UCLA
UCLA Previously Published Works

Title
Challenges in calculating the bandgap of triazine-based carbon nitride structures

Permalink
https://escholarship.org/uc/item/4885h78d

Journal
Journal of Materials Chemistry A, 5(10)

ISSN
2050-7488

Authors

Steinmann, Stephan N
Melissen, Sigismund TAG
Le Bahers, Tangui

Publication Date
2017

DOI
10.1039/c6ta08939a

Peer reviewed

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/4885h78q
https://escholarship.org/uc/item/4885h78q#author
https://escholarship.org
http://www.cdlib.org/

CREATED USING THE RSC LaTeX PCCP ARTICLE TEMPLATE - SEE www.rsc.org/electronicfiles FOR DETAILS

ARTICLETYPE

WWW. 15C.org/xxxxxx | XXXXXXXX

Challenges in Calculating the Bandgap of Triazine-Based

Carbon Nitride Structures’

Stephan N. Steinmann,* Sigismund T.A.G. Melissen, ™, Tangui Le Bahers and Philippe Sautet]

Received 30th May 2016, Accepted Xth XXXXXXXXX 20XX
First published on the web Xth XXXXXXXXXX 200X
DOI: 10.1039/b000000x

Graphitic carbon nitrides form a popular family of materials, particularly as photoharvesters in photocatalytic water splitting cells.
Recently, relatively ordered g-C3N4 and g-C¢NoHj3 were characterized by X-Ray diffraction and their ability to photogenerate
excitons was subsequently estimated using Density Functional Theory. In this study, the ability of triazine-based g-C3Ny4 and
g-CsNoHj3 to photogenerate excitons was studied using self-consistent GW computations followed by solving the Bethe-Salpeter
Equation (BSE). We will use the prefix “gt-" to refer to these graphitic, friazine-based structures. In particular, monolayers,
bilayers and 3D-periodic systems were characterized. The predicted optical band gaps are in the order of 1 eV higher than the
experimentally measured ones, which is explained by a combination of shortcomings in the adopted model, small defects in the
experimentally obtained structure and the particular nature of the experimental determination of the band gap.

1 Introduction

The first representatives of the graphitic carbon nitrides (CN)
based family were synthesized in the 1990s.'? They have a
graphite-based structure made of 2D CN covalent layers with
the general formula of g-CxNyH, held together by Van der
Waals interactions. Hence, just like graphite, CNs can be
exfoliated to produce nano-materials.>* Their applications’
have benefited from the large and recent development of the
graphite and graphene fields of research. Now, CN materi-
als are investigated for applications in scientific and techno-
logical areas including supercapacitors,®’ catalysis,? photo-
catalysis 12 and bio-imaging.!? For example considerable
catalytic activity for Friedel-Crafts (FC)'* and FC-type ! re-
actions — avoiding the waste products created with the com-
monly used !¢ FC catalyst AICl3 — were reported. Due to the
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optical gap of about 2.7 eV, the use of CNs in photocatalysis
and more precisely in water splitting is probably the most in-
vestigated application. ' From an electronic point of view, the
properties of CNs are intermediate between polymeric and in-
organic semiconductors.

These characteristics and promising applications explain the
large interest of the community for these materials but also
the challenges encoutered in their development and their un-
derstanding. Quantum chemistry, in particular Density Func-
tional Theory (DFT),!” appears to be a powerful tool to sup-
port experimentalists in the understanding of these materi-
als. 1329 Unfortunately, also from the quantum mechanical
point of view, CN-based materials are challenging systems
that push DFT to its limits. First of all, the experimental
characterization is often insufficient to build atomistic models.
Additionally, capturing the dispersion interactions accurately
is challenging and, last but not least, DFT has the tendency
to overly delocalize the exciton.?"?? In this manuscript, the
focus will be on the computation of the band gap of the ma-
terials. The localized nature of the exciton implies a strong
electron-hole interaction, which in turn makes calculating the
optical band gap by the difference in energy between the bot-
tom of the conduction band and the top of the valence band
(denoted E ;l for electronic band gap) inaccurate.?? Instead,
the exciton binding energy (denoted Ejp) needs to be included
even for qualitative discussions. The following equation, in-
cluding the experimentally more accessible optical band gap
Eg”, summarizes the most important quantities: *

EJ" =EJ' —E, (1)
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where the superscript “el” is in reference to the “electronic”
band gap (sometimes referred to as the “transport” or “funda-
mental” gap). Previous studies determined the order of mag-
nitude of the exciton binding energy based on the hydrogenic
Wannier-Mott (WM) model? or applying GoW, - BSE to
planar CN layers. ¢ Unfortunately, both of these studies have
their shortcomings: the WM model assumes a delocalized ex-
citon. The layers of many CNs are, on the other hand, not
planar but highly corrugated due to nitrogen lone pair repul-
sions.?> Assuming the 2D WM model, we previously obtained
exciton radii of 2.9 and 1.2 A for gt-C3Ny and gt-C¢NoHs, re-
spectively,? which puts into question the applicability of the
‘WM model. Therefore, we aim herein to combine the best of
the two previous studies, i.e., the good structural model > with
the first-principles approach to exciton binding energies.

In this paper, the photophysical properties of g#-C¢NoH3 and
gt-C3Ny are revisited, applying state of the art GW-Bethe-
Salpeter Equations (BSE)?’ computations. Unlike DFT, GW
is a first principles many body approach to electron correla-
tion, designed to accurately describe the quasi-particle states
and thus the fundamental gap.?®?* GW has been shown to
be reliable for condensed phase systems.3? The exciton bind-
ing energy is, subsequently, obtained from the solution of the
BSE, which was found to be reliable even for molecules,!
which is relevant for the type of material discussed here. Ad-
ditionally, the hypothetical, perfectly flat gr-C3Ny structure
described in ref. 32 is studied using the same methodology,
as well as one and two-layer (1L, 2L) slabs to study the in-
fluence of corrugation and exfoliation on the photophysical
properties. The three bulk systems studied exhibit A-B-A-B
stacking, with gt-C¢NoH3 and flat gr-C3Ny4 featuring a hexag-
onal crystal system (space groups P6m2 and P63/mcm respec-
tively) and corrugated g7-C3Ny featuring a trigonal crystal sys-
tem (space group P3cl).

GW yields an accurate description of E f,l whereas the solution
of the BSE yields Eg"”". In addition to these periodic compu-
tations, several molecular computations, including Time De-
pendent DFT (TD-DFT), were performed to study to what ex-
tent the excited state properties of the CNs studied here can
be traced back to the particular nature of their monomers (see
Fig. 1).

2 Computational Details

All newly studied structures were optimized using the CRYS-
TAL14 quantum chemical suite following the protocol out-
lined earlier,>>3 in particular employing the HSE06 func-
tional,>* a 6-31G(d,p) basis set and a 7x7x3 K-point sam-
pling for the bulk and a 7x7x1 K-point sampling for the
mono-— and bilayers.* Grimme’s D2 dispersion correction 3
was used with a scaling factor sg of 0.4, to accurately describe

NH, NH, NH,
LA L
N HNT N7 NH, - HAN TN NN TN,
triazine melamine melam

NH,
S T
[ XX
N"N H,N7 N7 N7 NH,
heptazine melem

Fig. 1 Organic model molecules serving as a basis for comparison
between BSE GW and well established equivalent methods for
organic molecules.

the interlayer interactions.3” For the one and two layer struc-
tures the unit cell parameters were kept constant to that of the
bulk.

This protocol, and the minor constraint on the 1L and 2L ge-
ometries, allow a direct comparison between different struc-
tures and to the results obtained in Ref. 25, while only intro-
ducing a negligible uncertainty in the present context of ad-
vanced electronic structure descriptions.

Electronic structure computations (DFT, GW, BSE) were per-
formed using the Projector Augmented-Wave (PAW) method
in the Vienna Ab Initio Simulation Package (VASP) 5.3
code,?® using the pseudopotentials for GW date-marked
28sep2005 (C), 10Apr2007 (N) and 21Apr2008 (H).
Both the pure Generalized Gradient Approximation (GGA)
functional PBE3® as well as the HSE063* functional were
used to compare the fundamental gaps from DFT to scGW.
GW-computations such as those detailed here can be per-
formed on different levels of self-consistency. The entire class
of computations will simply be referred to as “GW.” “One-shot
GW” will be referred to as GyW. Partially self-consistent
GW, is reported and self-consistent quasi-particle GW, 240
in which the eigenvalues and the one electron orbitals are up-
dated for G and W, will be referred to as scGW. All periodic
computations include ladder diagrams and vertex corrections
based on the inclusion of the non-local exchange-correlation
kernel as proposed and implemented in VASP by Shishkin
et al.2? However, the molecular computations were not com-
patible with this option and hence only include the response-
kernel at the level of the direct random phase approximation.
Tests on the periodic systems showed that this simplification
does not introduce significant changes for the systems un-
der investigation. The full energy dependence of the dielec-
tric function is taken into account (i.e., we do not apply the
plasmon-pole approximation), as introduced by Faleev*! and
implemented in VASP by Kresse et al.*> The BSE compu-
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tations are based on the corresponding GW computation and
carried out in the Tamm-Dancoff approximation as discussed
in ref. 43. All GW computations reported herein start from
HSEOQ6 orbitals, which have proved to be more valuable for
semiconductors than semi-local (GGA) functionals. 18-25-2944
It must be noted that whereas the WM model naturally in-
cludes the vibrational contribution to the dielectric constant, a
GW computation does not. In terms of experiments to mea-
sure the band gap, the WM results should reproduce a Iumi-
nescence experiment, whereas a GW should reproduce the
band gap as obtained from a UV/Vis diffuse reflectance ab-
sorption experiment. In cases of ambiguity, the superscripts v
and nv will be added to specifically refer to WM results that
include (v) and exclude (nv) the vibrational contribution.

Our tests showed that the band gaps converged with relatively
few bands involved in the GW computations, while the en-
tire spectra requires more sophisticated schemes (cf. Fig. S4,
SI).* The precise number of bands included for the DFT and
subsequent GW computations are given in the SI, where ad-
ditional tests are shown to indicate reasonable convergence
(about 0.05 eV). The regular plane wave cut-off energy was
set to default (400 eV) and the GW cut-off energy was set to
100 eV, except for the flat 3D-g#-C3Ny, for which a 150 eV
cut-off was required, as documented in the SI. Three K-points
were used in each periodic direction, i.e, 3x3x 1 for mono—
and bilayers and 3 x3x3 for bulk systems. For the unphysical
flat systems, 5 K-points in each periodic direction proved to
be necessary to ensure convergence (see SI). Gaussian smear-
ing#® with o = 0.01 eV was used. The electronic convergence
criterion for the DFT computations to initialize GW was set
to 107 eV. 8 A of vacuum were added to the 2D periodic sys-
tems. To calculate the optical band gap E gp " a BSE computa-
tion was performed’ including as many orbitals as necessary
to converge the results to about 0.05 eV. The precise number
of included orbitals is given in Table S1 of the SI.

Molecular computations at the B2PLYP*® and Equa-
tion Of Motion — Coupled Cluster Singles and Doubles
(EOM-CCSD)* level of theory are performed with the
ORCA package,”® employing the def2-TZVP3! and cc-
pVDZ>? basis sets, respectively.

3 Results and Discussion

3.1 Geometry Optimizations

The optimized structures had in-plane lattice constants of 8.56
A for gt-CeNoH3, 7.96 A for corrugated gt-C3Ny and 4.74 A
for flat g7-C3Ny4. To compare the values for the corrugated and
flat gr-C3Ny, the latter value needs to be multiplied by /3 to
account for the different unit cell orientations, which yields
8.21 A. This is larger than the lattice constant for the corru-
gated system, since the corrugation naturally contracts the lat-

tice parameter.

Upon imposing planarity in gf-C3Ny, the interlayer distance
decreases from 3.38 to 3.11 A. The g1-C¢NoHj3 interlayer dis-
tance is equal to 3.26 A, already obtained in our earlier pub-
lication.?> Overall, these values are in good agreement with
earlier reports, 23334

3.2 Assessment of the GW Protocol

GW and BSE computations in plane-wave codes requires the
selection of technical parameters in order to balance compu-
tational cost and accuracy. Furthermore, the required settings
and expected accuracy depend on the system and properties
studied. Here, we are interested in two quantities: the funda-
mental band gap, as obtained from GW and the lowest ex-
citation energy from solving the BSE. We converged these
quantities to a precision of about 0.05 eV with respect to the
K-point sampling, the energy cut-off for the response func-
tion, the number of bands included and the number of occu-
pied and unoccupied orbitals in the BSE. Overall, we found
that these gaps are relatively easy to converge (see computa-
tional details and tables in the SI for applied settings). This
can be rationalized considering that they are dominated by the
splitting between the valence and conduction band. We note
in passing, that applying the present protocol to flat gr-C3Ny
and orbitals generated by PBE, leads to very similar results
as the ones obtained by Wei and Jacob, although they used
a slightly different setup based on orbitals from the local den-
sity approximation. >® In order to assess the quality of GW and
BSE@GW for the systems of interest herein, we have inves-
tigated the fundamental gap of related small molecules (see
Fig. 2) for which reliable ab initio data is more accessible. Of
course, a molecular system might be more or less sensitive
to a given approximation than a solid. However, given that
the GW and BSE implementation and numerical settings are
tuned for solids, we expect that the accuracy for the molecules
could be further improved. For molecules, we compare the
fundamental gap to the “integer gap”, which is computed as
EMM)+E(M™)-2xE(M), i.e., by doing self-consistent com-
putations for the anion, cation and neutral molecule.? This is
also the approach taken in a recent GW benchmark study for
ionization energies. >

The scGW gaps show the same trends as the integer gaps ob-
tained with a reliable double hybrid functional B2PLYP*3-3
(see Fig. 2), justifying the chosen approach. However, the
scGW gaps are consistently lower than the DFT gaps, which
could be due to a lack of state specific (cation, anion) re-
laxation of the electronic structure in GW. Compared with
the available assessments in the literature,>7 the accuracy
of GW for molecules is, in general, higher than what is re-
ported herein. On the one hand, these comparisons have only
considered the ionization energy and not the fundamental gap

This journal is © The Royal Society of Chemistry [year]
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and on the other hand our "benchmark" level (B2PLYP) might
yield non-negligible errors for the charged radicals. The sec-
ond quantity assessed is the lowest electronic excitation. Here,
we use EOM-CCSD in a small basis set as the benchmark
value and present TD-B2PLYP® in a large basis set. Figure
S3 also presents data for TD-B2PLYP in the small basis set
and BSE@GW computations with more accurate numerical
settings. The comparison of EOM-CCSD and TD-B2PLYP in
the small basis set demonstrates that TD-B2PLYP describes
these excitations very well. Furthermore, in agreement with
previous studies,> the basis set dependence of these exci-
tations is limited. The BSE results are in rough agreement
with EOM-CCSD. However, the relationship is not linear,
with a “flattening” observed for the higher energy absorptions:
while going from melem to melamine increases the absorp-
tion energy by 1.5 eV according to EOM-CCSD, BSE@GW
gives almost constant absorptions, with discrepancies larger
for melem than for melamine. The accuracy of BSE@GW
found herein is somewhat less convincing than what is re-
ported in the literature for molecules. 3190 Note, however, that
the molecules selected for this paper have rather high excita-
tion energies compared to those studied for the benchmark by
Jacquemin and co-workers. 3!

Taken the trends for fundamental gap (underestimated) and
optical gap (overestimated) together, the molecular compu-
tations indicate that GW and BSE@GW might lead to ex-
citon binding energies which are rather low. Nevertheless,
the above assessment gives credence to the predictive power
of BSE@QGW compared to more approximate methods like
HSEO06 eigenvalues and TD-DFT.

3.3 GW Results for 2D and 3D Systems

In this subsection we discuss the physical content of the results
presented, while the next subsection puts them into perspec-
tive with earlier computations based on the WM model >33
and experimental measurements. !%3% The present discussion
focuses on the scGW data, which we consider the most reli-
able. Nevertheless, we also comment on the “stability” of the
observed trends as a function of the theoretical method. Note
that all systems investigated have direct gaps at the I"-point,
except for 3D-gr-CgNoH3, which features a direct gap best
described as 1/31/30 — 1/31/30 and 1L and 2L corrugated
g1-C3Ny, that have slightly irregular transitions best described
as 1o 1o — 00. An overview of the results is given in Fig.
3. Focusing first on the bulk properties, we observe a signifi-
cant reduction of the fundamental (-1.5 eV) and optical (-0.9
eV) gap upon increasing the polymerization degree from gt-
CeNoH3 to gr-C3Ny. Since E ;l decreases more significantly
than E g” !, Ej decreases as well when increasing the degree of
polymerization. This large reduction in the fundamental band
gap is difficult to capture for the more approximate DFT lev-
els: with 0.7 and 0.9 eV reductions for PBE and HSEQ6, the
effect is underestimated by 40-50%, demonstrating the impor-
tance to use more robust methods in order to obtain quantita-
tive agreement. For instance, GoW already gives a reduction
of 1.3 eV, missing only 15 % of the most reliable estimate.

gt-C3Ny that is constrained to remain flat, is a widely stud-
ied, but idealized, model. Although in its bulk form it is a
high-order saddle point on the potential energy surface, small
patches of planar gz-C3N4 might exist in heterogenous mate-
rials. -9 The planarity increases the conjugation between the
molecular subunits and thus lowers the band gap compared to
the corrugated system (Fig. 3c vs. Fig. 3b). However, the
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fundamental and optical gap decrease to roughly the same ex-
tent, leaving the exciton binding energy unaffected. With the
exception of PBE, which clearly overestimates the effect of
the conjugation and thus provides a very small fundamental
band gap for the planar polymorph, all methods confirm that
“planarizing” lowers the band gap by about 0.5 eV.?>>* This
lowering is significant and might indicate that defects and/or
doping that are able to stabilize planar patches of fully poly-
merized CN could tune the adsorption spectrum of these ma-
terials. 3

In a photocatalytic cell the photoharvester requires interfac-
ing with a co-catalyst.®* The exciton dissociates at this in-
terface and in the case of the hydrogen evolution reaction
the electron is transferred to the noble metal co-catalyst that
performs the chemical conversion. Since the exciton bind-
ing energies of CNs are high (10 kgTRr, with kg Boltz-
mann’s constant and 7r room temperature), spontaneous ex-
citon dissociation at room temperature is unlikely. Therefore
a bulk heterojunction-inspired architecture would need to be
adopted. One of the possibilities would be to make thin mate-
rials, perhaps even limited to several aromatic layers. Fur-
thermore, exfoliation can be an efficient means to increase
conductivity and, therefore, photo-electrochemical activity of
semiconductors. %

Thus motivated, we have systematically investigated the ef-
fect of exfoliation on the band gaps. According to our results,
the fundamental band gap increases sharply by 1 (gt-C¢NoH3,
=~ 20% ) to 2 (g-C3Ny, = ~ 30% ) eV. MoS, is another
layered material often serving as a reference in this field. %668
Its fundamental gap increases from 1.22 to 1.97 eV, = ~ 60%
upon exfoliation according to GoW(.% Hence, the increase
for CNs is smaller in percentages, although higher in absolute
terms. Experimentally, MgO is a rather well characterized lay-
ered material that exhibits a qualitatively different behavior: %
the bulk bandgap of 7.6 eV decreases to ~5 eV upon exfo-
liation to a bilayer (= ~ —30%). We have investigated the
convergence behavior of the band gaps as a function of inter-
layer distance from 3-14 A (see Figure S2). In agreement with
previous results, the convergence is slow, most likely due to
long-ranged electrostatic interactions.® Experimentally, such
interactions are barely avoidable, since measurements on free
standing monolayer are extremely challenging. The K-point
convergence of the optical and fundamental gap is, however,
quite fast (see Figure S3). Nevertheless, we neither extrapo-
late to infinitely spaced monolayers, nor exclude that we ben-
efit from some error cancellation, as suggested by Hiiser et
al. %

The optical gap remains largely constant from the bulk to the
monolayer. As a consequence, the charge separation becomes
increasingly more difficult upon exfoliation. These two trends,
constant optical gap and increasing fundamental gap upon ex-
foliation, can be rationalized as follows: The excitation is a

local phenomenon in these molecular semiconductors. Conse-
quently, the absorption of light, corresponding to exciton for-
mation, is not affected by the environment and is governed by
the properties of the monolayer. Since the excitation dissocia-
tion leads to a charge separated state, the long-range polariza-
tion of the environment can stabilize the dissociated electron
and hole more efficiently in a bulk material than in an iso-
lated monolayer. This explains the increasing exciton binding
energy upon exfoliation, in good agreement with previous re-
ports.°

In MoS; and MgO additional effects come into play. In
the case of MoS,, the difference in bandgap upon exfoliation
is governed by the overlap between the sulfur p,-orbitals and
the molybdenum d-orbitals, which is strongly affected by the
interlayer distance.%” In the case of MgO, this difference is
mainly governed by the change in coordination number of sur-
face oxygen atoms.®® This demonstrates how unique each of
these three layered materials’ optical properties are and that
comparisons are not straight forward at all.
Considering only the effect of exfoliation on the fundamen-
tal gap, we observe that, very similarly to the effect of further
condensation (g-C¢NgH3 to g-C3Ny4), PBE and HSEQ6 are
completely inadequate to assess the effect: first of all, the fun-
damental gap increases by only 0.5 eV and second, especially
with HSEO6, the difference in optical response between gt-
CsNoH3 and gt-C3Ny is completely lost. This, again, demon-
strates the need to go beyond (hybrid) DFT to quantify the
optical properties of molecular semiconductors.

3.4 Confronting WM, Experiment and GW

In the previous section we have demonstrated that DFT has
limitations in correctly describing all subtle variations of pho-
tophysical properties of CN materials related to changing the
degree of polymerization or exfoliation. In this section, we
discuss the consequences of this on the conclusions in our ear-
lier publication® which relied exclusively on the combination
of DFT and the WM model.

First of all, the WM model requires the user to declare the
dimensionality of the problem: a 2D exciton has a binding en-
ergy that is four times the binding energy of the corresponding
3D exciton.?>7! Since CNs are strongly anisotropic materials
and the in-plane physics was assumed to dominate, we mainly
discussed the results for the 2D exciton model.?> For the first
principles approach BSE@GW, such an explicit choice for a
strictly 2D or a 3D model is not necessary. This allows one to
obtain an unbiased estimate, which is highly desirable, since
experimental results indicate high exciton mobilities in the z-,
or interlayer, direction.”> However, there is an additional am-
biguity when comparing WM with BSE@GW results: con-
ventionally, the WM model includes the ‘“vibrational” con-
tribution to the dielectric constant, which lowers the exciton
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binding energy and thus increases the optical band gap. In
BSE@GW, in contrast, these effects are not included, since
they would either require thermal sampling or excited state
geometries. Note, however, that vibrational corrections in the
BSE@GW context would affect both the fundamental and the
optical band gap, so that the comparison with WM is always
skewed. If we compare the exciton binding energies of WM
without the vibrational contributions to scGW, we find that the
exciton binding energy is overestimated for bulk gr-C¢NoH3,
while it is about right for g#-C3N4. When including the vibra-
tional contributions, the exciton binding energy of 2D-WM
and BSE@GW are very close to each other for both bulk sys-
tems. Although this can largely be traced back to error can-
cellation, in both cases the main conclusion holds: first of all,
the materials are predominantely two-dimensional (with the
third dimension mainly influencing the fundamental gap (vide
supra), an effect that is somewhat artificially corrected for in
the WM model and second the exciton binding energies are
very high compared to “standard” inorganic semiconductors.
Hence, in applications, the co-catalyst needs to be highly dis-
persed in order to minimize the exciton diffusion path. Over-
all, we conclude that for the very basic characteristics the
much more economical WM model is sufficient, although we
strongly recommend using BSE@GW for detailed studies of
the various influences on the photo-physical properties of car-
bon nitrides. The results further show that increasing the level
of self-consistency from GoWq to GW( has a similar effect as
raising the level of self-consistency from GW; to fully self-
consistent GW does. This suggests stepwise improvements of
the result when introducing stepwise refinements to the cho-
sen method.

An important difficulty when comparing experimental mea-
surements of the optical band gap, E Z,’P ', to computed val-
ues comes from the lack of purity of the materials studied.
g-CxNyH, -based materials are the product of a polymeriza-
tion process requiring temperatures above those typically em-
ployed in organic synthesis, making them more prone to de-
fects than a traditional, polymeric or inorganic semiconductor.
Also, material inhomogeneity is a common issue: mixtures
of different polymorphs or patches with different x, y and z
which average to the nominal composition g-CxNyH, are dif-
ficult to distinguish experimentally ®! or to purify without spe-
cial care and advanced techniques. Second, experimentally
the optical gap can be determined in different ways, with the
two main differences being absorption onset and photolumi-
nescence.”®> To compare with the present computations, ab-
sorption onset is clearly the best point of comparison. The fun-
damental gap is rarely determined at all but would be acces-
sible from electrochemical measurements. We are not aware
of any such measurements for carbon nitrides. The most of-
ten cited value for the optical (absorption) gap is 2.7 eV. !0
According to BSE@GW, the perfect bulk crystals of gr-C3Ny4

and gr-C¢NoHj3 yield optical gaps of 3.7 and 4.6 eV, respec-
tively. This is, obviously, quite far from the reported experi-
mental gaps. Having not found any evidence for a systematic
overestimation of the optical transitions for related molecules
(vide supra), we suggest that the experimentally determined
value does not correspond to perfect, triazine-based semicon-
ductors. From the results presented herein, we are unable to
distinguish between the two most likely explanations for the
experimental results: heptazine-based materials and defects,
which either increase the planarity of the layers or alter the
nature of the elementary units, which in turn show a distinct
absorption behavior. In both cases, we can not exclude that a
minority site is responsible for the optically measured signal.

4 Conclusions

The band gaps of monolayers, bilayers and 3D periodic, ex-
perimentally characterized, triazine-“(#-)” based carbon ni-
trides have been investigated theoretically. In particular, we
have presented fundamental and optical band gaps, and thus
exciton binding energies at the BSE@GW level of theory. In
agreement with previous studies, flat g--C3N4 has a lower
band gap than corrugated gt-C3Ny and gr-C¢NoHj3 has a
higher band gap than both of the others. However, the fun-
damental band gaps are about 2 eV higher according to scGW
than what has been predicted by HSE06. Furthermore, the
simple WM model is unable to reliably capture the effect of
exfoliation, which leaves the optical gap unchanged, while the
fundamental gap increases dramatically. However, in good
agreement with the WM model, the exciton binding energy
is very high in CNs, making spontaneous exciton dissociation
unlikely at room temperature. In comparison with experiment,
the computed optical gaps are higher by at least 1 eV for the
corrugated gr-C3N4. Even assuming a conservative error es-
timate of 0.5 eV for BSE@GW optical gaps, the theoretical
gaps are clearly larger than the experimental ones. We tenta-
tively suggest that the experimentally determined gap - itself
sensitive to the particular experiment by which it is determined
- either corresponds to heptazine-based CNs, patches of ma-
terial where the C:N ratio is higher than on average, or that
a small percentage of nearly planar defects is responsible
for the onset of the optical response, which would explain the
discrepancy between experiment and scGW for the perfectly
crystalline corrugated triazine-based CNss.
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