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ABSTRACT: In this work, we report on the exciton radiative lifetimes of graphitic carbon
nitride monolayers in the triazine-based (gC3N4-t) and heptazine-based (gC3N4-h) forms,
as obtained by means of ground-state plus excited-state ab initio calculations. By analyzing
the exciton �ne structure, we highlight the presence of dark states and show that the
photogenerated electron�hole (e-h) pairs in gC3N4-h are remarkably long-lived, with an
e�ective radiative lifetime of 260 ns. This fosters the employment of gC3N4-h in
photocatalysis and makes it attractive for the emerging �eld of exciton devices. Although
very long intrinsic radiative lifetimes are an important prerequisite for several applications,
pristine carbon nitride nanosheets show very low quantum photoconversion e�ciency,
mainly due to the lack of an e�cient e-h separation mechanism. We then focus on a vertical heterostructure made of gC3N4-t and
gC3N4-h layers, which shows a type-II band alignment and looks promising for achieving net charge separation.
KEYWORDS: carbon nitride, excitons, 2D materials, radiative lifetimes, heterostructures

1. INTRODUCTION
After the seminal work of Wang et al.1 in 2009, proposing
polymeric graphitic carbon nitride as a new, eco-friendly, low
cost, and thermally stable photocatalyst for hydrogen
evolution, this layered material has become the subject of
intense research e�orts2�9 for possible employment in several
applications10�12 as a “green” replacement of more expensive,
polluting, metal-containing compounds.13�18 Among various
allotropes of C3N4 with di�erent densities,19�21 the graphitic
form has been proved to be the most stable at standard
conditions.22 It is composed of two-dimensional (2D) layers of
carbon and nitrogen atoms covalently bonded, stacked by
means of van der Waals (vdW) interactions as in graphite.
These weak dispersion forces allow to easily exfoliate graphitic
carbon nitride23,24 into few-layers nanosheets or even single-
layer, graphene-like carbon nitride (gC3N4). gC3N4 single
layers can be built from either triazine or heptazine (tri-s-
triazine) molecules as basic units, forming, respectively, the so-
called triazine- (gC3N4-t) or heptazine-based (gC3N4-h)
graphene-like carbon nitride.

Most of the experimental works on pristine graphitic carbon
nitride investigate the optoelectronic properties and address
the carrier dynamics with the goal of understanding the origin
of the low photoconversion e�ciency.25�28 Typical lifetimes of
the photogenerated electron�hole pairs, measured in nano-
sheets with thickness ranging from few to several nanometers,
are of the order of few nanoseconds, with values that change
depending on the sample preparation and thickness.29�34

On the theoretical side, a large number of ab initio studies, at
di�erent levels of approximation, have been carried out to

clarify the structural, electronic, and optical properties both of
the bulk and the monolayer form.35�40 Thanks to these
studies, it is now clear that the most stable atomic structure is
buckled41�44 and that corrugation, by breaking the delocalized
�-bond, signi�cantly alters the electronic and excitonic optical
properties from those calculated for the �at, unstable
structures. However, di�erent corrugated geometries have
been proposed and a complete description of the fundamental
properties of both gC3N4-t and gC3N4-h, encompassing optical
spectra, exciton �ne structure, and intrinsic radiative lifetimes
is, to our knowledge, still lacking.

Our aim is therefore to provide a thorough study of the
electronic, optical, and excitonic properties of both gC3N4-t
and gC3N4-h in the buckled geometries without dynamical
instabilities. This preliminary structural optimization, per-
formed using density functional theory (DFT) simulations,
enables us to reliably predict the quasi-particle (QP) electronic
structures of both allotropes at the state-of-the-art GW45�47

level. Our study shows that the e�ect of corrugation on the
electronic properties is sizeable both at the DFT and GW level
of approximation. While this behavior has been already
discussed in the literature, as we will point out in the
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following, our QP bandgaps present signi�cant di�erences with
previously published data. The optical properties, obtained by
solving the Bethe�Salpeter equation (BSE),48,49 are charac-
terized by pronounced excitonic e�ects associated to a rich
structure of dark and bright strongly bound excitons, widely
in�uenced by corrugation.

Thanks to a recently derived approach,50,51 we compute, for
both materials, the intrinsic exciton radiative lifetimes and their
e�ective average, showing that gC3N4-h is characterized by a
signi�cantly long e�ective radiative lifetime. By suppressing
electron�hole recombination, long exciton lifetimes can
increase the chances of exciton dissociation and enhance the
photocatalytic activity.52�54 Moreover, excited states with long
lifetimes can be particularly suitable for study and manipu-
lation in external electromagnetic �elds, as in the emerging
domain of excitonic devices.55�59

To overcome the small availability of photogenerated free
carriers, due to the large binding energies, exciton dissociation
must be improved. Several mechanisms to achieve this goal
have been proposed, ranging from doping with metal and non-
metal atoms,60,61 to order�disorder transitions,62 to the
creation of heterojunctions.63�65 We show that a novel vdW
heterostructure, in which a gC3N4-t and a gC3N4-h layer are
vertically stacked, results in an interface with a type-II band
alignment, promising for obtaining net charge separation
between the two layers.

In the quest for a deeper knowledge of this intriguing 2D
material and for devising new applications in various �elds,
ranging from optoelectronics,66�69 to electrocatalysis,42,70,71 to
photocatalysis,72�75 a detailed description and comparison of
the electronic, optical, and excitonic properties is essential. Our
results aim at providing such a resource, which can prove
helpful in the understanding gC3N4 features and in the design
of new technological applications.

The paper is organized as follows: in Section 2, we present
the computational methods used to carry out our study; in
Section 3, we discuss the results; and �nally, in Section 4, we
draw the conclusions.

2. METHODS
Structural optimizations are performed by means of DFT simulations
carried out with the Quantum ESPRESSO package.76,77 At this level
of approximation, the gradient corrected Perdew�Burke�Ernzerhof
(PBE) functional78 is employed to describe the exchange-correlation
e�ects, and norm-conserving pseudopotentials79 are used to model
the electron�ion interactions. Wavefunctions are expanded in plane
waves up to an energy cuto� of 80 Ry. To study various degrees of
buckling, we employ di�erent cells for both allotropes. We consider
the standard unit cell, 1 × 1, of gC3N4-t (gC3N4-h), comprising 7 (14)
atoms (cf. Figure 1), supercells obtained by its repetition along the
lattice plane, such as 2 × 2 and 4 × 4 supercells, and rotated

3 3× cells, as shown in Figure 1, containing 21 and 42 atoms for
gC3N4-t and gC3N4-h, respectively. In the case of the standard 1 × 1
cells, the Brillouin zone is sampled using a 4 × 4 × 1 Monkhorst�
Pack mesh80 for gC3N4-t and a 2 × 2 × 1 mesh for gC3N4-h. For the

3 3× cells, calculations are performed on a 2 × 2 × 1 mesh for
gC3N4-t and at the � point for gC3N4-h. vdW interactions are treated
within the semiempirical Grimme-D3 approach,81 and a vacuum
region at least 15 Å thick along the direction orthogonal to the atomic
layer is used to ensure the decoupling of the periodic replicas.

Dynamical stability of the obtained structures is assessed through
the calculation of their phonon density of states (phDOS).82 The
presence of modes with imaginary frequencies is a sign that the
considered structure, though an energy stationary point, tends to
collapse to more stable geometries. phDOS are obtained with the

PHONOPY code,83 which employs a supercell, frozen-phonon
approach. The dynamically stable, equilibrium geometries are then
used for further calculations of their electronic and optical properties.

It is well known that DFT fails at properly describing the electronic
structure and bandgap of semiconductors and insulators. To obtain
precise results on the band structure and electronic gap, many-body
perturbation theory techniques must be used. In this work, many-
body corrections are calculated within the non-self-consistent
perturbative GW (G0W0) approximation, as implemented in the
YAMBO code.84,85 The vacuum thickness is increased to 20 Å, and a
box cuto� along the direction orthogonal to the lattice plane is
employed. Bruneval�Gonze terminators86 are used in the calculation
of both the susceptibility and the correlation self-energy, and the
plasmon-pole approximation is adopted. Convergence with respect to
the free parameters of the theory is assumed when the value of the QP
bandgap at the � point varies less than 50 meV. Following this
criterion, an 8 × 8 × 1 (6 × 6 × 1) k-point mesh is used for gC3N4-t
(gC3N4-h).

We followed a “ladder” convergence method as laid out in ref 87,
obtaining converged results with 400 (800) bands for gC3N4-t
(gC3N4-h) and a dielectric matrix energy cuto� of 20 Ry for both
allotropes. More details on the convergence procedure are available in
the Supporting Information. Reliable optical properties can then be
obtained by solving the BSE using the obtained QP corrections and
adopting the Tamm�Danco� approximation.88,89 Converged spectra
are computed within the static exchange approximation on denser 18
× 18 × 1 and 9 × 9 × 1 grids, using 150 and 300 bands for gC3N4-t
and gC3N4-h, respectively, and a 2 Ry cuto� on the dielectric matrix
for both materials. Once the BSE is solved, we compute the radiative
lifetime, �S, of each exciton state S at Q = 0 using Fermi’s golden
rule.50,51,90 For Wannier excitons, the exciton dispersion in Q could
be taken into account and the radiative lifetime renormalized by a
thermal average on Q, assuming a parabolic dispersion. However, as
shown in the following section, in our cases the bands involved in the
relevant exciton states are almost �at in the neighborhood of the k
points where the most signi�cant transitions take place. This, in turn,
causes a negligible exciton dispersion, which does not justify a thermal
average over �nite Q inside the light cone. Therefore, in what follows
we shall employ the exciton radiative lifetimes calculated at Q = 0 and
obtain the e�ective radiative lifetime, ���eff, at temperature T, by
assuming thermalization and carrying out a Boltzmann average of the
�S.

91

Finally, the unit cell of the vdW heterostructure made of a gC3N4-t
and a gC3N4-h layer is obtained from the respective optimized

3 3× cells by means of the CellMatch code.92

3. RESULTS AND DISCUSSION
We begin our study by comparing the stability of di�erent
gC3N4 structures built from the standard 1 × 1 cell and the

3 3× cell. The �at 1 × 1 cells are included in our study as
references. When addressing buckling, the 1 × 1 cells show

Figure 1. (a, b) Perspective views of the optimized geometries of
gC3N4-t and gC3N4-h, respectively. The 3 3× cells are marked
with solid red lines, while the standard 1 × 1 cells with thinner, green
lines. Carbon and nitrogen atoms are represented by gray and blue
spheres, respectively.
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