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Employing a combination of the many-body configuration-interaction method described by an extended
Hubbard model and first-principles calculations, we predict the emergence of high oscillator strength at the
near-IR region which originates from the Davydov type of splitting in doped graphene quantum dots
(GQDs). Incorporation of the strain in GQDs promotes closely spaced bright states that are pertinent to
coherent excitation. Controlling the destructive interference of the functionalized-nanographene quantum
states, the dark states can be tuned towards the red end, ensuring that the system is a good candidate for a
photocell. On the other hand, the coherent states can be tailored to concentrate the light at a very high
intensity, resulting in an opportunity for a photonic device.
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I. INTRODUCTION

With the advancement in the fabrication of atomically
thin materials [1–5] and graphene nanoflake-based devices,
functionalized-graphene nanoflakes are attracting signifi-
cant attention due to their promising electronic and optical
properties, especially for applications in photonics and
solar cells [6–9]. The electronic and optical properties of
the graphene-based low-dimensional structures change in a
nontrivial manner depending on the shape, the size, and the
edges [10–12]. Stacking of the graphene layers controls
the optical properties in significant ways. Depending on the
angle of the twisted sublayer of the graphene, stacking
shifts the energy of the absorption spectra and leads to
van Hove singularities [13]. The functionalization of
graphene structures changes their properties in dramatic
ways [14,15]. For example, graphene is a gapless semi-
metal, but fully hydrogenated graphene (graphane) has
been predicted to have a local-density-approximation gap
of 3.4 eV [16].
While graphene is stabilized due to delocalization, its

boron-nitrogen analog is a stable Mott insulator due to
charge transfer. However, since a B—N bond is isoelec-
tronic with C—C bonds, replacing C with B or N adds a
hole or an electron, keeping the structure the same. Hence,
graphene was doped with nitrogen and boron in several
earlier studies [17,18]. However, reliable control of opto-
electronic properties by chemical doping is still a chal-
lenging task. Experimentally, one of the most common
techniques for the production of doped graphene is the
in situ introduction of B- (N-) containing precursors during
a chemical vapor deposition (CVD) process [19,20].
Other methods have also been used successfully to

produce nitrogen doped graphene fragments [21,22].

There have been many works on the optical response of
graphene and truncated graphene, i.e., graphene quantum
dots (GQDs). For GQDs, the excitonic features are more
exotic than in their 2D analog [23,24]. Not only does the
geometrical confinement of the GQDs change the optical
properties significantly, but the edge states also play a
crucial role in introducing some alternative optical and
magnetic properties [25–30]. In particular, zigzag-edged
GQDs, which display sublattice symmetry breaking,
generate the degenerate edge states in the vicinity of the
Fermi level. These degenerate edge states give rise to a
spin-polarized ground state, which is promising for spin-
tronics applications [31–33].
However, the optical properties due to edge states get

significantly modified by the introduction of chemical
doping [34]. Our studies also reflect that the low-lying
states of GQDs are no longer dictated by their boundary
condition; rather, they are controlled by the nature of the
chemical doping. Chemical doping can also be a way to
introduce dipole-dipole-type interactions in the GQDs,
which may regulate their delocalized states. Now, the
coherent control of excitonic states over the optical tran-
sition is dictated by the linear superposition of quantum
states with symmetric or antisymmetric phase matching,
resulting in either an addition or a reduction of the electrical
transition dipole [35,36]. The dipole-dipole interaction also
modulates the charge-density-wave and spin-density-wave
phases, which can modify the optical response in a
significant way. We have investigated here how the
architecture of the B-N substitution in GQDs can govern
the Davydov-type splitting [37,38], resulting in coherent
control of the excitonic states. The relative position of
boron and nitrogen substitution and their partial dipole–
partial dipole coupling can perturb the shallow bound
exciton of the GQDs and, in some cases, can overwhelm
the intrinsic excitonic interaction and can develop high*pati@jncasr.ac.in
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oscillator strength at different energies, making the system
interesting for optoelectronic devices. On the other hand,
the particular orientation of the partial dipole created by the
boron and/or nitrogen substitution can result in low-lying
dark states, which can act as a good donor in a photocell
composite.
A recent kinetic model study showed that control over the

delocalized dark states can enhance photocurrents and
maximize power outputs by 35 percent over a classical cell
[39,40]. In fact, they utilized the Davydov-type splitting due
to the dipole-dipole interactions for the model aggregates,
and from the rate of electron transfer, they concluded that
enhancement of the photocurrent is due to the dipolar
interaction in the aggregates. Here, we ask whether we
can control the delocalized states of the graphene quantum
dots through the dipolar type of coupling to control the
relative position of the bright and dark states, which can be
interesting for the photonic device or the photocell either
way. In our study, we conduct many-body calculations using
the extended Hubbard model, considering the Coulomb-
interaction potential and the dipolar coupling. We also carry
out first-principles calculations that consider different func-
tionals to study the nonlocal correlations. We show through
chemical doping in GQDs that we can control the relative
position of the dark and bright states. Our studies predict
that, for the functionalized GQDs, the emergence of high
oscillator strength can be governed by the partial dipole–
partial dipole interaction. Again, the relative position of a
dark state compared to its bright counterpart is very
important experimentally, as its apparent position can make
a dark state either a good electron acceptor or a good electron
donor. If a dark state is blueshifted in energy compared to the
bright states, it can act as a good electron acceptor for a given
electron-enriched system in a photocell composite. On the
other hand, a low-lying dark state compared to bright states
may get populated by excited electrons through phonon
relaxation and can act as an electron donor as well. Hence,
the dark-state energy of the GQDs can be tuned relative to
another electron donor and/or acceptor system to make the
GQDs efficient for photocell applications. Our results
provide a comprehensive understanding regarding the rela-
tive position of delocalized states of GQDs and suggest
guidelines for an experimentalist to dope graphene nano-
fragments chemically to get the desired properties in a
controlled manner.

II. MODELING AND COMPUTATIONAL DETAILS

GQDs are effectively π-conjugated large molecules
involving an sp2 carbon backbone. For our calculations,
we have chosen the Pariser-Parr-Pople (PPP) model, as it
includes explicit long-range electron-electron interactions
and gives a physically consistent and numerically accurate
description for these kinds of systems [41]. The extended
Hubbard (or PPP) Hamiltonian, together with the dipole-
dipole potential, can be written as

H ¼
X

i

niεi þ
X

hi;ji;σ
ti;jðâ†i;σâj;σ þ H:c:Þ þ

X

i

Uini↑ni↓

þ
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(using standard notation) with the configuration-interaction
(CI) method. We consider the nearest-neighbor hopping
integral tij to be the same (t ¼ 1 eV) for all of the bonds.
The on-site Coulomb repulsion, U, is approximated from
the difference between the first ionization energy and the
electron affinity of an atom and is scaled for carbon, boron,
and nitrogen to be 5, 4, and 7 (in units of t), respectively.
The on-site energies (εi’s) for carbon, nitrogen, and boron
are scaled as 0, −0.3, and 0.2 (in units of t), respectively.
The multideterminantal CI approach is one of the best
methods for obtaining excited-state properties [42]. As the
CI is developed in molecular-orbital (MO) space instead of
real space, one can have control over the promotions of
electrons from the filled MOs to the empty MOs. In
principle, a full CI is capable of providing exact solutions
for all of the ground and excited states. Since the GQDs that
we consider are quite large for exact calculations, we use a
complete active-space CI method, which is very good for
low-energy optical spectra. We consider a small energy
window in the MO space, taking all possible configurations
of 4900 within the active space close to the ground state.
The long-range Coulomb-interaction potential, Vppp

ij , is
parametrized in the Ohno interpolation scheme [43], and
the dipolar coupling, Vdipdip

ij , is calculated from the dipolar
interactions [44,45]. In our case, instead of molecular
dipoles, we consider the partial dipoles to be on the same
plane of the GQDs, where ni and nj are the number density
operators and ~ri, ~rj are the unit vectors. Thus, the dipolar
coupling is dictated by the direction and the angles between
the partial dipoles in the GQDs created by boron or
nitrogen substitution. This boron or nitrogen doping will
modulate the average occupancy calculated by the number
operator, resulting in either attractive potential or repulsive
potential.
Along with model calculations, we also perform

ab initio spin-polarized density-functional-theory (DFT)
calculations for the systems using the software GAUSSIAN

09 program. Both the Becke, three-parameter, Lee-Yang-
Parr (B3LYP) and the long-range corrected (Coulomb-
attenuating-method B3LYP) exchange-correlation functional
(which also takes into account nonlocal correlation) is used
in association with the 6–31þ gðdÞ basis set for all of the
calculations. For large structures, Gaussian Zerner’s inter-
mediate neglect of differential overlap (ZINDO) calculations
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are also done. We calculate the linear electronic absorption
spectra using time-dependent density-functional-theory (TD-
DFT) methods. A minimum of ten lowest excited states are
considered in each of the studies.

III. RESULTS AND DISCUSSION

The high oscillator strength in the graphene nanoflakes is
generated by the linear superposition of different configu-
rations in a manner such that the transition dipoles become
macroscopic due to constructive interference of the phase
factors of the quantum states [35,36]. On the other hand, the
corresponding destructive interference results in a reduc-
tion of the transition dipoles, producing dark states, as
shown in Fig. 1(a). Figure 1(b) shows the positively
interfering coherent peak (β), the negatively interfering
destructive peak (α), and the edge-state contributing peak
for GQDs with 30 carbon atoms, i.e., polyacene containing
seven rings. The main contributing transitions in the
absorption spectra are presented in Table I along with

the states involved for the transitions, with the probability
of the transitions given in parentheses. Table I reflects the
coherent sum of the transition-dipole vectors contributing
to the high-energy peak (β) (transition-dipole vectors are
in the same direction, at high oscillator strength), whereas
for the low-energy peak (α) the transition-dipole vectors
almost get canceled out (transition-dipole vectors are in the
opposing direction, at low oscillator strength). An interest-
ing point is that the lowest energy peak, (shown magnified
in the inset) is not like an additive type; rather, it has a
contribution from the low-lying states (as shown in Table I,
only two states are involved)—often termed as an edge-
state transition, as the transition occurs near the Fermi
level—which is highly redshifted, making the system near-
IR active. The edge-state transitions are, in general, quite
interesting, as the optical-gap oscillations in these cases
(which have already been reported [46]) originate from a
band crossing at the Fermi level. However, the oscillator
strength for all of the transitions and its mere presence
and the strength of the edge-state transition is often
overestimated in DFT and ZINDO calculations [see the
Supplemental Material (SM) [47]]. The edge-state effects
are less prominent in the armchair analog and in circularly
shaped GQDs. In our earlier work, we studied in detail the
edge-state transition and how ground-state spin multiplicity
plays a crucial role [48]. The main point is that, for all types
of GQDs with different edges, the strength of the coherent
peak increases with the system size, along with a lowering
of the transition energy (see also the SM [47]).
Figure 1(c) shows the difference between the fundamen-

tal nature of the coherent peak and the peak generated from
the edge-state transition, as the oscillator strengths of the
edge states remain more or less unchanged with an increase
in the size of the system, while the oscillator strengths of
the coherent peaks increase steadily with the system size
due to a more and more positive in-phase combination of
the transition-dipole vectors of the delocalized states (see
the SM [47]).
Now, we believe that an introduction of strain in

graphene quantum dots can alter the on-site Coulombic

TABLE I. For C30 acene GQDs, the transition energy, the
states involving the transitions (with their percentages of con-
tribution in parentheses), the transition dipoles and their direc-
tions, and the resulting oscillator strengths are presented.

Energy (eV) States involved Tr. dipole (a.u.) Osc. str.

3.7 [coherent (β)] 96–100 (43) 0.464 61↑ 4.4482
99–103 (57) 0.535 40↑

2.9 [incoherent (α)] 96–100 (56) 0.530 46↑ 0.0192
99–103 (42) −0.457 53↓

1.2 (edge) 99 to 100
(approx. 100)

0.721 21↑ 0.0259

100 to 99
(negligible)

−0.139 88↓

 

β

α

(a)

(b)

(c)

FIG. 1. (a) Schematic of constructive and destructive interfering
states. (b) Absorption spectra of C30 acene GQDs calculated by
TD-DFT using the B3LYP functional. (Inset) Edge-state absorp-
tion. (c) With an increase in size, edge-state absorption energy
gets redshifted more steadily compared to coherent-state (β)
absorption. For edge states, the oscillator strengths remain more
or less the same but, for the coherent states, the strengths increase
steadily (when taken from the ZINDO calculation).
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interaction. The effect of strain can be utilized to modify the
energy and the transition strength of an optical probe.
Figure 2(a) shows how transition energy and the transition
amplitude depend on the U=t values. With the increase in
strain, i.e., with a higherU=t value, one can achieve a high-
energy transition, but at the expense of transition strength.
Figure 2(b) shows that at a low U=t limit, the whole
spectrum is redshifted, with a lesser number of widely
separated bright states. On the other hand, at a high U=t
limit, the whole spectrum is blueshifted, with a greater
number of closely spaced bright states and many transitions

of moderate to good oscillator strengths. At a high U=t
interaction, degeneracy of some dark states is lifted, resulting
in some states having favorable parity for an optical
transition. These kinds of closely spaced bright states can
be interesting for the possibility of coherent excitation.
We have looked into how the delocalized states and the

transition strength can be tuned through the implementation
of chemical doping of nitrogen and/or boron in GQD.
The key role is played by the partial dipole–partial dipole

(a)

(b)

(c)

FIG. 2. (a) Variation of oscillator strength ð×10Þ and absorption
energy of acene GQDs with C30 at different U=t values in a
many-body calculation. (b) The transition-energy states get more
blueshifted and become more closely spaced having a greater
number of states moderate to high oscillator strength ð×10Þ at a
high U=t ratio, whereas for a low U=t value, bright states are
redshifted and are more separated. (c) Emergence of high
oscillator strength at the near-IR region due to partial dipole–
partial dipole coupling in substituted GQDs.

(a)

(b)

(c)

(d)

FIG. 3. The orientation of boron and nitrogen in GQDs dictates
the alignments of partial dipoles, resulting in either an attractive
or a repulsive potential of dipolar coupling. Our DFT calculations
show that, for an attractive partial dipole–partial dipole potential,
the coherent states are more redshifted than the incoherent states,
whereas for a repulsive potential, the incoherent states are in the
red end to result either repulsive (a),(c) or attractive (b),(d)
potential of dipolar coupling.
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coupling. Figures 2(c) and 3 show how the different types
of orientations for the B and N substitution can control the
alignment of the partial dipoles to produce either an
attractive or a repulsive potential of dipolar coupling and
can result in high oscillator strength at a new energy.
Figure 3 shows the structures of the GQDs along with their
partial dipole alignment, as well as the transition energy
and strength obtained from the DFT calculations. For the
same structures, the CI calculations are shown in Fig. 4(a)
in the same sequence. For some other structures and larger
GQDs, the results of the many-body, DFT, and semi-
empirical calculations are shown in the SM [47]. The Fig. 3
insets show the schematic of a two-state model for dipolar
coupling, i.e., Davydov splittings, where the relative
position of the coherent and incoherent states are obtained
from DFT calculations, presented in Tables II and III (see
also the SM [47] for other structures). Davydov splitting is
mainly discussed in the aggregate types of systems [49],

where the quasiclassical vector treatment and the electro-
static interaction between the transition moment dictates
the splitting energy between the coherent and incoherent
states (see the SM [47]). Interestingly, here we also find a
similar kind of splitting due to the partial dipole–partial
dipole coupling in doped GQD systems. Our DFT calcu-
lations on GQDs give the relative position of coherent and
incoherent states in the same way as in the quasiclassical
vector-model treatment for aggregates. Table II and III
reflect the states involved and their contribution to the
transition dipoles for either attractive or repulsive potentials
for two GQDs; for a higher number of GQDs, see the SM
[47]. For the attractive dipolar coupling, the constructive
interfering states get shifted to lower energies compared to
the destructive interfering states. In the case of repulsive
dipolar coupling, the dark states get redshifted. It is
interesting to note that, in the case of the substitution here,
the edge-state contributions are also enhanced. They are not
merely dictated by the boundary condition of the GQDs,
but also by the nature of the chemical doping. The many-
body calculation with the extended Hubbard model
Hamiltonian shows effects that are qualitatively similar
to those observed with DFT calculations. The emergence of
high oscillator strength at the red end is also observed here,
depending on the attractive dipole-dipole interactions.
Thus, in the substituted GQDs for attractive potential,
the bright states are more redshifted than the dark states,

(a)

(b)

FIG. 4. (a) For the same sequence of GQD shown in Fig. 3, the
optical transition determined by a many-body calculation de-
pends, in a similar fashion, on DFT. The emergence of high
oscillator strength ð×10Þ in the lower energy is observed due to
the dipole-dipole interaction. (b) Schematic of the hybrid QDs
and energy states involved in the electron transfer. The relative
position of the dark state at lower energy compared to the bright
state in GQDs can make the composite efficient in electron
transfer by taking either an electron from another excited QD
(CT1) or for GQD excitation. An electron from the bright state
can go through phonon relaxation to the dark state [CT2(i)],
prohibiting the radiative loss and enhancing the electron transfer
[CT2(ii)].

TABLE II. For the GQDs shown in Fig 3(a)—i.e., chemical
doped GQDs with a repulsive potential—the transition energy,
the states involved for the transitions (with their percentages of
contribution in parentheses), transition dipoles with their repre-
sentative directions, and the resulting oscillator strengths are
presented.

Energy (eV) States involved Tr. dipole (a.u.) Osc. str.

3.18 [blueshifted
coherent (β)]

76–79 (57) 0.534 22↑ 0.1308
78–81 (29) 0.382 23↑

2.84 [redshifted
incoherent (α)]

78–81 (62) 0.555 34↑ 0.02
76–79 (32) −0.401 10↓

2.14 (edge state) 78–79 (96) 0.691 49↑ 0.1885

TABLE III. For the GQDs shown in Fig. 3(d)—i.e., chemical
doped GQDs with attractive potential—the transition energy, the
states involved for the transitions (with their percentages of
contribution in parentheses), transition dipoles with their repre-
sentative directions, and the resulting oscillator strengths are
presented.

Energy (eV) States involved Tr. dipole (a.u.) Osc. str.

2.96 [redshifted
coherent (β)]

85–87 (50) 0.497 58↑ 0.2796
86–89 (48) 0.492 43↑

3,27 [blueshifted
incoherent (α)]

85–87 (44) 0.468 23↑ 0.0203
86–89 (42) −0.460 64↓

2.13 (edges state) 86 to 87 (100) 0.705 57↑ 0.6766
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where, as for the repulsive potential, dark states are generated
at the red end. Interestingly, experimentalists are using group
IV-VI quantum dots along with graphene matrix or graphene
quantum dots to prepare hybrid quantum-dot nanofilms
where one acts as a donor and the other as an acceptor,
while also looking for their electron-transfer dynamics
[50,51]. Efficient electron transfer can dramatically increase
photocurrent generation in the hybrid-QD-sensitized solar
cells. In fact, when a graphene quantum dot is photoexcited,
the exciton generated needs to migrate to the donor-acceptor
interface to dissociate. Energy transfer can occur through
either a dipole-dipole interaction or an electron-exchange
interaction. Energy transfer through an electron-exchange
interaction (which requires orbital overlap; the Dexter
mechanism) and energy transfer through a dipole-dipole
interaction (the Förster mechanism) are shown in the
equations below [52–54]. In the exchange mechanism,
the rate of energy transfer decreases exponentially with
the increase in donor-acceptor distance (0.1–1 nm), whereas,
through the dipole-dipole interaction, energy transfer can
occur over a long range (1–10 nm):

D� þ A → Dþ A�

kexchange ∝ jhψ�ðDÞψðAÞjHexjψðDÞψ�ðAÞij2
Hex ∝ e−RDA

kdipdip ∝ jhψ�ðDÞψðAÞjHdipdipjψðDÞψ�ðAÞij2

Hdipdip ∝
μ�Dμ

�
A

R3
DA

:

Now, as we have shown, engineering the GQDs by site-
specific chemical doping, one can introduce the dipolar
interaction in a controlled manner to get red-end dark states
that are important for an efficient electron transfer and that
can be used for a GQD-sensitized solar cell. In Fig. 4(b), we
present a schematic of electron transfer and charge sepa-
ration in a GQD-QD composite and show how the red-end
incoherent state facilitates electron transfer.

Here, in either CT1 pathway, the dark state of the doped
GQD can accept the electron from a photoexcited donor
QD or, in the CT2 pathway, the photoexcited GQD can
relax to the dark state, followed by an efficient electron
transfer to another acceptor QD, resulting in efficient
charge separation. Again, the bright state can also be tuned
to high oscillator strength for enhanced photonic activity.
Thus, we can employ the dipolar kind of potential in a
doped GQD to tune the relative position of bright and dark
states, as is shown schematically in Fig. 5.

IV. CONCLUSIONS

Our studies establish that controlling the coherent super-
position of quantum states high oscillator strength in
desirable energy can be achieved through partial dipole–
partial dipole interactions in substituted graphene quantum
dots. Our DFT and many-body calculations show that, in
substituted GQDs, due to the coupling among the partial
dipoles, the Davydov type of splitting is obtained in the same
fashion as is observed with the quasiclassical vector treat-
ment of dipolar coupling in aggregates. We show that, in an
attractive dipolar potential, the bright state in functionalized
GQDs is more redshifted compared to its dark counterpart.
However, the repulsive dipolar potential produces a dark-
state red end which can be used for an efficient electron
transfer, as was reported previously [39,40].
Experimentalists have reported efficient electron transfer

in the low-lying dark state of nanostructured graphene from
group IV-VI quantum dots [50,51]. Hence, utilizing partial
dipole–partial dipole coupling, a proper architecture of the
dark state in GQDs, relative to the other QDs in a hybrid
QD, can be achieved. This achievement would pave the
way for an efficient electron transfer. Again, our results
reflect that the nonadditive edge-state transition can be
enhanced through the functionalization of GQDs. Also, our
studies reveal that the effect of strain can change the U=t
ratio, creating more closely spaced bright states, which are
important for coherent excitation.
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