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wide technological interest due to the rich variety of electronic structures and properties they can
exploit. The ability to accurately characterize them is key to their future success.

Here we show, by means of ab initio simulations, that the vibrational Raman spectra of such
compounds are extremely sensitive to substitution motifs and concentration, and that each struc-
ture has unique and distinct features. This result can be useful as a guide for the optimization of

production processes.

1 Introduction

Much of current research in the field of materials science is fo-
cused on nanostructures derived from graphene. = In this wide
field, one topic that attracted considerable interest is the study of
a possible relationship between hexagonal Boron nitride (h-BN)
and graphene, either as separate or combined sheets. In fact, h-
BN can be adopted as a substrate to support graphene, considered
they have the same honeycomb lattice and a small mismatch in
lattice parameters. 10 Extremely interesting novel physical prop-
erties arise then from the formation of Moiré superlattices. 11-13
On the other hand, BN-molecules can be included in the graphene
structure by replacing Cp-pairs, allowing for opening up a band
gap up to a fraction of the one of hexagonal BN (h-BN) itself (5.97
evihy,

Another field of rising interest is the construction of one-
dimensional structures from graphene, the so-called graphene
nanoribbons (GNRs): 1>18 these exploit very interesting elec-
tronic properties that can be tuned by controlling size and shape
of the stripes. 1923 They can be constructed with good control
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by unzipping or cutting open Carbon Nanotubes (CNTs), 1%:16 by
graphite nanotomy,?* on-surface synthesis2> or even grown in-

side nanotubes. 26

The present work focuses on the ab initio modelling of 2D struc-
tures combining graphene and boron nitride in tailored specific
geometries (hereinafter: BN substituted graphene, BNsG) with
properties comparable to graphene nanoribbons and possibly eas-
ier to be fabricated. The topic has been previously investigated:
several computational works have focused on it273> as well a;
few experimental studies, 36-38 all growing graphene heterostruc-
tures via chemical vapor deposition (CVD). From a theoretical
point of view,3 it has been demonstrated that graphene/h-BN
interfaces can lead to polar discontinuities, resulting in the forma-
tion of macroscopic dipoles. Such dipoles can definitely have an
effect on the vibrational properties of the materials. Experimen-
tally, an island-like motif is found to be thermodynamically the
most stable structure. 36:37:40 It appears however difficult to avoic
unexpected doping effects in the respective islands,® and at the
same time the confinement of devices to the nanoscale is limitea
by the island size. A more recent CVD-approach®’ suggests that
different small-sized BN-islands can be created in the graphene
structure. Recent findings4! also indicate that one dimensional
h-BN/Graphene can be built from heteroepitaxial growth. A dif-
ferent approach has been recently proposed: it implies the cre-
ation of vacancies of C atoms in the regular structure of graphenc
layers. > Those defects could be saturated with heteroatoms like
boron and nitrogen, representing a viable solution to fabricate
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BNsG with full control on different patterns, by using CVD het-
eroepitaxy.

Raman spectroscopy has historically played an important role
in the structural characterization of graphitic materials,**~*> and
their disorder.*® Raman spectroscopy is — in fact — a relatively
cheap, commonly available, nondestructive technique which is
widely used for investigating Graphene properties. 1247 The ap-
plication of such technique in the study of BNsG structures has
seen considerably less success,3°
reference spectra other than pure graphene or h-BN, to serve as a
guide in the interpretation.

we believe due to the lack of

Here we intend to fill this gap by reporting a systematic study
of simulated Raman spectra of different substitution patterns in
BNsG. As we have found in the present work, Raman spectroscopy
potentially represents an extremely powerful tool for the charac-
terization of such materials (vide infra). Moreover, at difference
with respect to previous studies focused on electronic structures
of BNsG structures, 2’ we have used of a hybrid functional aug-
mented with an empirical dispersion correction. 349 The adopted
quantum chemical treatment allows for a better prediction of both
structures and band gaps. For band gaps, this leads to computed
values that are at least two times larger than in previous studies
in which semilocal functionals were employed.2”

2 Theoretical methods and models

The structures considered in this work are reported in Fig. 1. For
a given pattern, the amount of BN substitutions is allowed to vary
the BN-part from maximally 75% down to minimally 6%. For our
calculations we utilized the CRYSTAL14 ab initio code>° adopting
a hybrid HF/DFT functional (i.e. B3LYP). Hybrid functionals are
known to outperform more commonly used semilocal functionals
in the prediction of band gaps and structures (see supplementary
data®!) as well as vibrational properties. In Table 1 we report the
position of the E;, band of the Raman spectrum of the pristine
h-BN and graphene monolayer systems. It is seen that among
all tested functionals (that include local, gradient-generalized,
dispersion-corrected, global and range-separated hybrids) B3LYP,
along with PBE, shows the best performance. A correction for
missing dispersion interactions is also included.>%7 The code
allows for fully analytical evaluation of Raman intensities, >® thus
constituting a convenient tool for the simulation of vibrational
spectra. The approach is based on a double-harmonic approx-
imation for the vibrational frequencies (peak positions) and a
coupled-perturbed approach is used to evaluate the intensities. >8

An all-electron 6-31g(d,p) basis set has been used on all atoms.
Very tight values ( 7 7 7 15 80) have been chosen for the five
CRYSTAL14 integral screening tolerances (see Ref.>® and refer-
ence therein) to ensure best accuracy. Very dense k-space meshes
(up to 48x48 k-points for the smallest unit cells) have been se-
lected for the same purpose.

2| Journal Name, [year], [vol.],1-7

Graphene h-BN layer
LDA 1620 1395
PBE 1574 1348
B3LYP 1609 1374
B3LYP-D 1608 1376
HSEO 1641 1399
Exp. 158259 13696061

Table 1: Computed Raman-active E,, vibrational frequencies (in
em™!) of pristine graphene and h-BN (both in the 3D bulk and 2D
single layer case), with comparison to the experimental values.

3 Results and discussion

In Figure 2 we report the simulated Raman spectra for the dif-
ferent structures considered, subdivided in three panels accord-
ing to the pattern type. The “island” patterns are most easily
found experimentally, as reported by Ci et al.,3¢ and an exper-
imental Raman spectrum is also available, that we also report
in the top panel of Fig. 2. Notably, the whole set of simulated
spectra matches well the main features of the experimental pro-
file. The 48% and 19% substitutions, in particular, reproduce the
broad peak around 1300 cm~! (corresponding to the zone of the
D band) and also the small peaks above 1600 cm™! correctly re-
produce the shoulder (D’ band) on the right slope of the broad G
band.

In the middle panel of Figure 2 we report the simulated spec-
tra relative to the most interesting nanostructures — the zigzag
ones, forming in-plane Carbon nanoribbons. We see that the spec-
tra are definitely different from all other structures: The region
around 1500 cm~!, that shows very low intensities in the Island—
type defects (and nearly no significant peaks in the Armchair
defects — see below), features here significant peaks in all con-
centrations, with positions depending on the concentration itself.
For lower BN concentrations he fragmentation of the graphene G
band around 1580 cm~! is less pronounced than in other struc-
tures. Nearly no features are present below 1400 cm™!.

In the bottom panel of Figure 2 we can see that the overall
appearance of Raman features for Armchair structures resembles
that of “Island” ones, with relatively more intense peaks in the D—
band region. The total absence of intense peaks in the 1400-1500
cm~! region is a characteristic that marks this type of defect, as
well as as the shifting of the above mentioned D-band features
towards lower wavenumbers.

Let us now focus on the electronic properties of different substi-
tutions patterns. Since graphene is usually grown on a substrate,
we also took a step forward to reality and included h-BN as a
support. In Figure 3 (a) we report the computed band gaps for
different amount of substitutions and patterns of BN in graphene

This journal is © The Royal Society of Chemistry [year]

Page 2 of 7



Page 3 of 7 Physical Chemistry Chemical Physics

Fig. 1: Details of the considered structural models of BNsG using their minimal supercells. Carbon is black, boron blue, and nitrogen salmon. Zigzag2
(2b) and Armchair2 (3b) are equivalent using minimal supercells, i.e. 25% BN substitutions, but are different for lower amounts of substitutions/larger
supercells. The red circles in (1b) and (1c) emphasize the size of the Islands (two and three concentric circles of BN).

(1a) Island1 (1b) Island2 (1c) Island3 (2a) Zigzagl  (2b) Zigzag2  (2c) Zigzag3
b\ 3 3
] ‘ °

(3a) Armchairl (3b) Armchair2 (3¢) Armchair3 (3d) Armchair4 (3e) Armchair5

Fig. 3: Band gaps of BNsG and BNsG supported by h-BN. The maximum of the ordinate is set to the band gap of h-BN (5.97 €V 14) Points on the dashed
black line correspond to a linear increase of the band gap with the amount of BN-substitutions, e.g. 50% substitutions correspond to 50% of the ban<t

gap of h-BN.
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Fig. 2: Simulated Raman spectra of BNsG structures at different BN-
substitutions. In the top panel, the experimental spectrum from Ci et
al. 3% has been reported. Intensity in arbitrary units.
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for both the supported and stand-alone sheets (see Fig. 1 for la-
belling). Over the whole range of substitutions we investigated,
different patterns show a wide heterogeneity of band gaps, but
none of them is significantly influenced by the support on h-BN.
We found that the convexity of Island patterns in the area be-
tween about 10% and 30% leads to a smaller band gap compared
to linear patterns. This makes in-line patterns especially inter-
esting when aiming for a moderate number of BN-substitutions.
Variations of about 1 eV (medium amount of substitutions) up to
several eV (high amount) are observed. In most cases, increas-
ing the amount of BN portion does lead to quasi-linear increase
of the band gap. There some peculiarities appear, for instance,
the Island3 shows at 75% a smaller band gap than at 33%, which
might be attributed to the spacing between the BN-islands34. The
largest band gap is opened by the Island1 pattern at 75%, reach-
ing 67% of the band gap of h-BN. At 25% substitutions, the Arm-
chairl pattern shows the highest band gap (1.85 V), while Is-
land2 accounts for the minimal band gap (0.83 eV). At 50% sub-

stitutions, where the material can barely be called BNsG, for the
Armchairl pattern a gap up to 3.32 €V can be opened, that falls
in the UV part of light spectrum.

Interestingly, the Armchair and Zigzag patterns can be seen as
an infinite number of armchair and zigzag GNRs strung together,
respectively. In armchair GNRs (acGNRs) the band gap is very
small when the width of the GNR is 3(p — 1) +2 (p is a positive
integer) >%2, The Armchairl pattern shows the same behaviour:
the band gap at 11% (width 8), 17% (width 5) and 33% (width
2) is virtually zero, while at slightly different BN amount of, for
instance, 14% (width 6) the band gap is 1.16 €V. Such non mono-
tonic behavior was not observed in a previous studiy by other
authors.?” The Zigzag patterns in Fig. 1 — as corresponding to
the zigzag GNRs — show only a dependency on the amount of BN-
substitutions, leading to a nearly linear increase of the band gap.
Armchair2 can be seen as a variation of the Zigzag pattern with a
certain spacing between the BN-entities, e.g. at 25% it is equiva-
lent to Zigzag2, and therefore shows also a linear increase of the
band gap. At 50% substitutions, the band gap of Zigzag1 seems a
bit damped, which might indicate a saturation.

The relative formation energies for BN-substitutions,
Err(BN-subs), are creported in Figure 4. These were com-

puted via the following formula:

ErFE(BN'SUbS) :E(BN'SUbS) - <NC-atoms X Ec-atom

JFNB/N-atoms X (EB-atom JFEN-atom)) — Einter  »
€}

where E(BN-subs) is the electronic energy of BN-substituted
graphene at a given pattern and concentration of defects, N¢_atoms
and Np/N.atoms are the number of carbon and boron/nitrogen
atoms in this structure, respectively, and Ec.atom (same for B and
N) is the electronic energy of a single carbon (boron, nitrogen)
atom. FEj,er is the energy gained from a linear interpolation
between pure graphene and pure h-BN. We do not consider
vibrational and entropic contributions.

Page 4 of 7



Page 5 of 7

Physical Chemistry Chemical Physics

Fig. 4: Relative formation energies for different patterns and amounts of
BN-substitutions.
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In agreement with literature 36-37-40 we find that the electronic

part of the relative formation energies show that in-line patterns
are disfavoured with respect to circular patterns.

In the Supplementary Information®! we report further charac-
terization of these structures, like band structures and Density of
States (DOS).

4 Summary and conclusions

In conclusion, our work lays the foundation to understanding the
distinctive features in the Raman spectrum of different type of
BN substitution motifs (island, zigzag, armchair) in graphene. In
particular, it is striking to see that the appearance of peaks in
the region between 1400 and 1500 cm-1 is a clear indication of
the presence of “zigzag” patterns. This emphasizes how such re-
sult can be useful to guide the characterization and synthesis of
such materials. Beside, we show that small to intermediate in-
line patterns open a wider band gap than circular patterns. Re-
markably, armchairl and Zigzagl BNsG can really be seen as 2D-
periodic heterostructure analogs of armchair and zigzag graphene
nanoribbons, framed by BN-entities. The Armchairl BNsG show a
close-to-zero band gap at a width of 3(p - 1) + 2 (p positive inte-
ger), while a wide band gap is predicted otherwise. The effect of
a h-BN substrate is shown to be negligible for the properties of in-
terest here. According to our data about the relative stabilities of
different patterns, it should not be difficult to synthesize the in-
line structures. The present work thus provides unique insights
to precisely establish structure-property trends in BN substituted
graphene.
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