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G
raphene, a natural realization of
two-dimensional carbon crystal,
has been intensively investigated

for its interesting physical properties and

potential technological applications,1�13

and these peculiar properties such as mass-

less high mobility,1 quasi-particles,2 and

quantum Hall effect4,9 make it different from

conventional materials. Further electron

confinement and some graphene nano-

structures, such as one-dimensional

graphene nanoribbons (GNRs) and zero-

dimensional graphene quantum dots

(GQDs), have also attracted interest, which

can provide a possibility to explore low-

dimensional transport and perspective for

carbon-based nanoelectronics. Progress in

preparing GNRs12,14�16 and GQDs4,11,13 has

been reported, which are top-down or

bottom-up approaches. For instance, some

GQDs have already been manufactured by

soft-landing mass spectrometry,5 and re-

cently, graphene nanoislands have also

been epitaxially grown on 6H-SiC(0001).17

The electronic properties of graphene

nanostructures have widely been investi-

gated. Tight-binding approximation

calculations18�21 predict that one-

dimensional GNRs with armchair-shaped

edges can be either metallic or semicon-

ducting, depending on their widths, while

those with zigzag-shaped edges are metal-

lic with two flat bands at the Fermi energy.

First-principles calculations show that GNRs

with hydrogen passivated edges always

have nonzero and direct energy gaps.22,23

The energy gaps of GNRs with armchair-

shaped edges originate from edge quan-

tum entrapment, while the gaps for GNRs

with zigzag-shaped edges arise from a stag-

gered sublattice potential due to spin or-

dered states at the edges.23�25 First-

principles calculations have also been per-
formed to investigate the electronic proper-
ties for finite length GNRs, viz., rectangular-
shaped graphene,26�28 and the calculated
results reveal that, in addition to edge quan-
tum entrapment from ribbon width, finite
size effects along the ribbon length affect
the electronic states drastically. For finite
length GNRs, there are no zero-energy
states in comparison with infinite length
GNRs.29 Very recently, several theoretical
calculations have been carried out to study
the electronic properties and magnetism for
other shaped zero-dimensional GQDs.29�35

In particular, only triangular GQDs with zig-
zag edges have degenerate zero-energy
states and show metallic ferromagnetism,
in which the net spin increases linearly with
its size, which is quite different from that
for GNRs, being zero regardless of its size
and edge type. It also has been predicted
that the net magnetic moments in triangu-
lar GQDs are usually satisfied with Lieb’s
theorem.36 In addition, the energy gaps for
GQDs in the graphane can be controlled by
the size.37 These special properties render
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ABSTRACT We investigate the effect of N/B doping on the electronic properties for a zero-dimensional

zigzag-edged triangular graphene, wherein two sets of sublattices are unbalanced, using density functional

theory (DFT). We find that the substitutional N/B atom energetically prefers to distribute in the major sublattice.

After the N/B doping, the net spin for triangular graphene is reduced and full or partial depolarization occurs

depending on doping sites. Our DFT calculations show that the triangular graphene with N/B doped in the major

sublattice has a larger energy gap, and the electronic properties depend on the doping position. There is an

impurity state below or above the Fermi level for the N/B-doped triangular graphene, depending on the sublattice

at which the dopant locates. The dependence of the electronic properties on doping position is attributed to the

competition between the Coulomb attraction of N� (B�) and the correlation with nonbonding states for the extra

charge introduced by the N/B atom.
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GQD as the building block for nanodevices such as
spin memory, transistors, solid-state qubits, and per-
haps optoelectronics applications.31,38,39

In order to enrich the potential applications, the
doping of other elements into graphene nanostruc-
tures is the efficient way to tune the electronic struc-
tures. It is well-known that the N/B atom is a general
dopant within the carbon materials, which is a neigh-
bor to the C atom in the periodic table. Various tech-
niques have been employed to incorporate N or B at-
oms into carbon materials.40�46 Alternatively, an atom-
by-atom substitution technique using a scanning
tunneling microscope can be realized to control nano-
structures accurately.47 N/B dopant can inject electron/
hole into carbon-based materials, thus changing the
electronic and transport properties.48,49 Theoretically
and experimentally, the N/B-doped carbon-based ma-
terials are widely investigated.50 Using density func-
tional theory (DFT), we have investigated the electronic
properties for N/B-doped carbon nanotubes (CNTs)
and GNRs.49 For N-doped GNRs with zigzag edges, we
have first found that the site of impurity energy level in-
troduced by the N atom is related to the competition
between the Coulomb interaction and correlation with
charges.51 Our calculated results suggest that the elec-
tronic properties of N-doped GNRs can be controlled by
adjusting the doping sites. It should be emphasized
that, different from zigzag GNR with a total spin of zero,
the zero-dimensional triangular GQD with zigzag edges
has a finite total spin. Hence, it can be expected that
both the electric and magnetic properties of triangular
zigzag GQD can also be affected by the N/B dopant, and
they may be different from zigzag GNRs. In this work,
we aim to investigate the electronic properties for N/B-
doped triangular GQDs with hydrogen passivated zig-
zag edges using DFT calculation and try to explore how
N/B doping influences the electronic properties of
GQDs.

RESULTS AND DISCUSSION
The structure of a selected triangular GQD with hy-

drogen passivated zigzag edges is shown in Figure 1.
Its edge size was n � 6, which consisted of 61 carbon at-
oms and 21 hydrogen atoms, wherein the hexagonal
lattice of graphene contained two sets of sublattices,
denoted as A and B, respectively. In the triangular GQD,
the three edges belong to the same sublatice, hereaf-
ter A. Hence, a triangular GQD did not contain the same
atoms in each sublattice, namely NA � NB, and in this
work, the number of atoms in different sublattices sat-
isfied NA � NB � n � 1 � 5. The N/B-doped GQD was
modeled by direct substituting of one carbon atom by
one N/B atom in the hexagonal lattice, which could lead
to different doping positions. The letters in Figure 1 de-
note the different doping positions of the substitu-
tional N/B atom, and 14 different configurations for
doped GQDs were considered in this work.

Pristine Triangular Graphene. First, we have performed

the spin-unpolarized DFT calculations on the elec-

tronic structure for a pristine zigzag-edged triangular

GQD with edge size n � 6, and the energy spectrum

and the density of states (DOS) are shown in Figure

2a,b, respectively. The half-filled states near the Fermi

level are zero-energy states which are called nonbond-

ing states (NBSs), and the existence of these degenerate

NBSs is the same as from the TB calculated results.29,30

Like GNR, the topology constraint gives rise to these

sharp NBSs near the Fermi level, which come from the

edge trapping of the bonding electrons and �-electron

polarization.25 These half-filled NBSs are not stable and

can imply possible magnetic states when the degree of

freedom for spin is unrestricted, and hence the spin-

polarized DFT has to be employed in this work. The en-

ergy difference between spin-polarized and spin-

unpolarized states is 0.47 eV and in favor of the polar-

ized state. Figure 2c,d shows that a split for the degen-

erate NBSs and an energy gap of 0.59 eV appears near

the Fermi level when the degree of freedom for spin is

unrestricted, comparable to other theoretical results,31

which indicates that it is possible to measure the mag-

netic moment at room temperature. Five NBSs with the

same spin orientation (assigned as spin up) are occu-

pied, and the total spin for pristine GQD satisfies 2S �

NA � NB � n � 1 � 5, in agreement with Lieb’s theo-

rem.36 These results are consistent with those predicted

by mean-field approximation30 and DFT calculations

with local density approximation.31

We have further calculated the spatial distribution

of NBSs near the Fermi level for pristine GQD with edge

size n � 6. The highest occupied molecular orbital

(HOMO) and HOMO-1 are degenerate states, and the

sum of the electronic distribution for these two orbit-

als is shown in Figure 3a, wherein the orbitals are ex-

tended in the GQD. The lowest unoccupied molecular

orbital (LUMO) and LUMO�1 are also degenerate ex-

Figure 1. Schematic structure of a zigzag-edged triangular
GQD with edge size n � 6, wherein the letters denote the dif-
ferent doping positions, and A and B represent the two sub-
sets in the hexagonal lattice for graphene, as shown in the
inset. The white and gray balls denote the hydrogen and car-
bon atoms, respectively.
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tended orbitals in Figure 3b, while the other nonbond-

ing orbitals distribute mainly near the zigzag edges, as

shown in Figure 3c,d. The distribution of NBSs near the

zigzag edges is denser than that in the inner area. For

some graphene nanostructures, such as armchair-

edged triangular GQDs, hexagonal GQDs, and rectan-

gular GQDs,29,30 the numbers of two sublattices are the

same (NA � NB), where there are no NBSs near the Fermi

level. However, in the zigzag-edged triangular and trap-

ezoid GQDs,34 the NBSs come into existence, and the

number of NBSs equals the difference between two su-

blattices (NA � NB), hence NBSs originate from the un-

balanced sublattice. Figure 3 exhibits that all of the

NBSs distribute only in the major sublattice (sublattice

A) for pristine GQD. Furthermore, the occupied NBSs are

all of the spin-up orbitals near the Fermi level in Figure

2. Due to the asymmetry in spatial distribution, the re-

maining spin-up orbitals are attracted to the sublattice

A by the exchange interaction while the spin-down or-

bitals are repelled from the sublattice A and attracted to

the sublattice B.31 The calculated spin density differ-

ence for pristine GQD is shown in Figure 3e, in which

the spin-up orbitals distribute exclusively in sublattice

A and mainly at the zigzag edges, which is consistent

with the distribution of NBSs. The whole system devel-

ops a ferrimagnetic order with opposite spins on the

subsets of the sites and with the total spin-up larger in

the sublattice A than the total spin-down in the sublat-

tice B. The value of total net spin S � NA � NB � (n �

1)/2 increases linearly with the size of GQD.31

N/B-Doped Graphene Quantum Dots. We have selected 14

different doping positions in the zigzag triangular GQD

with size n � 6, as shown in Figure 1. The doping posi-

tions A0�A5 and Am lie in the sublattice A, while

B0�B5 and Bn are located in the sublattice B. In our

work, the considered configurations for N-doped GQDs

are denoted by N-A0�N-A5, N-Am, N-B0�N-B5, and

N-Bn, while for B-doped GQDs, those cases are labeled

by B-A0�B-A5, B-Am, B-B0�B-B5, and B-Bn, respec-

tively. The corresponding total energy differences for

these N/B-doped GQDs are given in Table 1 and are also

plotted in Figure 4. The zigzag edge of triangular GQDs

breaks the symmetry between the two sublattices of

the honeycomb lattice, behaving like a defect. There-

fore, the N/B dopant more energetically prefers to lie at

the edge than that it does in the inner area, which is in

good agreement with our previous work on N/B-doped

GNRs.51,52 It is worth emphasizing that we find that the

substitutional N/B atom energetically prefers to distrib-

ute in the major sublattice for GQD, and the most favor-

able doping position locates at A3, namely, the middle

Figure 2. Calculated self-consistent energy spectra and DOS for a pristine GQD with edge size n � 6 using spin-unpolarized
DFT (a,b) and spin-polarized DFT (c,d). Full, empty, and half-filled symbols correspond to full, empty, and half-filled states, re-
spectively. The Fermi level is labeled by a dashed line.

Figure 3. Sum of electronic distribution for (a) HOMO and HOMO-1, (b) LUMO and LUMO�1, (c) HOMO-2, HOMO-3, HOMO-4, and
(d) LUMO�2, LUMO�3, LUMO�4 in pristine GQD with size n � 6, where the blue and yellow shapes denote positive and negative
wave function contours, respectively, and the isosurface value is �0.02 electrons/au3. (e) Isosurface spin density difference for pris-
tine n � 6 GQD, in which wine and green correspond to up and down spins, respectively. Spin density difference contour is shown
at the value of 0.01 electrons/au3.
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of the zigzag edge. It is consistent with the electronic

distribution near the Fermi level in Figure 3.

When the dopant lies at A3 or A0, the bond lengths

near the dopant are shown in Figure 5. It is clearly ex-

hibited that the bonds adjacent to dopant are changed.

For N doping, the N�H and N�C bonds are contracted,

while the B�H and B�C bonds are stretched for B dop-

ing. The local structural distortion induced by N doping

is very small, whereas that by B doping is more pro-

nounced. Hence, the distribution of NBSs is the main

factor, which determines that the N dopant prefers to

lie at the edge, in which the density at the edge is

denser than that in the inner area. For the B dopant,

electron-deficient substitution likely forms “in-plane”

bonding configurations. When the distance between

the B dopant and the edge is shorter, the structural dis-

tortion of doped GQD is more prominent. It seems

that the B dopant prefers to locate in the inner region.

However, the existence of NBS distribution is noted.

Consequently, combining these two facts, the edge ap-

pears to be a more energetically favorable site for the

B dopant, and the energy differences between doping

at the edge and doping in the inner are are clearly

smaller than those for N-doped GQDs. It is noted that

the configuration N-Bn is more favorable than other

cases such as N-Bx (x � 0�5). This behavior is related

to the site of Bn lying at the angle of the triangular

GQD, which can lead to formation of N�H. The H�N

bond is more stable than that of C�N. However,

B-Bn is energetically unlikely in comparison with

other cases such as B-Bx (x � 0�5) owing to large lo-

cal structural distortion induced by B doping, where

the H atom adjacent to B moves outward from its

original position by 0.12 Å. Note that this stretch of

the B�H bond is so large that it is accompanied by

symmetry breaking.52

The electronic properties for N/B-doped GQDs have

been calculated, and the calculated electronic energy

gaps (HOMO�LUMO) for different configurations are

listed in Table 1, from which we find that the energy

gaps for all N/B-doped GQDs are smaller than that for

pristine GQD (0.59 eV). Furthermore, the energy gap

also depends on the doping position, and the GQD with

N doped at the zigzag edge has a relative large energy

gap in comparison to the case with N doped in the in-

ner region. In addition, the gap for GQD with N/B doped

at sublattice A is slightly larger than that with N/B

doped at sublattice B, except for the doping position

A2. The N/B dopant at some sublattice creates a larger

energy gap than 0.2 eV. It should be pointed out that

we adopt the generalized gradient approximation

(GGA) scheme which has a tendency to underestimate

the energy gap. Therefore, the spin alignment may be

stable at room temperature for some N/B-doped GQDs.

When one extra electron is added, the magnetization

of triangular GQD will collapse to the minimum possible

value.33 As an example, if a triangular GQD with n � 6

is charged by one electron, the total net spin will be 0,

TABLE 1. Relative Total Energy (�E), Net Total Spin Value (S), and Energy Gaps (Egap) for the N/B-Doped and Pristine (P)
GQDsa

P N-A0 N-Am N-A1 N-A2 N-A3 N-A4 N-A5 N-B0 N-B1 N-B2 N-B3 N-B4 N-B5 N-Bn

�E 0 �0.11 �0.09 �0.13 �1.05 �1.03 �0.88 0.42 0.37 0.31 0.11 0.14 0.13 �0.19
S 2.5 2 0 0 0 0 0 0 0 0 1 �1 0 0 0
Egap 0.59 0.27 0.27 0.22 0.06 0.29 0.30 0.29 0.21 0.15 0.12 0.25 0.22 0.21 0.29

P B-A0 B-Am B-A1 B-A2 B-A3 B-A4 B-A5 B-B0 B-B1 B-B2 B-B3 B-B4 B-B5 B-Bn

�E 0 �0.34 �0.19 �0.14 �0.61 �0.54 �0.3 0.23 0.29 0.34 �0.02 0.08 0.08 0.52
S 2.5 0 2 0 0 0 0 0 2 0 0 2 0 �1 0
Egap 0.59 0.27 0.44 0.31 0.20 0.29 0.27 0.29 0 0.24 0.19 0.14 0.22 0.28 0.29

aThe unit of �E and Egap is eV. For N/B-doped GQDs, �E is relative to the total energy of N/B-A0.

Figure 4. Relative total energies for N-doped (a) and B-doped (b) GQDs with different configurations. The solid lines are
just guides for the eye.
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viz., S � 0. Because the N atom has one extra electron
in comparison with the C atom, for N-doped GQD, it is
probable that the reduction of the net spin can take
place. However, our results are different from above,
as listed in Table 1, as the net spins for N-A0, N-B2, and
N-B3 decrease to 2, 1, and �1 and for other configura-
tions reduce to 0, which implies that these interesting
variable magnetizations are also related to N�. For
B-doped GQDs, the extra charge is a positive hole intro-
duced by the B dopant, and it is similar to N doping
where magnetization of the doped GQD depends on
the dopant doping site. The net spins for B-Am, B-B0,
and N-B3 decrease to 2, B-B5 reduces to �1, and other
configurations diminish to 0. It suggests that the spin
polarization of GQD is fragile.

First, the calculated electronic structures for
N-doped GQDs are shown in Figure 6. It is exhibited
that the doping position plays an important role in the
electronic structures. Compared to pristine GQD, it is
visible that the full or partial depolarization occurs and
electronic structures are altered largely for N-doped
GQDs except for N-A0. For N-A0, the Fermi level is
shifted upward and the band of down-spin NBSs is
wider than that of pristine GQD. Furthermore, it is worth
noting that the impurity energy levels designated by
blue arrows distinctly come into existence below the

Fermi level when N dopants lie at the zigzag edge of su-

blattice A, viz., N-A3, N-A4, and N-A5. However, for

GQDs with N doped in the inner area of sublattice B,

namely, N-B0, N-B1, and N�B2, the clear impurity lev-

els labeled by blue arrows appear above the Fermi level.

Due to special position of N-Bn, there also exists an im-

purity level above the Fermi level. In order to explore

the electronic structures of N-doped GQDs deeply, we

have calculated their self-consistent energy spectra and

corresponding electronic distribution of NBSs in Figure

7. It is found that there are six occupied and four unoc-

cupied NBSs near the Fermi level, in which one orbital

is occupied by the extra electron of the N dopant. It is

clear that the N-A0 is a fully polarized state (S � 2), N-B2

and N-B3 are partially polarized (S � 1, �1), and other

cases are fully depolarized states (S � 0). For the larg-

est spin S � 2 case, the added electron simply occupies

one spin-down orbital and other orbitals remain in

their spin. Therefore, the electronic structure near the

Fermi level for N-A0 is very similar to that for pristine

GQD, except for the occupation of one spin-down or-

bital in N-A0. However, for other cases, the added elec-

tron induces the present electrons to be partially

flipped in spin, which leads to a greatly modified elec-

tronic structure.

Figure 5. Bond lengths near the dopant and at the edge are shown when the N or B dopant lies at A3 (a,b) and A0 (c,d).
The unit of bond length is Å.

A
RTIC

LE

www.acsnano.org VOL. 4 ▪ NO. 12 ▪ 7619–7629 ▪ 2010 7623



Moreover, it is worth noting that a complicated hy-

bridization takes place after N doping. We have also ob-

served that the special electronic states labeled by

blue dashed arrows (circles) appeared in the occupied

NBSs for GQDs with N doped in the sublattice A, which

come from occupied NBSs. In contrast, for GQDs with N

doped in the sublattice B, they exist above the unoccu-

pied NBSs. The right insets in Figure 7 present that

Figure 6. DOS and isosurface plots of spin density difference for N-doped GQDs with size n � 6, in which the Fermi level is labeled by a
dashed line, and the site of the N dopant is marked by a red circle.
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these electronic states are localized and concentrated

around the N dopant site, where they exhibit antibond-

ing states between C and N atoms owing to electron-

sufficient N dopant. Due to no p orbtials of the H atom,

Figure 7. Calculated self-consistent energy spectra and NBS wave function isosurfaces for N-doped GQDs with size n � 6, in
which full and empty symbols correspond to full and empty states, respectively. The upward triangle and downward triangle
represent up and down spins, respectively. Occupied NBSs and unoccupied NBSs are denoted by black and red circles, re-
spectively.
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there are no electronic states between C and H atoms.
It is clear that these striking nodal structures are similar
to impurity states for N-doped GNRs and N-doped
CNTs. Because these electronic states are introduced
by the N dopant, they are also called impurity states,
which correspond with impurity energy levels in DOS.
Hence, although the impurity energy levels for some
GQDs are not shown in Figure 6, their positions can be
obtained through their corresponding self-consistent
energy spectra in Figure 7. For example, for N-B3,
through its energy spectrum, we can find out the site
of impurity energy level shown by a blue arrow in Fig-
ure 6. All other NBSs retain the features in pristine GQD
(i.e., distribute exclusively in sublattice A, and extended
or localized at the zigzag edge), as shown on the right
insets in Figure 7.

What is the formation mechanism of the impurity
states, and how does it depend on the doping sublat-
tice? Similar to N-doped infinite GNRs in our previous
work,51 for N-doped triangular GQDs, the competition
between the Coulomb interaction and correlation with
charges also determines position of the impurity energy
level. When an additional electron is added in triangu-
lar GQDs, it primarily occupies the unoccupied non-
bonding orbital which distributes exclusively in sublat-
tice A due to the unbalanced sublattice. This feature of
nonbonding orbital results in an effective attraction on
the additional electron to the major sublattice. In addi-
tion to the attraction toward the sublattice A, the extra
electron from the N dopant is also attracted by the Cou-
lomb interaction of N� after N doping. When the N
dopant lies at sublattice B, these two attractions are
competitive. According to our calculation, the extra
electron from the N dopant transfers to sublattice A
and occupies an unoccupied nonbonding orbital near
the Fermi level, which indicates that the attraction from
NBSs is dominant. Hence, the remaining isolated N�

has a strong ability to attract negative electrons of its
neighborhood, which can introduce the impurity en-
ergy level above the Fermi level, very similar to the ac-
ceptor. On the other hand, when the N dopant lies at
sublattice A, the Coulomb interaction will attract the
electron toward the doping position and finally results
in a localized electronic state around the N dopant with
a lower energy. It is worthy noting that, for n � 6 GQD,
two NBSs are extended and three NBSs are localized at
the zigzag edge, which leads to heterogeneous NBSs.
The distribution of NBSs near the zigzag edges is
slightly denser than that in the inner area, as shown in
Figure 7, which also can be obtained from the spin den-
sity difference in Figure 3. It is the distance between
the N dopant and the edge that determines the en-
ergy of impurity level, viz., the degree of localized for
impurity states. When the N dopant lies in the sublat-
tice A, with decreasing distance between the N dopant
and the edge, the extra electron tends to be tightly re-
stricted around N�. Consequently, the energies of im-

purity levels for N-Ax (x � 3�5) are lower than those
for N-Ax (x � 0�2), and they locate far away from the
Fermi level. In contrast, for N doped in the sublattice B,
with increasing distance between the N dopant and the
edge, the ability of N� to attract electrons of its neigh-
boring C atoms becomes strong, which causes the im-
purity energy level of N-Bx (x � 0�2) to be more near
the Fermi level than N-Bx (x � 3�5). In fact, the NBSs lo-
calized near the edges are also not homogeneous,
namely, the middle of the zigzag edge having a rela-
tively large distribution of NBSs, which can slightly af-
fect the energy of impurity states.

In addition, for N-A1, N-A2, and N-Am cases, as
shown in Figure 7, except for occupied NBSs compos-
ing impurity states, other occupied NBSs marked by
black circles (arrows) are not perfectly distributed exclu-
sively in sublattice A, which is caused by the impurity
perturbation. The impurity states of these cases origi-
nating from NBSs are localized weakly and lie in the vi-
cinity of other NBSs, which can be characterized by the
resonance states. Hence, their corresponding impurity
levels are scattered in comparison with sharp impurity
levels of other cases.

The electronic structures of B-doped GQD with edge
size n � 6 have also been investigated. The calcula-
tions show that their electronic structures are contrary
to those of N-doped n � 6 GQD. For B-doped GQDs, the
B dopant injects a positive hole into GQDs, and the
Fermi level will shift downward slightly. The positive
hole induced by the B dopant will reside in the occu-
pied nonbonding orbital of pristine GQDs, and some are
exhibited in Figure 8 (see Supporting Information for
others). For the fully polarized state S � 2 cases, viz.,
B-Am, B-B0, and B-B3, the added hole simply occupies
one spin-up orbital (two degenerate spin-up orbitals
are half-filled for B-B0) and other orbitals remain in their
spin. However, for other cases, the added hole induces
present chargers to be partially flipped in spin, which
leads to a greatly modified electronic structure. In con-
trast to N-doped GQDs, when B dopants lie in the sub-
lattice A, the impurity levels designated by dashed blue
arrows (circles) appear above the Fermi level. For GQDs
with B doped in the sublattice B, the impurity levels ex-
ist below the Fermi level. The formation mechanism of
these impurity levels is similar to N doping, which is re-
lated to the competition between the following two
factors for an extra hole. One is its Coulomb interac-
tion with B�, and another is its correlation with NBSs.
Noting that NBSs have two parts, one is extended in the
GQD and the other distributes mainly near the edge.
In addition, the electronic states associated with the im-
purity level are localized around the B dopant and ex-
hibit bonding states along the B�C bonds, which are in
accordance with the theoretically and experimently ob-
tained scanning tunneling microscope images.52�54

Our present work shows that NBS plays an impor-
tant role in the electronic properties for both pris-
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tine and N/B-doped GQDs, and the interactions be-
tween NBS and the impurity atom could be explored
based on the electronic structure for N/B-doped
GQD. Furthermore, our findings provide one way to
control the electronic structure as well as the elec-
tronic distribution for triangular GQD with zigzag
edges, which is important in designing graphene-
based electronic devices.

CONCLUSION
DFT calculations reveal that the triangular-shaped

GQD with a zigzag edge exhibits unique electronic
properties, in which NBS near the Fermi level origi-
nates from the unbalanced sublattice and distributes
exclusively at sublattice A. Calculations on N/B-doped
GQD show that the total energy and the energy gap de-
pend on both the position and the sublattice of the sub-
stitutional N/B atom. The configurations with N/B

doped at sublattice A or at the zigzag edge have lower
total energies and larger energy gaps. After the N/B
doping, the net spin for GQD is reduced and full or par-
tial depolarization occurs, regardless of doping configu-
ration. The N (B) dopant in the sublattice A leads to an
impurity state that locates below (above) the Fermi
level, while for doping in the sublattice B, an impurity
state appears above (below) the Fermi level. We pro-
pose that the dependence of the energy level of impu-
rity states on the doping position should be explained
by the competition between the Coulomb attraction of
N� (B�) and the correlation with charges of NBSs. The
sign of the impurity level depends on whether the dop-
ing site belongs to the sublattice A or B, and the dis-
tance between the N/B dopant and GQD edge decides
the energy of impurity level. These results suggest that
one way to control the electronic property of GQDs by
adjusting N/B doping sites can be realized.

METHODS
In this work, the calculations were carried out using DFT

provided by Dmol3 code,55,56 and the spin-polarized DFT
was employed to correctly describe the magnetic moment
at the zigzag edge of GQD. In our DFT calculations, the all-
electron Kohn�Sham wave functions were expanded in the
double numerical polarized atomic orbital basis. The GGA
with the Perdew�Burke�Ernzerhof correlation gradient cor-
rection was used to describe the exchange and correlation
energy.57 Self-consistent field procedure was done until the
change in energy was less than 10�6 Hartree, and the geo-
metrical optimization of the structure was done with a con-

vergence criterion of 10�5 Hartree on the energy. These cal-
culated conditions allowed us to find the geometric and
electronic structure for N/B-doped GQD accurately.
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Figure 8. Calculated self-consistent energy spectra, DOS, and isosurfaces of NBSs and spin density difference for B-doped GQDs with
size n � 6, in which full and empty symbols correspond to full and empty states, respectively. The upward triangle and downward tri-
angle represent up and down spins, respectively. Occupied NBSs and unoccupied NBSs are denoted by black and red circles, respec-
tively.
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