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A B S T R A C T

Single-layer graphitic carbon nitride (g-C3N4) is widely regarded as one of the most promising two-dimensional
photocatalysts for hydrogen generation via water splitting. Despite its extensive study, limited information is
available on its excitonic dispersion and velocity, critical parameters for achieving high charge mobility and
efficient photogeneration. In this work, we employ many-body perturbation theory and the Bethe–Salpeter
equation to provide a comprehensive description of the optical absorption and finite-momentum energy loss
function for both s-triazine and tri-s-triazine structures. Our findings reveal the exciton dispersion and velocity,
emphasizing the significant role of localized nitrogen lone pairs in producing remarkably flat excitonic bands
with velocities that are two orders of magnitudes smaller than the typical one in two-dimensional materials and
of the same order or smaller than the optical phonon frequencies in single layer g-C3N4. As the time-scale for
inter-site exciton hopping is longer or similar to a phonon period, our results point to a highly non conventional
exciton propagation.
1. Introduction

Polymeric g-C3N4 is a metal-free layered compound with a struc-
ture similar to that of graphite, high thermal and chemical stability,
and non-toxicity. According to the literature [1–5], there exist two
polytypes of g-C3N4, one composed of s-triazine units and the other of
tri-s-triazine (often called heptazine) units. Even though tri-s-triazine g-
C3N4 is considered to be the most stable one at ambient conditions [6],
also s-triazine g-C3N4 has been experimentally obtained [7].

Polymericity, dimensionality, and the consequent reduced screen-
ing [8–10] are responsible for the strongly bound excitons with large
binding energies of the order of 1–2 eV [1,3] occurring under photoex-
citation in these materials. Excitons are electrically neutral, therefore
their translational motions remain unaffected by electric fields. Indeed,
excitons rather move through intramolecular or intermolecular diffu-
sion. To be extracted as electric current or to initiate redox reactions,
excitons must be dissociated within their lifetime and diffusion length,
defined as the distance an exciton migrates before relaxing back to the
ground state, into free charge carriers [11,12].

Both the exciton radiative lifetime [13] and diffusion [14] depend
on the excitonic band structure. Previous calculations [3] of the ra-
diative lifetimes neglected the excitonic dispersion (or assumed it to
be parabolic for Wannier excitons). However, except for the simplest
carbon nitride namely C3N [15], neither calculations nor measurements
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of the exciton dispersions are available for these two polytypes in the
literature. Furthermore, g-C3N4 is characterized by strongly localized
lone pairs where the 𝜎 bond between a carbon and nitrogen atom is
broken. Excitons coming from these lone pairs could also be highly
localized, which could be detrimental to their use in electrocatalytic
cells.

In this work, we calculate finite momentum energy loss function, the
excitonic band dispersion and velocity for both polytypes in the frame-
work of many-body perturbation theory (MBPT) [16,17] by using the
𝐺 𝑊 approximation [18] and the Bethe–Salpeter equation (BSE) [17,
19]. We show that the consequences of the localization of the lone pairs
on the exciton dispersion are to generate ultraflat excitonic dispersions
with negligible velocity. Finally, we point out that the time scales of
exciton intersite hopping are similar or lower to a phonon period,
suggesting a non-conventional incoherent propagation of the exciton
strongly dressed by lattice deformations. This is a consequence of the
localized nature of nitrogen lone-pairs and a unique feature of this
compound.

The paper is structured as follows. In Section 2 we outline the
methodology used in the paper. In Section 3 we describe in detail the
results concerning crystal structure minimization, single particle elec-
tronic structure, exciton dispersion, and velocities. Finally, in Section 4
we address the relevance of our results for the understanding of exciton
mobility in single-layer g-C3N4.
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Fig. 1. (a) top and (b) side view of the crystal structure of s-triazine g-C3N4, (c) top and (d) side view of the crystal structure of tri-s-triazine g-C3N4(nitrogen atoms in blue,
carbon atoms in black). In the top views ((a) and (c)) the 1 × 1 unit cell of the ideal structure is drawn in violet. (e) 1 × 1 (violet) and

√

3 ×√

3𝑅30◦ (green) first Brillouin zones
and high symmetry points. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
2. Methods

The Density Functional Theory (DFT) [20,21] ground state
calculations were performed using the QUANTUM ESPRESSO pack-
age [22,23]. We used optimized norm-conserving Vanderbilt pseu-
dopotentials to compute the relaxed structure and the Kohn–Sham
single-particle energies of the three systems. The KS-DFT exchange–
correlation functional was approximated using GGA-PBE. For the struc-
tural optimization of the two systems, the accuracy on the structural
minimization of the forces was set to 10−3 Ry/Bohr. For both polytypes,
we used a Monkhorst–Pack k-point grid of 4 × 4 × 1, an energy cutoff
of 100 Ry, and a charge density cutoff of 400 Ry in the charge density
self-consistent calculation.

The many-body calculations were performed using the YAMBO
code [24,25], adopting the Coulomb cutoff method [26] with a slab
cutoff along the direction orthogonal to the lattice plane. Many-body
corrections to the electronic band structure calculated using DFT are
performed with the non-self-consistent perturbative GW (𝐺0𝑊0) ap-
proximation [27]. Bruneval–Gonze terminators [28] are applied to both
the susceptibility and the self-energy calculations. Additionally, the
plasmon-pole approximation is used [27]. In the case of s-triazine g-
C3N4, we used a 14 × 14 × 1 k-point mesh, a 40 Ry cutoff on the
plane waves, a 7 Ry cutoff on the response function, 300 bands for
the susceptibility, and 200 for the self-energy. For tri-s-triazine g-C3N4
we used a 8 × 8 × 1 k-point mesh, a 50 Ry cutoff on the plane waves,
a 6 Ry cutoff on the response function, and 400 bands for both the
susceptibility and the self-energy.

The optical properties were then obtained by solving the BSE using
the obtained quasi-particle (QP) corrections. Converged spectra are
obtained on a 18 × 18 × 1 grid for s-triazine g-C3N4, and on a
14 × 14 × 1 grid for tri-s-triazine g-C3N4. Moreover, 8 valence and 8
conduction bands were included in the calculation for s-triazine g-C3N4,
and 12 valence and 12 conduction bands for tri-s-triazine g-C3N4.

3. Results

3.1. Crystal and electronic structure

To understand the chemistry of g-C3N4 and why the corrugation
of the structures emerges, it is useful to start by investigating how
carbon and nitrogen atoms interact in the ideal flat structure. Nitrogen
possesses an additional electron relative to carbon, so that when a
nitrogen and a carbon atom are allowed to interact the additional
electron is not used for bonding but acts as an electron donor and stays
near nitrogen due to its higher electronegativity. Therefore, the two
atoms form both 𝜎 and 𝜋 bonds as if they were two carbon atoms.
In fact, if one were to calculate the density of states of a graphene
sheet with one of the two carbon atoms of the unit cell replaced by
a nitrogen atom, he would see a similar behavior to that of graphene,
2 
Fig. 2. Comparison between the projected density of states projected over the atomic
orbitals of the buckled (top) and ideal flat (bottom) structures of (a) s-triazine and (b)
tri-s-triazine g-C3N4.

with the appearance of the additional 𝜋 bonding and antibonding states
of nitrogen in the top valence and bottom conduction bands.

In Fig. 1(a) and (c) we show the non-corrugated ideal-structure of
both g-C3N4 polytypes. The g-C3N4 matrix is characterized by wide
openings due to the removal of some carbon atoms from the structure.
This breaks the 𝜎 bond between carbon and nitrogen atoms. Therefore,
there is an additional unpaired electron localized near nitrogen, which
forms a lone pair with the preexisting electron. This lone pair exhibits
strong localization and its energy is lifted with respect to the single
electron occupation due to the Coulomb repulsion between the two
charged particles. As a consequence, the top valence of the ideal flat
structures is attributed to the lone pair and possesses N−𝜎 character,
while the bottom conduction band is primarily composed of 𝜋 states
originating from the two types of atoms, as shown in the bottom panels
of Fig. 2(a) and 2 (b). Furthermore, the strong localization of lone pairs
results in the emergence of flat bands in the electronic band structure,
with the number of flat bands equal to the number of lone pairs present
in the unit cell. These flat bands are evident as Van Hove singularities
in the density of states in Figs. 2(a) and (b).

It is expected that the strong electrostatic repulsion between the
lone pairs corrugates the structure so that the distance between op-
posite lone pairs in the triangular void is maximized, as it has been
shown in previous works [2,3,29]. To verify this, we initially performed
structural optimization with the atoms constrained in the plane. This
resulted in highly imaginary phonon frequencies at zone center for
modes involving out-of-plane displacements, indicating a dynamical
instability in the planar structures. Following the approach of Ref. [3],
we lifted the constraint, allowing the atoms to move out of plane,
and conducted full structural optimization for the 1 × 1, 2 × 2, and
√

3 ×
√

3𝑅30◦ supercells. We found that the most stable configuration
adopts a

√

3 ×
√

3𝑅30◦ supercell and is strongly corrugated (see Fig. 1(b)
and (d)). The resulting structures exhibit real phonon frequencies,
indicating the stability of the optimized configurations.

After structural optimization, the lattice constant is found to be
7.98Å for s-triazine g-C N , and 11.8Å for tri-s-triazine g-C N with the
3 4 3 4
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Fig. 3. Comparison between DFT and 𝐺0𝑊0 electronic band structure of (a) s-triazine
and (b) tri-s-triazine g-C3N4.

angle 𝛾 between the in-plane lattice vectors of 120◦ in agreement with
previous literature [2,3]. The structures obtained have a layer thickness
𝑑𝑧 = 1.982Å for the s-triazine g-C3N4 and 𝑑𝑧 = 2.388Å for the tri-
s-triazine case. Notice that the lattice constants of the

√

3 ×
√

3𝑅30◦

unit cell for the flat and dynamically unstable structures are 8.27Å
and 12.33Å for s-triazine and tri-s-triazine g-C3N4 respectively, meaning
that corrugation shortens the in-plane distances between atoms.

By inspecting Fig. 2(a) and (b) it is clear that corrugation drastically
changes the electronic and optical properties of both polytypes of g-
C3N4. The corrugation not only opens the electronic gap but also, by
distorting the planar structure, changes the symmetry of the bands, so
that the top valence acquires also a 𝜋 character of nitrogen. At the
same time, the bottom conduction is now a hybridization of 𝜎 and 𝜋
symmetry of both types of atoms involved.

In Fig. 3 the DFT electronic band structure with the 𝐺0𝑊0 correc-
tions is reported for both polytypes. As can be seen, both polytypes are
direct gap semiconductors with the gap at the 𝛤 point, in contrast to
what Ref. [3] obtained; the discrepancy is probably due to a different
level of corrugation of the structure. At the DFT level, the electronic
gap is found to be 2.09 eV for s-triazine and 2.07 eV for tri-s-triazine
g-C3N4. Furthermore, we can see the presence of the highly flat bands
coming from the strong localization of the lone pairs, with effective
masses 𝑚∗ that range from 𝑚∗ = 1.78𝑚𝑒 for the most dispersive bands
to 𝑚∗ > 30𝑚𝑒 for the flatter bands in tri-s-triazine g-C3N4 (with 𝑚𝑒 we
indicate the free electron mass).

However, while DFT is a widely used method for calculating ground-
state properties, it can fail in the description of the electronic excited
properties. To obtain more accurate and physically meaningful results,
we go beyond DFT and employ the GW approximation for calculating
the electronic band structure, and the BSE for the determination of
neutral excitations and optical properties.

The many-body corrections open the DFT gap to 4.33 eV for s-
triazine (Fig. 3(a)) and 4.75 eV for tri-s-triazine (Fig. 3(b)). Moreover,
the GW corrections are not a rigid shift of the conduction band (scissor
operator implemented in YAMBO), thus also changing the electronic
dispersion with respect to the DFT one, especially for the valence band.

3.2. Optical absorption

The quasiparticle energies computed in the 𝐺0𝑊0 approximation
have then been employed in the optical absorption calculation of both
polytypes via the state-of-the-art Bethe–Salpeter equation. Our results,
for light with polarization parallel to the planar structure, are reported
in Fig. 4(a) and (b) (solid green line). Both structures display a complex
optical spectrum characterized by several features that spread up to
more than 2 eV below the QP gap indicating the presence of strong
excitonic effects. However, before analyzing in detail their nature, it is
instructive to look at the optical spectra of the corresponding ideal flat
structure [violet dotted line in Fig. 4(a) and (b)] in order to disentangle
the effect of the corrugation on the optical properties of these systems.

Both spectra are characterized by a single dominant peak located
at 4.5 eV for s-triazine and 4.0 eV for tri-s-triazine flat structures,
3 
Table 1
Excitation energy and binding energy of the analyzed excitons for both polytypes.

𝐻1 𝐻2 𝐻3 𝐻4 𝐻5

s-triazine g-C3N4
energy [eV] 2.79 3.06 3.32
binding energy [eV] 2.00 2.14 1.88

tri-s-triazine g-C3N4
energy [eV] 2.61 2.99 3.55 4.07 4.09
binding energy [eV] 2.57 2.42 1.95 1.13 1.30

together with a large multitude of lower energy dark excitons involving
in-plane dipole forbidden 𝜎 → 𝜋 transitions around the QP gap at 𝛤 .
The dominant peaks, on the other hand, originate from dipole optical
active 𝜋 → 𝜋 transitions around the 𝐾 (𝐾 ′) valley of the 1 × 1 Brillouin
zone (BZ) [see violet line in Fig. 1(c)] that result in the formation of
a resonant exciton in s-triazine and a bound exciton in tri-s-triazine.
Interestingly, the energy and the character of these excitations are very
similar to their intervalley counterpart at wave vector 𝐪 = 𝐾 involving
𝐾 → 𝐾 ′ transitions. This is a feature common to other materials with
hexagonal lattice structures, such as boron nitrides (h-BN) [30,31] and
transition metal dichalcogenides (TMDs) [32], and it is preserved in the
buckled structure. As a matter of fact, in the

√

3 ×
√

3𝑅30◦ supercell,
both direct and intervalley excitons are folded at the 𝛤 point of the
√

3 ×
√

3𝑅30◦ BZ [see green region in Fig. 1(c)] and become both optical
active in the presence of corrugation. This is the origin of the states
𝐻4 and 𝐻5 in the spectrum of tri-s-triazine which are responsible for
the largest peak. It is blue-shifted of about 0.1 eV with respect to the
corresponding feature in the flat structure as a consequence of the band
gap opening induced by the corrugation. A similar behavior is found
for the resonant exciton of s-triazine which is pushed above 5 eV (not
shown).

Most importantly, the effect of the corrugation is to modify the
hybridization of the highest occupied states that acquire a small amount
of 𝜋 component making optical active several excitons that were dark
in the flat structures. From the analysis of the excitonic amplitudes,
which define the weight of the different electron–hole pairs that build
a given excitonic state, we can ascribe these excitations to transitions
from the valence band dominated by the lone pair states to the first
two conduction bands with 𝜋 character.

In particular, in the case of s-triazine, the excitons 𝐻1 and 𝐻3 in-
volve electron–hole pairs belonging to top-valence and bottom-
conduction bands localized around the 𝛤 and the 𝐾 points, respec-
tively. The exciton 𝐻2, on the other hand, is associated to transitions
between the top-valence band and the second conduction band around
𝛤 . In the case of tri-s-triazine, the electron–hole pairs are mainly
localized around the 𝛤 point for the 𝐻1 and 𝐻4 excitons and around
the 𝑀 point for 𝐻2. Moreover, while for s-triazine all these excitations
are dominated by transitions between well defined pairs of bands, for
tri-s-triazine they involve several bands in an energy window of 0.2 eV
and 0.3 eV for the valence and conduction bands respectively. This
multiband character of the tri-s-triazine excitons arising from a denser
distribution of valence bands causes a significant enhancement of the
excitonic effect as can be inferred from Table 1, where we compare the
exciton and exciton binding energies [33] in the two polytypes.

Overall, in both systems the excitons display huge binding energies
ranging between 2.57 eV and 1.30 eV which are larger than in other
2D semiconductors. This is related to the interplay of two cooperative
effects: (𝑖) the suppression of the long-range screening in 2D semicon-
ductors that ensures a strong attractive electron–hole interaction [8];
(𝑖𝑖) the presence of weakly dispersive electronic bands that allows for
coherent electron–hole pairs superpositions over a wide region of the
BZ with negligible kinetic energy cost.

In the case of s-triazine g-C3N4, the first bright exciton 𝐻1 is at 2.79
eV with a binding energy of 2.00 eV and leads to an optical gap in
good agreement with the experimental values [34]. The optical gap of
tri-s-triazine, set by the 𝐻1 exciton at 2.61 eV with a binding energy of
2.57 eV, is also in line with the experimental value of 2.7 eV [35,36]
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Fig. 4. (a) s-triazine and (b) tri-s-triazine optical absorption spectrum in the presence (green) and without (violet) corrugation. The vertical line represents the buckled structures’
quasiparticle (QP) gap. Buckled (c) s-triazine and (d) tri-s-triazine relative transitions. The letters at the right of each arrow label the transition associated with each exciton. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
Fig. 5. Electronic charge distribution |𝛹𝜆(𝐫𝐡, 𝐫𝐞)|2 for a fixed position of the hole
(slightly above a 𝑁 atom and represented by a yellow star) for the exciton state 𝐻1
for (a) s-triazine and (b) tri-s-triazine g-C3N4.

and previous calculations [29]. Unlike the case of the first polytype, the
optical gap of tri-s-triazine g-C3N4 does not correspond to the lowest-
energy solution of the BSE. Indeed, two degenerate dark excitons are
present at lower energy (2.55 eV). The dark states are dipole-forbidden
and therefore offer an alternative route for nonradiative decay of
optical excitations, potentially impacting the luminescence yield [1].

The large binding energies of the 𝐻1 excitons suggests that these
states are spatially localized. This is confirmed by the plot in Fig. 5,
where we report the electronic charge distributions of the 𝐻1 excitons
for both polytypes with the hole position fixed slightly above a 𝑁 atom
(yellow star). The excited electrons are delocalized on both the C and
𝑁 atoms surrounding the hole and remain confined inside the unit cell,
highlighting the Frenkel character of these excitations.

It is worth noting that, while for the tri-s-triazine the lowest excited
state is the one with the highest binding energy, for s-triazine, the
𝐻1 exciton is characterized by a binding energy smaller than the
𝐻2 state. This behavior can be traced back to the dispersion of the
conduction bands involved in the 𝐻2 exciton that display a positive
concavity similar to the valence bands. As a consequence, the valence
and conduction bands are nearly parallel in a wide region of the BZ
allowing for a strong mixing of independent electron–hole transitions
at different wave vectors without increasing the exciton kinetic term.
4 
3.3. Excitonic dispersion

The analysis carried out so far has shown how the low energy
region of the optical spectrum of both polytypes is dominated by strong
localized excitons associated with transitions between lone pairs and 𝜋
states. The strong 𝜎 character of the lone pair states results in a small
exciton dipole moment and thus in a long radiative lifetime that, as
pointed out in Ref. [3], is of the order of hundreds of ns. This makes
these systems particularly attractive for exciton control when properly
engineered in heterojunctions in order to favor exciton dissociation.
However, besides the long radiative lifetime, key properties for exciton
control are the exciton mobility, which is linked to the exciton mass,
and the exciton group velocity. All these quantities can be extracted
from the exciton dispersion relation which can be directly probed in
electron energy loss spectroscopy (EELS) and inelastic X ray scattering
experiments.

From the structure of the excitonic Hamiltonian [19] the energy
of a singlet exciton in a quantum state 𝜆 and wave vector 𝐪 can be
written as the sum of three contributions [37–42]: 𝐸𝑠

𝜆(𝐪) = 𝜆(𝐪) +
𝜆(𝐪) + 𝜆(𝐪). Here  and  arise from the direct and the exchange
electron–hole interaction, respectively, while  is the kinetic term,
which is directly related to the electronic band structure. Indeed it is
given by the energy of the independent electron–hole pairs weighted
by the excitonic amplitudes: 𝜆(𝐪) =

∑

𝑣𝑐𝐤[𝜖𝑐 (𝐤 + 𝐪) − 𝜖𝑣(𝐤)]|𝐴𝑣𝑐𝐤
𝜆 (𝐪)|2

In general, since the 𝐪 dependence of  is related to the over-
lap integral between electronic wavefunctions localized on different
units [37,38,40], its contribution to the exciton dispersion is always
weaker than  and , which are related to the hopping scattering
processes of the independent electron–hole pairs and the dipole–dipole
interaction, respectively [38,40,42]. In particular, in standard 2D semi-
conductors the exchange electron–hole interaction at small 𝐪 is charac-
terized by a linear dispersion relation 𝜆(𝐪) ≈ 2𝜋(𝝁𝜆 ⋅ 𝐪̂)2|𝐪|[37,43] set
by the projection of the exciton dipole matrix element 𝝁𝜆 along the 𝐪
direction. The kinetic term, on the other hand, reflects the electronic
band dispersion and thus involves higher order contributions in 𝐪. For
example, in a two band system in the effective mass approximation
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Fig. 6. s-triazine g-C3N4 (a) loss function for different values of transferred momentum along the direction 𝛤 −𝑀 starting from 𝐪 → 0 (dark blue) to 𝐪 = 𝑀 (light green). Following
the work of Ref. [37], the spectra are multiplied by 𝑞2 for clarity. (b) 𝐻1, (c) 𝐻2, and (d) 𝐻3 singlet (full dots) and triplet (empty dots) exciton dispersion in the direction
𝐾 −𝛤 −𝑀 . In (b), (c), and (d) we plot 𝐸𝑠(𝐪) −𝐸𝑠(𝐪 = 0) and 𝐸𝑡(𝐪) −𝐸𝑡(𝐪 = 0). (For interpretation of the references to color in this figure legend, the reader is referred to the web
version of this article.)
we have the simple relation (𝐪) − (0) = |𝐪|2
2(𝑚ℎ+𝑚𝑒)

, 𝑚ℎ and 𝑚𝑒
being the hole and electron effective mass, respectively [42]. As a
consequence, we can identify two regimes in the exciton dispersion: (𝑖)
small wave vectors, where the dispersion is linear and is governed by
the exchange electron–hole interaction; (𝑖𝑖) large wave vectors, where
the dispersion is not linear and it is mainly governed by the kinetic
term and eventually  . The crossover between the two regimes is set
by the strength of the exciton dipole and the dispersion of the electronic
bands. In particular, the more the exciton is localized as a consequence
of the presence of weakly dispersive electronic bands (this is what
one expects for a 2D Frenkel-like excitons) the larger the linear region
in the BZ. For triplet excitons the dispersion is given by the relation
𝐸𝑡
𝜆(𝐪) = 𝜆(𝐪) + 𝜆(𝐪) due to the lack of the exchange electron–hole

interaction and thus it is dominated by the kinetic term.
In Fig. 6(a) we report the electron energy loss function of s-triazine

evaluated at different 𝐪 along the 𝛤 𝑀 direction. The three features
display a positive dispersion for 𝐪 → 0. However, while for the first
peak associated with the 𝐻1 exciton, the positive dispersion extends
up to the boundary of the BZ, for the higher energy peaks associated
with the 𝐻2 and 𝐻3 excitons the dispersion flattens at larger 𝐪 and then
inverts its slope. To gain further insight into the behavior of the loss
function, we compare in Fig. 6(b), (c), and (d) the dispersion of the
excitons 𝐻1, 𝐻2, and 𝐻3 with the dispersion of corresponding states
in the triplet channel that, at the 𝛤 point, are located at 2.55 eV,
2.64 eV, and 3.10 eV respectively. Moreover, for each curve, the origin
of the energy axis has been fixed at 0 at the 𝛤 point. As expected, all
the singlet states display a linear dispersion for 𝐪 → 0 with a slope
that progressively increases from the exciton 𝐻1 to the exciton 𝐻3
consistently with the behavior of exciton dipole moment that sets the
exciton oscillator strength in the spectra. Then, for larger 𝐪, they follow
approximately the behavior of the corresponding triplet states that is
dominated by the kinetic term. It is important to note that, despite
the strong spatial localization of these states, the linear regime of the
exciton dispersion is restricted to a small region around 𝛤 . This is a
consequence of the small exciton dipole moments associated with the
transitions between the lone pairs and the 𝜋 states.

In Fig. 7(a) we show the loss function of tri-s-triazine. The dominant
peak associated with the 𝐻5 exciton involving 𝜋 → 𝜋 transitions
displays a strong positive dispersion characterized by a bandwidth of
0.42 eV. The comparison with the behavior of the corresponding triplet
state located 0.2 eV below the 𝐻5 peak [see Fig. 7(c)] clearly shows
how the dispersion of this excitation is completely determined by the
exchange electron–hole interaction, as expected for localized Frenkel
excitons. In particular, the exciton group velocity at 𝛤 is 0.38 nm/fs,
5 
which is more than two times larger than in other 2D semiconductors
such as MoS2[14], hosting more delocalized Wannier-like excitons. This
is a direct consequence of the large exciton dipole moment related
to the spatial localization, which ensures a strong overlap between
electron and hole states, as well as to the dominant 𝜋 character of both
valence and conduction states that enhances the oscillator strength of
the independent electron–hole pairs that build the exciton. In addition,
due to the weak dispersion of the electronic bands, the kinetic term
does not remarkably affect the linear dispersion of the singlet exciton,
which is preserved over a wide region of the BZ. The situation is quite
different for the other features at 3.50 eV that, being related to the lone
pairs, are characterized by a small exciton dipole moment and display
a weak positive dispersion in analogy with the other polytype.

More complex is the behavior of the low energy region of the
spectrum between 2.50 eV and 3.25 eV [see inset in Fig. 7(a)]. Here,
higher order terms in the multipole expansion of the oscillator strength
activate dipole forbidden transitions as 𝐪 increases, leading to the
appearance of two additional features at 2.71 eV, above the 𝐻1 exciton
and 2.90 eV, below the 𝐻2 exciton, respectively. Having zero exciton
dipole moment, their behavior as a function of 𝐪 is mainly set by the
 and  terms and results almost non-dispersive.

Interestingly, despite the presence of the exchange electron–hole
interaction, the 𝐻1 exciton, which defines the onset of the spectrum,
displays a weak negative dispersion, linear for 𝐪 → 0. As can be
understood from Fig. 7(b), this behavior is induced by the kinetic
term that, contrary to what one might expect in the effective mass
approximation, does not reflect the dispersion of the electronic band
structure but is characterized by a linear dispersion with negative
slope. Due to the small exciton dipole moment, the exchange electron–
hole interaction only attenuates the effect of the kinetic term without
changing the slope of the energy curve. The unusual behavior of (𝐪)
arises from the fact that, as 𝐪 increases, the strength of the excitonic
amplitude is progressively transferred to lower energy electron–hole
pairs. Thus, it is a pure excitonic effect related to the multiband nature
of the tri-s-triazine excitons that cannot be explained in terms of the
electronic band structure alone.

It is important to note that this effect is essentially absent in the
triplet channel [green lines in Fig. 7(b)] where the kinetic term follows
the typical parabolic dispersion dictated by the electronic bands. This
indicates that the different behavior of the excitonic amplitude for
the singlet exciton must be ascribed to the exchange electron–hole
interaction which is the only contribution absent in the triplet channel.
As a matter of fact, in the optical limit, the exchange electron–hole
contribution to the excitonic Hamiltonian is proportional to the dipole
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Fig. 7. tri-s-triazine g-C3N4 (a) loss function for different values of transferred momentum along the direction 𝛤 − 𝑀 starting from 𝐪 → 0 (dark blue) to 𝐪 = 𝑀 (light green).
Following the work of Ref. [37], the spectra are multiplied by 𝑞2 for clarity. (b) 𝐻1 singlet (full purple dots) and triplet (full green dots) exciton dispersion, together with the
kinetic terms calculated using the singlet (empty purple dots) and triplet (empty green dots) excitonic amplitudes, and (c) 𝐻5 singlet (full dots) and triplet (empty dots) exciton
dispersion in the direction 𝐾 − 𝛤 −𝑀 . In (b) and (c) we plot 𝐸𝑠(𝐪) − 𝐸𝑠(𝐪 = 0) and 𝐸𝑡(𝐪) − 𝐸𝑡(𝐪 = 0) and the same for the kinetic terms. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)
matrix elements between occupied and empty states. In the present
case, due to the dominant 𝜋 character of the conduction bands, only
hole states with non-negligible 𝜋 character are involved in exchange
electron–hole scattering processes. From Fig. 2(b) we can see that these
states are localized in energy close to the top of the valence band so
that the final effect of the exchange electron–hole interaction in the
formation of the excitonic state is to foster the mixing of electron–hole
pairs with lower energy close to the QP gap. At 𝐪 = 0 the long-range
part of the exchange electron–hole interaction is zero but it increases
linearly with |𝐪| resulting in a progressive transfer of the strength of
the excitonic amplitude to lower energy electron–hole pairs.

3.4. Exciton velocities and unconventional exciton propagation

Starting from the exciton dispersion we can evaluate the exciton
group velocities for the lowest excited states below 3.3 eV which are
directly coupled with the visible light. We find that in this region of
the absorption spectrum the exciton group velocities are two orders
of magnitude smaller than in other 2D semiconductors such as TMDs
and phosphorene [14] ranging between 0.01 nm/fs and 0.04 nm/fs for
both polytypes. This leads to a small exciton mobility and diffusion
coefficient that could be detrimental for practical applications in elec-
trocatalytic cells. From the analysis of the dispersion of these excitons
associated with transitions between lone pairs and empty 𝜋 states, we
can ascribe the extremely small exciton group velocity to two basic
peculiarities of these materials: the strong localization of the lone pairs
that give rise to weakly dispersive electronic bands and their strong 𝜎
character that results in a small exciton dipole moment, being 𝜎 → 𝜋
transitions dipole forbidden.

Nevertheless, it is important to note that, due to the weak exciton
dispersion, exciton diffusion in these materials could be more complex
than what one expects in the simple coherent exciton wave packet
picture [14] where the diffusion coefficient is set by the exciton–
phonon scattering rate and the exciton group velocity [44]. Indeed,
the exciton bandwidth for the 𝐻1 exciton that sets the optical gap in
both systems is 40 meV in s-triazine and 20 meV in tri-s-triazine. In
both cases it is of the same order or smaller than the typical optical
phonon frequencies of these materials ranging between 12 meV and
62 meV. This means that the time scale for the inter site hopping
scattering processes of the exciton is longer than the characteristic
period of a lattice vibration. Under these conditions the coupling to
lattice vibrations could induce exciton self-trapping [45,46] so that the
exciton does not propagate like a wave packet with a well defined
group velocity but rather like an incoherent local excited state dressed
by a lattice deformation that hops from one crystal unit to another [44].
6 
4. Conclusions

In this work, we provide a comprehensive description of the op-
tical absorption and finite-momentum energy loss function for both
s-triazine and tri-s-triazine structures. Our findings highlight the role
of localized nitrogen lone pairs in producing remarkably flat excitonic
bands with velocities that are two orders of magnitudes smaller than
the typical one in 2D materials. The flatness of the exciton dispersion
is accompanied by several peculiar behaviors, such as negative dispers-
ing excitons in tri-s-triazine. Our results point to a non-conventional
exciton propagation strongly dressed by lattice deformations, a unique
feature of g-C3N4.
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