)
LDA  rVVI0 LDA  rVVIO

AA No. 191 (Dj,)  3.44 3.47 —0.645 AB No. 164 (D3,)  3.05 3.16 —-1.092
AB’ No. 69 (D3}) 3.14 3.22 —1.102 AB2 No. 12 (C3,) 2.95 3.09 -1.129
AB'4 No. 63 (DJ]) 3.03 3.15 —1.163 AB” No.2 (¢}) 2.94 3.09 —1.131
AB No. 194 (Dg,) ~ 3.08 3.17 —-1.215
ABC No. 166 (D3,)  2.88 2.98 —1.256

/ 17 e - .
AB/3 No. 63 (D%:) 3.00 3.12 —1.256 as observed in its vibrational structure [in Fig. S2(b) in the
AB?2 No. 63 (D5;) 2.98 3.11 —1.267 Supplemental Material]. E, for the bilayer stackings is shown
AB” No. 11 (C3,) 2.97 3.10 —1.267 in Table IIL

still could not find a structure that satisfies the convergence
criteria. These results show that the proposed ABC-like AB”
cannot be an equilibrium geometry. We note that in the
search concerning two layers for bulk C,N-h2D (36 atoms per
unit cell), we started with 136 different geometries, considering
cell and atomic position optimization, relative total energies,
and lattice dynamics (we highlight we did not address the
full energy landscape of the problem). A similar search in
three-layer systems (54 atoms per unit cell) would require at
least about 136x 136 configurations, with no guarantee that
a dynamically stable geometry would be found. A search for
dynamically stable bulk configurations with more than two
layers in the unit cell is beyond the scope of this work.

The comparison of the interlayer binding energies for
these bulk stackings (in Table II) reinforces the importance
of considering the lattice dynamics of crystals in order to
investigate the stability of the geometries. Although some
stackings display comparable E,, such as AB” and AB’2 and
also AB’3 and ABC, only AB” does not display soft modes.

The AB” stacking has low symmetry, belonging to the C3,
space group (No. 11 or 2/m). Our calculations indicate that
the a and b lattice vectors of its primitive unit cell differ in
length by ~0.01 A (bulk data in Table I) and form a y angle
of 119.92° («¢ and B are equal to 90°). Both bulk in-plane
lattice vectors are shorter than the monolayer a (equal to b)
lattice vector by ~0.1 A (LDA), suggesting the influence of the
interlayer interaction on the in-plane structure. The stacking
lattice constant ¢ in layered materials is also systematically
underestimated by LDA and overestimated by GGA and vdW
functionals, and in general rVV10 is in better agreement with
experiments, followed by LDA. The unexpectedly good results
of LDA are attributable to error cancellation. Our results show
that the experimental value of 6.55(1) A [22] is underestimated
by LDA by —0.1% and underestimated by rVV10 by —0.07%
(bulk data in Table I).

We investigated the corresponding bilayer geometries of
the AB, AB’2, and AB” stacking. The AB bilayer displays
two soft modes with a shear rigid pattern, one along £ and
one along $, and the bilayer AB'2 displays one soft mode
with a shear rigid pattern along § as the corresponding bulk
geometries (in Fig. S1 in the Supplemental Material) of these
two stackings. The bilayer AB” stacking is dynamically stable,

The AB” bilayer displays lower symmetry compared to
the other geometries, belonging to the space group C;. In
this case, the a and b lattice vectors are slightly different
in size, 10 times smaller than the difference in the bulk (L2
and bulk data in Table I). When going from bilayer to bulk
AB”, we note the following trends in rVV10 result: (i) The

: I : vdW _ gvdW _ gvdW
differences in interlayer distance (Ad = dy dbilayer)

slightly increase by 0.01 A; that is, the layers become more
distant from each other in bulk. (ii) The differences in the
interlayer binding energy [AE, = E,(bulk) — E,(bilayer)]
decrease by —0.136 eV /n"V; that is, the layers become more
bound to each other in bulk. As AE, # 0, rVV10 displays
the nonadditivity of the vdW interactions [58-61]. Although
we do not expect that rVV10 should correctly describe the
nonadditivity of the vdW interactions, as it should not correctly
describe many-body effects or electrodynamic effects in the
polarizability, the trends of the results are what one would
expect (A E,, should decrease) [61].

Experiments performed with monolayer C;N-h2D on top
of Cu(111) show a slight buckling (in the z coordinate). In this
case, the pyrazinerings are ~(0.05 A below the benzenelike ring
formed by the C-C bond linking them [22]. This monolayer
buckling must be a surface-induced effect, as in our results for
a free monolayer all the atoms are in the same z coordinate.
Also, in AB” bilayer and bulk, all the atoms of a given layer
have the same z coordinate.

B. Electronic structure

The electronic structure of layered materials can be largely
dependent on the number of layers in the sample. In the next
section we discuss the evolution of the electronic structure of
C,N-h2D from monolayer to bilayer and to the bulk in the
dynamically stable stacking order AB”. The band structure
[electronic dispersion and density of states (DOS)] of the
monolayer, bilayer, and bulk are shown in Figs. 3(a), 3(b), and
3(c), respectively. In the inset of the DOS graphics in Figs. 3(a)
and 3(c) we show the first Brillouin zone and the recommended
path to be considered (based on the space groups) [62,63]
for the monolayer and bulk, respectively. For the bilayer we
consider the same paths as in the bulk within the plane k, = 0:
the T B and AT'Y, paths, although these lines have different
symmetries in the bilayer than they have in the bulk due to the
different space groups indicated in Tables II and III.
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FIG. 3. Electronic structure of dynamically stable C,N-h

1. Band gap

We start our analysis by considering the influence of the
number of layers on the band gap of C,N-h2D. The calculations
indicate that the monolayer C,N-h2D is a semiconductor, with
a direct band gap at I of 1.55 eV. In the bilayer it decreases
by 16% (to 1.3 eV), and in the bulk it decreases by 34% (to
1.03 eV). In addition, as the number of layers increases, the
valence-band maximum (VBM) moves to the T Z-T" direction,
and we found an indirect band gap in the bulk at T Z-I'
of 1.02 eV. This indirect band gap could compete with the
direct band gap at I". We note that the LDA prediction for
the bulk band gap underestimates the experimental value by
48% (available measures were performed in both powder and
films and estimated to be 1.96 eV [22]), a well-known issue of
standard functionals (LDA, GGA). These results suggest that
the direct band gap can be decreased within a large window by
controlling the number of layers. This effect can be explored
in device engineering in optoelectronics in the visible range.

2. Effective masses

We now consider the influence of the number of layers in
the effective masses of the conduction and valence bands (the
details of the calculation of the effective masses are in the
Supplemental Material).

The monolayer lower conduction band displays anisotropy

—
between the I' K (9, armchair) and I' M (%, zigzag) directions,
as shown in Fig. 3(a). The electrons in the conduction-band

2D geometries. (a) Monolayer, (b) bilayer, and (c) bulk AB”.

—
minimum (CBM)), at I', display effective masses m) along I' K

and m that differ by 0.02m,, (see Table IV). Under an external
electric field an electron in the CBM will respond with a
positive m along the whole path I' K until it is scattered back to
near the CBM. Along F—A)/I in~ T'M/8, only 0.02 eV above the
CBM, there is an inflection point in E(k), and from this point
to the border of the Brillouin zone the electron will respond
to the electric field with a negative m’ (the lattice slows down
the electron) [64]. This nonparabolic region from ~I' M /8 and
beyond may be accessible to the electron before it is scattered

—>
back to near the CBM, and its average velocity along I'M

—
should be slower than along I" K. Furthermore, the bandwidth
— —

along I' M is 0.05 eV, while the bandwidth along 'K is0.80 €V,

TABLE IV. Effective masses (in units of electron mass m,) for
electrons and holes for monolayer (L1) and bulk dynamically stable
C,N-h2D.

Ll
— —
™M K
m’ 0.12 0.10
m 3.81 4.05
Bulk
— — — — —>
TA B T'Y, T Z() T Z(VBM)
m? 0.08 0.08 0.10 0.50
m 0.09 0.10 0.14 1.82 1.70
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FIG. 4. Color maps of the projected density of states on the bands along selected directions for the dynamically stable C,N-h2D geometries.
(a) Monolayer, (b) bilayer, and (c) bulk. The transition from null to maximum values follows the white-blue-red palette.

and within a tight-binding picture, where narrow bands indicate
low hopping through the lattice, the electron would find it

e -
harder to travel along I'M than along I'K. These results sug-
—>
gest that the electron conductivity along I' M should be inferior

than that along F—I)( The holes display considerably higher
effective masses m; than electrons, by a factor of 35. The m;;

also displays anisotropy between the F—I)( and 17/1 directions,
with a difference of 0.25m, in the VBM at I (see Table IV).
The comparison between the monolayer and bulk electronic
dispersion displayed in Figs. 3(a) and 3(c) indicates that the
interlayer interaction raises the degeneracy in the valence-band
edge at I'. It also reduces the values of both m} and mj, (as
similarly observed in transition-metal dichalcogenides [65]
and phosphorene [66]) and their anisotropy along the in-plane
directions (see Table IV). As an example, the F—A)d direction in
the monolayer is equivalent to the I'A direction in the bulk
(corresponding to X in real space). Along these directions,

from the monolayer to bulk and near I', m} decreases by
0.04m, (reaching 0.08m,), and the conduction bandwidth

increases by 0.42 eV (reaching 0.47 eV), while m} decreases
by 3.72m, (reaching 0.09m,). These results indicate that the
carrier transport within the in-plane directions may be tuned
by controlling the number of layers in the sample.

In bulk, both m} and m} along 7 are higher than along
in-plane directions, revealing the 2D character of C,N-h2D.

3. Valence- and conduction-band orbital composition

We gain further understanding of the band structures by
considering their orbital composition. In Figs. 4(a), 4(b), and
4(c), we show the projection of the density of states related to
the displayed bands in Figs. 3(a), 3(b) and 3(c), respectively,
on the 25 and 2p atomic orbitals of carbon, C(s) and C(p),
and nitrogen, N(s) and N(p). In these plots we use color
maps with the same scale to unveil the orbital composition
of the bands. The transition from a null value to the maximum
value follows the white-blue-red palette. From the difference
in the p and p, projections, we estimate the in-plane py
contribution. The p, projections of carbon and nitrogen atoms
are represented as C(p,) and N(p,), respectively.
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TABLE V. Percentage orbital composition at I" of the conduction-
band minimum (CBM), A and B bands in monolayer (L1), bilayer
(L2), and bulk dynamically stable C,N-h2D. X(s), X(p), and X(p,)
stand for the s orbital, p orbital, and p, orbital, respectively, from atom
X = Cor N. VBM in parentheses after the A or B band indicates the
valence-band maximum.

Orbital composition (%)

Band  N(s) N(pyy) N(p.) C(s) Clpxy) Clp)

L1 CBM 0 0 46 0 0 54
A 0 0 19 0 0 81

B (VBM) 10 62 0 3 25 0

L2 CBM 0 0 32 0 0 68
A 1 4 20 0 1 74
B(VBM) 38 52 3 3 21 13

Bulk  CBM 0 0 27 0 0 73
A(VBM) 1 6 17 0 2 74

B 9 62 0 3 26 0

In the case of monolayer C,N-h2D [in Fig. 4(a)], the CBM
comes from only p, orbitals, where the contribution from C(p,)
is higher than the contribution from N(p,). The B band (VBM),
indicated in Fig. 4(a), displays only p, , and s character, where
N(py,y) is predominant. The A band, indicated in Fig. 4(a),
displays only p, character, where the contribution from C(p,)
is considerably larger than the contribution from N(p,).

From monolayer to bilayer [in Fig. 4(b)] and to bulk [in
Fig. 4(c)] we notice the following trends: The CBM keeps
its pure p, character, and the contribution from C(p,) tends
to increase over the contribution from N(p.). The interlayer
interaction induces the overlap of the A and B bands. The
VBM gains contributions from p, orbitals, large ones from
C(p.), and the contributions from p, , and s of both carbon
and nitrogen decrease.

The increase in the C(p,) contribution to valence and
conduction bands as the number of layers increases results
in the reduction of both carrier effective masses and their
in-plane anisotropy and a reduction of the band gap. These
results provide insight into the development of Hamiltonian
models based on orbital band composition to further study
the band structure of C;N-h2D. We summarize the percentage
band orbital composition at I in Table V.

In monolayer C;N-h2D, the assessment of the orbital com-
position of the VBM from plots of the local density of states
(LDOS) calculated with LDA or GGA [22,53] is in agreement
with the results in Table V. In the screened hybrid functional
of Heyd, Scuseria and Ernzerhof (HSE06) calculations the
LDOS of the VBM indicates it is composed of p, orbitals from
both carbon and nitrogen atoms, while the LDOS of the band
below it in energy indicates it is composed of p, , orbitals from

carbon and nitrogen atoms [33]. The exact exchange fraction
incorporated by a parameter in HSEO6 pushes up the p, band in
energy (A band) in comparison to the p, , band (B band) [33],
which is thus inverted in comparison to LDA and GGA results.
On the other hand, the lower conduction bands obtained by
LDA, GGA, and HSE are in agreement [22,33,53]. We expect
that the trends in band gap and effective-mass changes when the
number of layers increases, as obtained with LDA, will also be
observed in HSEQ6 results. A detailed comparison of the bands
calculated with standard and hybrid functionals and a study
of the optimum exchange parameter in HSE06 for C,N-h2D
systems [67] are beyond the scope of this work.

IV. CONCLUSION

In this work, we theoretically investigated the phonon stabil-
ity of several bulk C,;N-h2D polytypes. Among the polytypes
addressed, only AB” is expected to be observed in equilibrium
under standard conditions, as only it does not display phonon
instabilities. In addition, we showed that its bilayer counterpart
is also dynamically stable. We unveiled the evolution of the
electronic structure of the C;N-h2D from monolayer to bilayer
and then to bulk AB” stacking. We found that the direct band
gap at I' can be reduced by 34% when going from mono-
layer to bulk, offering opportunities to tune this property for
optoelectronics. The increase in the number of layers reduces
the effective masses of both carriers and the anisotropy of the
conduction and valence bands along the in-plane directions
displayed in the monolayer. This suggests that the transport of
carriers may be tuned by controlling the number of layers as
well. These results are needed to broaden the understanding
of experimental work being performed in this new material,
especially for fundamental aspects such as its electronic and
phonon dispersion, as well as its structural characterization and
property optimization for further device fabrication.
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