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Insights into the optoelectronic behaviour of
heteroatom doped diamond-shaped graphene
quantum dots
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In this study we aim to manipulate the optoelectronic and photoluminescence properties of diamond-
shaped graphene quantum dots (DSGQDs) in order to make them suitable for solar cells and
photovoltaic devices. Using DFT and performing many-body effects studies, we investigate the impact
of N, B, O, P and S heteroatom doping on DSGQDs in three different positions, namely the zigzag edge,
the armchair corner and the surface, in order to identify the most appropriate and promising
configurations. All the doped GQDs are found to be chemically stable making it possible to realize them

experimentally. Additionally, the obtained

results show that substitution with heteroatoms has

a remarkable effect on the electronic energy gap, noticeably decreasing it. Doping also has a significant
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effect on the optical response by shifting the absorption peaks towards the visible energy range. The

excitonic behaviour has revealed that these nanostructures are potential candidates for photovoltaic

DOI: 10.1039/d4ra00603h

rsc.li/rsc-advances targeted applications.

. Introduction

Since the first exfoliation of a 2D graphene monolayer in 2004,"
this hexagonal lattice of carbon atoms has received a lot of
attention from scientists for its excellent properties,” in partic-
ular, the charge carriers of graphene that can reach very high
mobility values,** the high thermal and chemical stability,” the
excellent optical transparency,® its absorption in a very wide
energy range,” the low resistivity and the high mechanical
strength.® Graphene is interesting for photonics,” microelec-
tronics, in particular for the production of transistors,' and so
on. However, it is a zero gap semi-conductor," which reduces its
application in optoelectronics.*?

Many promising strategies, have been introduced to create
a band gap in graphene-based materials, including the addition
of a transverse electric field, surface chemical functionalization
and the hybridization between atoms.™™ Another strategy
consists of quantum confinement of electrons along the
armchair and zigzag edges by producing 1D graphene-nano-
ribbons' or 0D graphene quantum dots (GQDs) which is the
subject of the present work. To manufacture GQDs, two main
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devices. One can deduce that doping DSGQDs with heteroatoms is useful and promising for the

approaches have been adopted:"** namely the top-down
method which relies on cutting macroscale systems, such as
graphite, carbon black or carbon fibers, to obtain nanoscale
quantum dots; and the bottom-up approach based on organic
chemistry, which aims to generate GQDs from small-scale
systems to a larger one. GQDs are therefore small fragments
of graphene having excellent and tunable features, namely gap
energy, optical absorption, photoluminescence and quantum
confinement effects.*** These excellent properties make these
zero-dimensional nanostructures more attractive for optical
and optoelectrical devices used in industrial and medical fields,
such as, photovoltaic devices, catalysis (electrocatalysis, pho-
tocatalysis) bio-imaging, medical diagnosis.® Several experi-
mental and theoretical studies have shown that it is possible to
control and enhance the optical and electronic properties of
GQDs through the adjustment of size,* edge configuration,*
shape,”® chemical functionalities,”” heteroatom doping®® and
defects® for desired and specific applications.

Interestingly, heteroatoms doping of 5 to 10 nm diameter
GQDs, like nitrogen (N), has been successfully done using high-
yield hydrothermal methods.*® The resulting circular structures
(N-GQDs) emit a strong blue emission under 365 nm UV light
excitation and exhibit a high fluorescence quantum yield up to
75.2%, which is close to the conventional semiconductor QDs.
Consequently, these high-yield N-GQDs seem to be promising
for new avenues in the field of cell labelling, bioimaging and
environmental detection.®® In the same context, a hydrothermal
approach has been developed for the synthesis of N-GQDs of
about (1-7 nm) in diameter and a ratio atomic N/C of 5.6%,
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which are characterized by bright blue photoluminescence and
excellent up-conversion luminescence properties.** Otherwise,
the theoretical study®*” on N-doping circular graphene quantum
dots with a diameter ranging from 1 to 5 nm, reveals that
nitrogen edge doping improves the fluorescence properties of
GQDs compared to non-doped structure, and causes a blue or
red shift in the absorption and emission spectra depending on
the hybridization of the boundary orbitals. It was also shown
that the effect of N-doping is related to the different N-doping
pattern and positions, namely pyrazole, pyridazine, graphitic,
pyridinic at center or edge, pyrrolic at center or edge, amido at
center or edge.

Other types of substituent have also been investigated. Sulfur
doped GQDs (S-GQDs), with a spherical shape and an average
diameter of 2.46 nm, have been synthesized by the co-
combustion method (TX] method) of a liquid mixture of
paraffin oil and sulfide of carbon (CS,) as a source of carbon and
sulfur. These nanostructures show a blue shift of the absorption
peaks compared to the non-doped GQDs, which indicates an
increment in the absorption of the S-GQDs in the ultraviolet-
visible region.** Besides, round-shaped sulfur-doped GQDs
with a relatively uniform size of about 5.2 nm have been
prepared via a hydrothermal process using fructose and sulfuric
acid as the raw materials. They can emit a variety of colors,
covering most colors in the visible light region, compared to
pristine GQDs which have only two absorption peaks centred at
228 and 282 nm.* Similarly, S-GQDs with a narrow size distri-
bution of about 3 nm and with phenolic hydroxyl decorated
edges, synthesized by the top-down method from the graphite
quantum dots based on sulfur-doped graphene, have shown
blue-green fluorescence and improved electronic properties
compared to non-doped GQDs, which renders S-GQDs potential
candidates for a fluorescent probe for the detection of Fe®*
ions.*®

Phosphorus-doped graphene quantum dots (P-GQD), char-
acterized by their excellent monodispersity, a spherical shape
and a small and narrow size distribution mostly in the range 2
to 4 nm, have been synthesized via a bottom-up electrochemical
approach with a high P/C ratio; showing excellent ability to
scavenge free radicals and several potential uses in biotech-
nology and medicine.*® Likewise, P-GQDs have also been
prepared with different concentrations of emission wavelengths
(457-632 nm) and high quantum efficiency (0.54-0.73) for
application in bioimaging.*” Furthermore, oxygen doping is
typically studied using specifically engineered GQDs that
inherently contain oxygen-rich chemical groups capable of
altering the electronic characteristics of the GQDs. Indeed, O-
rich groups make an important contribution in observing
blue shifted absorption peaks in the photoluminescence emis-
sion of experimentally synthesized N-GQDs due to the locali-
zation of electron-hole pairs, which gives GQDs excellent
hydrophilicity, unique optical performance, favourable
biocompatibility and no toxicity.*® Furthermore, an electro-
chemical method was adapted to synthesize functional GQDs
characterized with a uniform size of 3-5 nm and exhibiting
a green luminescence.*® These structures have O-containing
groups on the surface which makes them soluble in aqueous
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media and suitable for functionalization and various applica-
tions such as lasing, and light emitting diodes.

Inspired by all of these experimental works exploring the
effect of heteroatoms on the optoelectronic properties of GQDs,
we aim to examine how heteroatoms impact the physical
properties of diamond-shaped graphene quantum dots
(DSGQDs), which we have previously investigated and found to
exhibit strong stability alongside intriguing structural and
electronic characteristics. Furthermore, DSGQDs display
significant absorption and photoluminescence properties in
both the visible and infrared regions of the solar spectrum,
making them highly relevant for various applications. In this
study, our objectives are twofold: (i) investigate the impact of
heteroatom doping—employing N, B, O, P, and S heteroatoms—
on the optoelectronic properties of DSGQDs. These DSGQDs
possess a distinctive diamond shape characterized by zigzag
edges and armchair corners connected by a seam atom. Our
focus is to uncover the fundamental alterations induced by
heteroatom doping in these properties. (ii) Explore the potential
utilization of heteroatom-doped DSGQDs across various fields,
including optoelectronics and photovoltaics. Specifically, we
aim to explore their applicability in devices such as light-
emitting diodes (LEDs) and solar cells. Additionally, we aim to
investigate their potential in nanomedical applications, partic-
ularly in diagnostic devices and drug delivery systems, as well as
their suitability for use in energy storage and conversion tech-
nologies. Based on our previous publications,’** the shape of
DSGQDs was found to have a considerable effect on the opto-
electronic, excitonic and photoluminescence behaviours, espe-
cially upon functionalization. So exploiting these findings, we
focus on studying the special response of DS nanostructures to
the heteroatom doping process and its associated factors as
a function of the type and position of five dopants, including
zigzag or armchair corners, or inside the surface. Notice that the
choice of these five heteroatoms is mainly for their nanomedical
and safety use as proven in experimental works cited in previous
sections. To do so, three different doping configurations are
modelled and investigated for each heteroatom. Our findings
have shown, among others, that the heteroatom doping has
noticeably affected the electronic energy gap as well as the
absorption character of pristine GQDs through shifting the
absorption peaks towards smaller energy ranges. All these
findings elect the heteroatom doping process as a useful
strategy to adjust the GQDs behaviour and to tune the absorp-
tion and the photoluminescence of GQDs, making them
promising for photovoltaic devices and nanomedical
applications.

This paper is organised as follows, we start by detailing the
computational method used for performing our calculations,
then we report the findings and discuss the obtained results in
the next section. We summarize with a conclusion.

[I. Computational details

We aim in this work, to determine the electronic and optical
properties of our graphene-based quantum dot structures. The
numerical simulation procedures that we used are the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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following. First, we performed geometry optimization and
ground state calculation using density functional theory (DFT)
with a plane wave approach in the generalized gradient
approximation (GGA) with a Perdew-Burke-Ernzerhof (PBE)
exchange-correlation function,** implemented in the quantum
espresso (QE) simulation package.*> We used conserved norm
pseudo-potentials and a set of plane wave bases with a kinetic
energy cutoff of 60 Ry. In order to avoid non-physical interac-
tions between periodic images in the study of isolated systems,
a 20 A vacuum is used in all three dimensions. To build the
dielectric matrix and Green's function, we used a total of 600
bands for all structures. In all the calculations, a single gamma
point is taken into account due to the zero-dimensional char-
acter of the structures considered. The considered configura-
tions are totally optimized under stresses and forces until the
components of all the forces are lower than 10~° eV.

In the second step of simulation, we ensure precise quasi-
particle energies by utilizing the many-body perturbation theory
(MBPT) within the GW approximation. This method relies on
the Green's function (G) and the projected Coulomb interaction
(W).** Our calculations are carried out using the Yambo code.**
The quasiparticle (QP) corrections to the GGA eigenvalues are
determined using the followed equation:

nkP = Kl; + <lpnk|2( nkP) - V.I\(‘CSPpnk) (1)

where (¥,| is the wave-function, EZf the Kohn-Sham (KS)
energy, Vo the exchange-correlation potential and Y~ (EQf) is the
self-energy operator.

Moreover, we studied the optical behaviour of the structures
by solving the Bethe-Salpeter equation (BSE) combined with the
GW method. It is generally rated GW + ESB.

We studied the excitonic properties using the Bethe-Salpeter
(BSE) equation:

QP QP\ 4§ = I\ A4S oS 4S
(Erk - Evk )Avck + Z(Vc}c“—‘e*hh ck >Av’c/k’ =Q Avrk (2‘)
KV
where Z._;, is the electron-hole interaction kernel, Q° the exci-
tation energy and A5, is the exciton amplitudes.

Charge-transfer is calculated using Bader analysis.*

[1l. Results and discussion

In this work, we study the effect of heteroatom dopants on the
electronic and optical properties of graphene-based quantum
dots (C39H;4). For this, the five dopants X =B, N, O, S, and P, are
used since they are the most commonly used in literature for the
intended applications mentioned above.

A. Structural properties

We focus on a graphene-based quantum dot (C3,H;4) contain-
ing a total of 44 atoms of which 30 are carbon atoms forming
the core while 14 are hydrogen atoms passivating the QD edges;
the bonds hanging from the edge are attached to hydrogen
atoms in order to guarantee the good stability of our struc-
ture.>*>%%% Successfully fabricated, these QDs, referred to as
dibenzo[bc,kl|coronene, combine between zigzag edges and

© 2024 The Author(s). Published by the Royal Society of Chemistry
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armchair corners,”*® and the carbon atoms in the ring struc-
ture are sp> hybridized leading to a planar geometry.** The GQD-
C30Hy4 structure is considered as the most appropriate config-
uration to be doped among its counterparts discussed in our
earlier works, notably pyrene with 16 carbon atoms (C;¢H;) and
CusHig QDs do not yet have a suitable synthesis route.’>*
Furthermore, dibenzo coronene exhibits the most suitable
features for our aimed applications.>***%”

As illustrated in Fig. 1, each dopant X is placed in three
possible positions: (i) the zigzag edge (X-ZZ) we refer to as X-
EDG1, (ii) the armchair edge (X-AC) denoted also as X-EDG2
and (iii) inside the surface (X-IN) or (X-SURF).

The covalent bond lengths and the angles between the
dopants and their adjacent carbon atoms, listed in Table 1,
reveal that doping leads to structural distortion of the GQDs.
Indeed, starting with the inside surface position (X-IN), we
notice that the C-C bond with a bond length of about 1.4 A in
pure GQD increases upon doping to 1.54 A, 1.49 A, 1.65 A and
1.77 A for doc, dac, dpc and dsc, respectively. Similar enhance-
ment of the X-C bond length is also observed for the zigzag-
edge position as well as the armchair-edge position. However,
we should note that the nitrogen atom keeps the value of the
covalent bond (1.41 A) close to that of the pristine structure
because the atomic radius of the C and N atoms are almost
equal. One can also notice that when comparing the inter-
atomic distances for the same dopant, like dxc, with dxc, the
increase is more pronounced in the AC-configuration with
respect to the ZZ-edge case, especially for P, O and S, while it is
less significant for B and N. Therefore, we conclude that the
distortion in our structures is originally induced by the length
modification of the X-C bond brought by a doping process
which mainly depends on the variation of the atomic radius size
and the nature of the neighbour atoms.

Furthermore, the bond angles of CCC remain at almost 120°
in all structures, like the pure case, whereas the situation is
different for CXC angles. Indeed, in the IN-configurations the
angle CXC is still close to 120° for B, N and P, a signature of the
hexagonal lattice with sp>-hybridization, however it becomes
much lower for the O and S-adsorbent. This latter effect is also
observed when the X-atom is located at the zigzag edge or at the
armchair one, which indicates that the doping induces a sort of
buckling around the substitution region where the sp*hybrid-
ization is significantly affected, as shown in Table 1, and the
obtained angle values vary between 100° and 103°.

In summary, the P, S and O atoms cause significant struc-
tural modifications upon doping the pristine structure.
However, the N and B atoms cause less distortion. On the other
hand, it should be specified that the armchair O-doping leads to
cracking of the covalent bond between the oxygen atom and the
adjacent carbon atom, which can affect the electronic and
optical properties of this structure.

B. Energetic stability

In order to evaluate the energetic stability of the studied
structures, we calculated the cohesive energy values E.,,, of the

RSC Adv, 2024, 14, 12639-12649 | 12641


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4ra00603h

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Open Access Article. Published on 18 April 2024. Downloaded on 7/19/2025 6:37:39 AM.

(cc)

RSC Advances

View Article Online

Paper

S-EDG1

Fig.1 GQD structures doped with X =B, N, P, O and S heteroatoms in three positions. (a) X-EDG1 position, (b) X-EDG2 position and (c) X-SURF

position.

doped structures. The cohesive energy E.p, values are calculated
as follows:*®

E — (Ex + ncEc + nuEy)

Ecoh =
NIO[

(3)
where Ey the total energy of doped GQD. Ex is the energy of the

substituent atom X = B, N, O, P and S, E is the energy of the C
atom, and Ey is the energy of the H atom. n¢ and ny are the

12642 | RSC Adv, 2024, 14, 12639-12649

number of C and H. And finally, N is the total number of
atoms.

Table 2 lists the values of the cohesive energy E.., obtained
via DFT calculations. More negative values confirm the greater
stability of the investigated structures.®® Indeed, all calculated
cohesive energy values E.,, are negative, confirming the
stability of all the studied systems is in good agreement the
previous report.® The pristine GQD structure has a value of

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 1 The interatomic distances and the angles for heteroatom doping of CsgHi4 in ZZ, AC and IN configurations

Bond length (A) Angles (°)
77 AC IN IN
77 AC

X dxc, dxc, dxc, dxc, dxc, dxc, dxc, CXG G XCy CsXCs CsXCy
B 1.53 1.54 1.54 1.50 1.49 1.49 1.48 116.5 115.7 120.1 119.8
N 1.38 1.37 1.39 1.37 1.41 1.41 1.41 122.4 124.1 119.5 120.2
P 1.79 1.82 1.81 1.75 1.65 1.65 1.65 100.6 102 119.7 120.1
O 1.50 1.51 1.44 1.71 1.53 1.53 1.54 113.2 114.9 115 114.1
S 1.73 1.75 1.67 1.78 1.76 1.77 1.77 103.1 102.4 100.6 100.7
Table 2 The cohesive energy values E o Of the studied systems, in eV
Structures GQD B-ZZ B-AC B-IN N-ZZ N-AC N-IN P-ZZ P-AC P-IN O-ZZ O-AC O-IN S-Z7Z S-AC S-IN

Econ

7.270 eV which decreases after doping with boron, nitrogen,
oxygen, phosphorus or sulfur. This change in the cohesive
energy value can be explained in terms of structural properties.
The sulfur and phosphorus doped systems show the greatest
decrease in cohesive energies, followed by the oxygen doped
structure, as shown in Table 2. P and S doping results in
structural distortions of the hexagonal ring by increasing the
bond length from 1.42 to 1.8 A, which decreases the values of
the bond energies. In contrast, N and B doping results have
shown a slight drop in cohesive energies compared to the
pristine system, which can be attributed to the almost similar
ionic radii between the B, N, and C atoms, with little change in
the length of the C-N and C-B bonds.

C. Stability indices

In order to gain insight into the chemical stability and chemical
reactivity of the doped GQDs, we calculate the stability indices,
namely the electrophilicity (w) expressed as follows:*’

—-7.270 —7.198 —7.189 —7.181 —7.244 —-7.234 -7.221 -7.158 -7.144 -7.106 —7.131 —-7.131 —7.098 —7.107 —7.106 —7.076

=L ()

and the hardness () and the chemical potential (u) given in
terms of the calculated frontier molecular orbital energies;

Enomo and Epymvo:*

_ ELUMO — EHOMO d _ ELUMO + EHOMO

: and p = MO ZIONO (5

As shown in Table 3, heteroatom doping brought consider-
able modifications to the chemical stability of the pristine
GQDs. Starting with the hardness, it is noticeable that the
doping mechanism decreases the hardness of the investigated
structures making them slightly soft and thus more polarizable
and easy to be excited. This result can be afforded to the
distortion brought by the heteroatom doping in good accor-
dance with ref. 61, where the hardness has been decreased upon

Table 3 Global reactivity descriptors: hardness n, chemical potential u and electrophilicity w, as well as gap energy ESGA and ESW at DFT and GW
level, respectively, first bright exciton binding energy £, optical gap Eﬁpt, and the singlet—triplet energy splitting 4%_t. All the energies are in eV

Structures n m 3 EgA EgY EY Exp A% ¢
GQD 0.6585 3.4754 9.171 1.32 4.28 1.81 2.4 1.62
B-7Z7Z 0.696 3.063 6.738 1.30 3.326 2.094 1.7217 0.81
B-AC 0.546 3.359 10.324 1.093 2.980 2.179 1.5732 0.76
B-IN 0.632 3.3947 9.105 1.265 3.210 2.070 1.6917 0.97
N-ZZ 0.560 2.3029 4.734 1.120 4.040 2.709 1.3313 0.24
N-AC 0.315 2.568 10.458 0.630 3.435 2.164 1.2713 1.001
N-IN 0.099 2.566 33.256 0.198 3.114 1.443 1.6717 0.59
P-7ZZ 0.667 2.649 5.258 1.314 4.253 2.639 1.614 0.32
P-AC 0.354 2.925 12.084 0.708 3.566 2.442 1.1241 0.64
P-IN 0.2656 2.563 12.364 0.531 3.416 2.636 0.7808 0.55
0-Z2Z 0.526 2.577 6.314 1.052 3.805 2.363 1.4414 0.91
O-AC 0.460 3.014 9.867 0.921 1.286 0.940 0.3456 0.19
O-IN 0.269 2.982 16.491 0.539 2.236 1.445 0.7908 0.37
S-7Z 0.522 2.823 7.635 1.044 3.866 2.094 1.7710 1.17
S-AC 0.555 3.145 8.898 1.111 4.193 2.585 1.6088 0.59
S-IN 0.474 3.164 10.548 0.949 3.851 2.079 1.7718 0.74

© 2024 The Author(s). Published by the Royal Society of Chemistry

RSC Adv, 2024, 14, 12639-12649 | 12643


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4ra00603h

Open Access Article. Published on 18 April 2024. Downloaded on 7/19/2025 6:37:39 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

RSC Advances

doping the asphaltene structure. Whereas, for the electrophi-
licity, we can clearly observe that the edge-doping position
reduces the electrophilicity while the IN-doping position
increases it which concords well with ref. 62, showing how the
doping mechanism affects the chemical potential and electro-
philicity index of h-BN QDs differently depending on the doping
position. Our findings can be attributed to the difference in
charge transfer related to the nature of the neighbor atoms and
thus, the significant frontier orbital hybridization.

D. HOMO-LUMO gap analysis

The HOMO-LUMO (H-L) energy gap obtained using the GGA-
DFT and GW methods are listed in Table 3.

The GGA-DFT data reveal that O-, B-, N-, P- and S-dopants
either on the edges or inside the surface, significantly affect
the band gap of the pristine GQDs in good agreement with our
previous work demonstrating how the energy gap is sensitive to
substituents® and the functionalization of diamond-shaped
quantum dots (DSQDs).**** More precisely, with respect to the
pure nanostructure, dopants result in a reduction of the corre-
sponding H-L gap for the ZZ-, AC- and IN-configurations, in
good accordance with ref. 40, showing that N and S impurities
remarkably reduce the energy gap of the hexagonal-shaped
graphene quantum dots. Furthermore, the IN-doping exhibits
the most pronounced decrease in the H-L energy gap of the
pure nanostructure for most heteroatoms, except dopants
causing significant structural distortion, which disrupts the
carbon sp® hybridization in the skeleton due to the higher
electronegativity or larger size of impurities, and results in
a pronounced reduction of the energy gap as explained for the
case of nitrogen doping in carbon dots.”* Consequently, the
variation of the HOMO or LUMO energy gap is attributed to the
hybridization of the frontier molecular orbitals as well as the
geometry deformation which mainly depends on the type and
the position of heteroatoms, in accordance with the results on
doping heteroatoms and covalent bonding with specific groups
in hexagonal GQDs.**

On the other hand, a significant enhancement brought by
the quasiparticle corrections is observed in the GW-energy gap
with respect to the GGA-results. This behaviour is attributed to
the heteroatoms acting like an electron donor or acceptor which
increases the screening and impacts the electron-electron
interactions.**** Our finding are in good agreement with the
many-body study of functionalized hexagonal GQDs.>*

Next, Fig. 2 displays the charge density distributions asso-
ciated with the HOMO and LUMO energy levels obtained using
the GGA method. Interestingly, most of the investigated struc-
tures exhibit an edge-localized charge density similar to the
pristine structure. However, there is a wide difference in the
atomic contribution depending on the dopant type and its
position. Starting with analysing the zigzag-doping case, we can
see that for all the structures, a considerable contribution to
either the HOMO or the LUMO levels originates from the
dopant X. We should note that, for N, P, and O dopants, the
contribution to the HOMO originates from carbon atoms in
subsite A of the hexagonal structure, while the contribution to

12644 | RSC Adv, 2024, 14, 12639-12649
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the LUMO comes from the the neighboring carbon atoms. This
explains the reduction in both HOMO and LUMO energies and
thus the decrease in the H-L energy gap values. Whereas GQDs
doped with the B atom, which is a donor atom, and which
provides a significant contribution from the dopant to both
HOMO and LUMO levels, increases the corresponding energies
as listed in Table 3, explaining the slight rise in H-L energy gap
value with respect to the pristine structure. The same behaviour
has been noticed for the S doped structure, even though only
the HOMO energy is increased which explains the reduction of
the energy gap similar to the case of N, P and O atoms. On the
other hand, armchair-edge doping has shown a different impact
on the charge density of the pristine structure, depending on
the dopant type and the position. We notice that only a few
carbon atoms contribute to the HOMO level which increased its
energy, while the LUMO energy has shown a small change
compared with the HOMO energy, resulting in decreasing the
GGA(H-L) energy gap.

In the case of inside the surface (IN or INace) doping, the
distribution of charge density for a B doped structure is quite
similar to that of the pristine structure, which results in small
variation in the H-L gap originating from the absence of the
armchair corner contribution. For the N and P doped structure,
the contribution to the LUMO level, coming mostly from the
dopant and the INace atoms, widely alters the Epymo resulting
in a slight increment in the LUMO energy. The HOMO energy
undergoes a significant increment since the contribution to the
HOMO originates mainly from the zigzag edges characterized
with edge states, which results in a quick reduction of the H-
L(GGA) gap. The opposite is true for O and S doping, the
contribution to the HOMO comes from the dopant and the
surface atoms, while the charge density of the LUMO is mostly
localized at the zigzag edges, showing a slight decrement in
Erumo and an increment in Exomo, Which explains the dimi-
nution in the H-L(GGA) energy gap. To sum up these findings,
we can deduce that heteroatom doping, gathered by varying the
type and the position of the dopant, considerably alters the
electronic properties of the pristine DSGQD and this originates
mainly from the competition between the strong frontier
molecular orbitals hybridization and also the distortion effects.

E. Charge transfer and magnetic behaviour

1. Charge transfer. Table 4 shows the charge transfer
between different atoms and their neighboring carbon atoms,
calculated using Bader analysis.

We observe that B, P, and S donate electrons to nearby
carbon atoms, while N and O atoms take electrons from their
neighboring carbon atoms. This behaviour is mainly attributed
to the Pauling electronegativities which are highest for oxygen
0O(3.44), then nitrogen N(3.04), followed by carbon C(2.55),
sulfur S(2.58), boron B(2.04), and phosphorus P(2.19). Besides,
the atoms shared between heteroatoms and carbon atoms
suggest that B, N, and O atoms form polar covalent bonds with
carbon neighbors, whereas P and S atoms create nonpolar
covalent bonds with carbon atoms.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 The HOMO and LUMO electronic charge density distribution of (a) pristine, and (b—f) doped DSGQDs with X =B, N, P, O or S.

Table 4 Bader charge transfer of dopant X =B, N, P, O or S, (+ve) denotes electron loss while (—ve) denotes electron gain

Structures  B-ZZ B-AC B-IN N-ZZ N-AC N-IN P77

P-AC P-IN 0-Z2Z O-AC O-IN S-7ZZ S-AC S-IN

X +2.99 +2.99 +2.99 -0.35 —-0.41 —-0.81 +3.40

2. Magnetic behaviour. In this paragraph, we report the
results obtained upon performing spin-polarization employing
DFT calculations, in order to examine the effect of heteroatom
doping on the non-magnetic pristine GQD. Interestingly, and
depending on the calculated magnetic moments, we can divide

© 2024 The Author(s). Published by the Royal Society of Chemistry

+3.56 +4.99 —-1.42 -1.55 -0.83 +0.36 +0.46 +1.94

our doped systems into two categories: non-magnetic doped
GQDs and magnetic doped GQDs. Specifically, O and S doped
GQDs remain non-magnetic, however B, N and P atoms induce
the non-magnetic phase of GQD into magnetic nanomaterials.
This result is mainly explained by the introduction of localized
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states within the electronic structure of the GQDs. These
localized states can lead to the formation of unpaired electrons,
resulting in a net magnetic moment and conferring magnetic
properties to the pristine GQDs, paving the way for utilizing
these magnetic nanomaterials in spintronic applications.

F. Absorption profile and excitonic effects

In what follows, we investigate the impact of heteroatom doping
on the optical profile of DSGQDs through the determination of
the absorption spectra in the absence and the presence of the
electron-hole interactions. The inclusion of excitonic effects
has drastically modified the peak position and the intensity of
the first bright exciton making GW + RPA results negligible. For
this reason, Fig. 3 only plots the optical absorption spectra at
the GW + BSE level for the X-direction light polarization. The
optical response for light polarized along the Y-direction have
shown anisotropic behaviour upon doping. Compared to the
optical behaviour of the pristine GQD, Fig. 3 shows that the ZZ-,
AC-, IN-dopants shift the absorption curves towards lower
energies. Interestingly, the O-AC and O-IN structures show the
greatest influence on absorption spectra compared to other
structures, their absorption curves are the most redshifted. On
the other hand, the absorption spectrum of the B-IN-GQD
structure is the least affected compared to the other doped
structures, followed by the B-ZZ-GQD structure and then the P-
ZZ-GQD structure. We should note that the doping process
helps enhance the intensity peaks compared to the pristine
structure, especially when doping with O, B and S heteroatoms.
As a direct consequence of the absorption redshift caused by

View Article Online
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dopants, the first exciton is manifested by the presence of an
absorption peak located at an energy lower than that of the
pristine structure. Table 3 shows how the difference in type and
position of the dopant allows a series of GQDs with different
absorptions in the visible and infrared region of the solar
spectrum. Indeed, the majority of the exciton binding energy
EZ values range in the interval [2.07,2.7] eV which prove that our
structures are promising candidates for photovoltaic applica-
tions. The structures, exhibiting significant GW-gap and thus an
optical gap in the visible-infrared region of the solar spectrum,
may be potential candidates for different applications, espe-
cially for bioimaging.

To predict the type of photophysical process and the effect of
the doping mechanism on the luminescent behaviour of our
doped GQDs, Table 3 reports the singlet-triplet energy splitting
As_r. Compared to pristine GQDs, the heteroatoms B, N, P, O
and S lower the singlet-triplet energy splitting values compared
to the non-doped GQD nanostructure. Indeed, the calculated
values vary from 1.46 eV for B-IN, down to the lowest value of
0.19 eV obtained for the O-AC configuration. Furthermore,
thermally activated delayed fluorescence (TADF) characterizes
N-ZZ and O-AC structures, exhibiting the lowest splitting values
(less than 0.37 eV).* It follows that fluorescence occurs in QDs
with splitting energy values between 0.5 and 1 eV, except for the
P-ZZ structure characterized by triplet-triplet annihilation
processes, whereas S-ZZ, B-ZZ and B-IN structures exhibit
a singlet fission process in agreement with the findings in ref.
50, regarding the control of singlet-triplet splitting for organic
exciton manipulation. Our results are similar to other GQDs
structures of the same size characterized by TADF, such as
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Fig. 3 The optical absorption spectra of pristine and heteroatom doping structures with X =B, N, O, P or S, at the GW + BSE level.
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molecular structures of SiCQDs edge-functionalized with H, OH
and COOH, and edge-functionalized SiQD structures with H
and OH.51525455

IV. Conclusion

In summary, we have adapted a heteroatom-doping mechanism
to manipulate the structural, electronic, optical, excitonic and
photoluminescence properties of DSQDs. The obtained results
show that the type and the position of the dopant, influences
the binding environment of the GQD with respect to the pristine
nanostructures. Interestingly, the INace doping improved the
responsiveness of DSGQDs, especially upon using N, P and O
dopants, making them more responsive and less hard. The
optoelectronic behaviour of the pristine structure is consider-
ably decreased with doping, depending on the nature and the
location of the heteroatom dopant due to the frontier orbitals
hybridization. With respect to pure QD, the absorption curves
are shifted towards lower energies and the binding energy of the
first exciton is significantly increased for most edge-doped
structures, except for the B heteroatom which exhibits anoma-
lies. Whereas, for surface-doped structures, the binding energy
shows an increase only for the S-dopant. Finally, the singlet-
triplet energy splitting, which strongly depends on the doping
atom type and site, greatly reduces the intersystem conversion
from the singlet state to the triplet state and consequently
enhances the fluorescence process. These results seem to be
very useful and promising for applications in photovoltaic and
optoelectronic devices.
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