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Effects of functionalization and side defects on single-photon emission in boron nitride quantum dots
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Boron nitride quantum dots (BNQDs) functionalized with chemical ligands exhibit intriguing optoelectronic
properties due to the quantum confinement effect. This paper presents peculiar insights on the effect of side
defects on the electronic structure and optical properties of BNQDs functionalized with different chemical bonds
including hydrogen (H), nitrogen (N), hydroxyl (OH), amine (NH2), and thiol groups (inspired by experimental
reports of functionalized BN nanosheets and nanotubes) Weng et al., Chem. Soc. Rev. 45, 3989 (2016). Hybrid
density functional simulations and Green’s function calculations indicate an intriguing coexistence of two different
Peierls-like distortions in the functionalized low-dimensional material. The presence of side defects increases
the side strain and creates interband electronic states. As a result, the band gap of BNQDs could vary in a wide
range depending on the type of chemical bonds and surface disorders. Enhanced edge states also improve the
photoluminescence emission of the quantum dots. These side-defect enriched states in BNQDs create optical and
electrical responses which could offer unprecedented potential for large scale nanophotonics such as photovoltaic,
bioimaging, and quantum communication.
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I. INTRODUCTION

Hexagonal boron nitride (h-BN) has been considered for
unique properties such as good thermal conductivity, chemical
and mechanical stability, and optical properties [1–5]. Study-
ing the optoelectronic properties of two-dimensional (2D)
h-BN, which is a wide band gap semiconductor, is currently
one of the hottest topics in 2D material science. Thin BN
sheets have been made by ultrasonication [2], high-energy
electron beam irradiation [6], Lewis acid base [7], hydrolysis
of lithium based materials [8], CVD [9], and liquid alloys of
alkali metals at room temperature [10] methods. Lin et al. have
shown a method to reduce the lateral size of monolayered BN
to form QDs [11]. They fabricated monolayered BNQDs by
exfoliating and disintegrating of hBN flakes [11]. Jung et al.
[12] synthesized BNQDs by using physical energy sources
including microwave irradiation, sonication, and impinging
processes. They reported a defect engineering method for
edge-hydroxylated functionalization to enhance the intracel-
lular uptake of the BNQDs in cells for bioimaging [12].
Lingam et al. [13] reported that the random structure of
edges of graphene quantum dots (GQDs) contributes in their
photoluminescence and band gap tuning capabilities. Hassan
et al. [14] experimentally studied the chemical activated
graphene quantum dots by an ultrasonic approach, which
could enhance the electrocapacitance and photoluminescence
intensity. Side-defect BNQDs open new horizons for the
design and fabrication of optoelectronics, nanophotonics, and a
variety of quantum communications devices. The development
of artificial atomic systems are particularly interesting for
new applications in quantum technologies such as quantum
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computation, communications, and metrology [15,16]. Re-
cently, Tran et al. [17] demonstrated a color center in 2D
h-BN as room temperature quantum emitters, which were
previously observed in silicon carbide [18], carbon nanotubes
[19], nanocrystal quantum dots [20,21], and wide-band-gap
semiconductors [22]. More recently, Liu et al. [23] prepared
BNQDs using liquid exfoliation-solvothermal treatment of
bulk BN in three different solvents. They studied their
tunable blue/green photoluminescence (PL), which can be
generated through different organic solvents including ethanol,
N,N-dimethylformamide (DMF), and N-methyl-2-pyrrolidone
(NMP) [23]. Understanding of electronic properties of h-
BN and its heterostructures with graphene (BN/G/BN) will
cause a major progress of BN-based photonic devices. These
polar dielectric heterostructures at atomic scale can create
nanophotonic devices as a result of hybridized optical phonons
of nanocomposites [24]. Moreover, h-BN could be used as a
multimode waveguide and its heterostructures with graphene
could be a tunable waveguide resulting in hybridization
of surface plasmon polaritons in graphene with hyperbolic
phonon polaritons [24–26]. Functionalization is an important
way to create peculiar electronic and optical properties and ap-
plications for a material [24]. This work presents the electronic
and optical properties of functionalized BNQDs having side
defect with the help of first principles density functional theory
(DFT) and the Berkeley GW (BGW) package. It begins with
investigation of electronic properties of the functionalized dots
with different ligands in the presence of side defects. Then, the
emerging optical properties and potential applications of the
quantum dots are presented. Adjustable band gap of BNQDs
through surface functionalization and enriched edge-electronic
states would open up new opportunities for development of
nanomaterials for biomedical and optoelectronic applications.
We took the same size and side defect in our computational
model.
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FIG. 1. (a) Relaxed geometry of BNQD-SH. (b) The total density of states (DOS) and projected DOS (PDOS) for this nanostructure.
(c) The optical absorption spectrum (α) computed for the SH-BN. (d) Side-defect BNQD-SH. (e) The total DOS of defect structure with
Eg = 2.98 eV. (f) The optical absorption spectrum (α).

II. COMPUTATIONAL TECHNIQUE

In this paper, we employ first-principles calculations based
on density functional theory (DFT) and Green’s function BGW
to probe the electronic and optical properties of functionalized
boron nitride quantum dots (BNQDs) and their side defect.

Electronic properties of functionalized BNQDs and their
side defect were performed with the SIESTA software package
based on the self-consistent density functional theory (DFT)
calculations and periodic supercell method [27]. The calcu-
lations were performed within the generalized gradient ap-
proximation (GGA) in conjunction with double-zeta polarized
orbital for the localized basis sets and a norm-conserving
Troullier-Martins type pseudopotential for boron, nitrogen,
oxygen, sulfur, and hydrogen. The convergence criteria for
geometry optimizations were set to less than 0.01 eV/Å for
forces and 10−5 eV for total energy [28].

Concerning the role of dispersion force, we compare the
DFT results based on the GGA and BGW-Beth-Salpeter
equation (BSE) approach. Optical properties of functionalized
BN such as hydrogen-BN (HBN), OH-BN, SH-BN, NH2-BN,
and N-BN were computed using the BGW package based on
first-principles many-body perturbation theory [29,30], with
the computational details in our previous works [31,32].

In short, quasiparticle excitation energies were computed
as a first-order correction to DFT within GG approximation of
Perdew, Burke, and Ernzerhof, with starting DFT-PBE eigen-
vectors and eigenvalues taken from the SIESTA package, which
is compatible with the BGW. The frequency dependence of the

dielectric function is obtained via the generalized plasmon-
pole (GPP) model and optical excitation energies by inclusion
of electron-hole interaction from the solution of BSE [30,33].

Subsequent to our GW calculations, the BSE is solved
within the Tamm-Dancoff and static approximations to
compute the complex transverse dielectric function, ε(ω) =
ε1(ω) + iε2(ω). The absorption coefficient, α(ω), via the
standard expression [34]

α(ω) = 2ω

√
1/2[−ε1(ω) +

√
ε1(ω)2 + ε2(ω)2], (1)

where ω has units of energy (in atomic units).

III. RESULTS AND DISCUSSIONS

A. Electronic properties

Our study begins with the investigation of electronic prop-
erties of functionalized BNQDs by SH, OH, NH2, and N, H
with the help of ab initio quantum computation based on DFT
and BGW packages as described in Sec. II. Since the optical
properties of BNQDs are size dependent, [BN]24 and [BN]54
BNQDs are selected to reveal the mechanism underlying
tunable electronic properties of BNQDs with different sizes.
Concerning the role of size effect on the electronic and optical
properties of BNQDs, we have considered two different sizes
of QD by decreasing the size of the BNQD from 90 atoms to
48 atoms for functionalized BNQD, and 72 atoms to 36 atoms
for side-defect structures (see Appendix for smaller supercell).
We must stress that the contribution of size on the electronic
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properties generally decreases the band gap. Hence our DFT
values constitute the upper values of band gap regard to larger
sizes than our case study. Similar conclusions were drawn by
previous reports on the dependence of electronic states quan-
tum dots (QDs) of different shapes and sizes [35–39]. A second
type of structure with side defect is also studied in order to
compare with the edge-functionalized QDs. Different types of
distortions due to van der Waals repulsion between close neigh-
boring atoms create semiconductor QDs with varying optical
and electronic properties. Before addressing the SH, OH, and
NH2 edge-terminated QDs, we revisit the primitive H edge-
terminated QDs (H-BN) in order to use its total density of states
(DOS) as a frame of reference (for more details, see Appendix).
As shown in Fig. 6, the band gap for H-BN is 5.06 eV with
PBE (5.82 eV with GW). Table I presents the DFT energy gap,
electrical dipole moment, and Peierls distortions for different
edge-terminated and side defect of functionalized BNQD.

Thus we highlight the importance of side-defect edge
functionalization versus perfect edge BNQDs as a route
toward achieving semiconducting states. The three types of
edge functionalized BNQDs are shown in Figs. 1–3. Edge
functionalized BNQDs are denoted as X-[BN]p-X(q), where
[BN]p indicates p trimers of BN in QDs, X is SH, OH, NH2

atoms attached to edges, and q indicates the number X atoms
in the unit cell.

The optimized structure for the functionalized BNQDs is
shown in Figs. 1(a), 2(a) and 3(a) to take into account the
Peierls-like distortion and alternating tilts [40]. Figure 1(a)
reveals that the trimer pairs deviate from the QD plane by out

TABLE I. DFT results for different edge-functionalized and side-
defect BNQDs, band gap (Eg), electrical dipole moment �P , and
distortion distance d1 and d2. The numbers inside parentheses are
calculated by Berkeley-GW.

Functionalized BNQD

SH OH NH2

Egap (eV) 3.2 (3.78) 3.75 (4.33) 4.11 (4.87)
defect 2.98 (3.45) 1.14 (2.06) 0.96 (1.77)

| �P | (Debye) (0.1,0.02,0) (0.04,0,0) (1.4,10.1,0.7)
defect (1,0.9,0.04) (2.4,1.2,0) (1.1,13.4,3.8)

d1 (Å) 2.74 2.65 2.7

d2 (Å) 2.86 2.76 2.81

of plane distance of 0.25 Å and for dimer pairs is 0.01 Å.
The distortion distances d1 (SN) and d2 (SB) for SH-[BN]54-
SH(18) are elongated to 2.74 and 2.86 Å, respectively. The
relatively larger d2 for the dimers (SB) and the negligible tilts
for the trimers (SN) imply that the dimers have a greater closed-
shell character than the trimers. We observed a coexistence of
two different Peierls-like distortions for X edge termination
that manifests as a strong X dimerization at the B zigzag edge
and a weak X trimerization at the N zigzag edge, dictated by the
filings at the vicinity of the Fermi level. The Peierls distortion
of SH-[BN]54-SH(18) leads to an intradimer distance of d1 =
2.74 Å for the S@N and an intratrimer distance of d2 = 2.86 Å
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FIG. 2. (a) Relaxed geometry of BNQD-OH. (b) The total density of states (DOS) for this nanostructure. (c) The optical absorption spectrum
(α) computed for the OH-BNQDs. (d) Side-defect BNQD-OH. (e) The total DOS and PDOS of defect structure with Eg = 1.14 eV. (f) The
optical absorption spectrum (α).
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FIG. 3. (a) Relaxed geometry of BNQD-NH2. (b) The total density of states (DOS) and projected DOS (PDOS) for this nanostructure.
(c) The optical absorption spectrum (α) computed for the NH2-BNQDs for exciton. (d) Side-defect BNQD-NH2. (e) The total DOS and PDOS
of defect structure with Eg = 0.96 eV. (f) The optical absorption spectrum (α).

for the S@B, and OH-[BN]54-OH(18) intradimer distance of
d1 = 2.65 Å for the O@N and intratrimer distance of d2 =
2.76 Å for the O@N, and NH2-[BN]54-NH2(18) intradimer
distance of d1 = 2.7 Å for the N@N and an intratrimer distance
of d2 = 2.81 Å for the N@B as presented in Table I in the
main manuscript. A similar Peierls-like distortion description
can be done for the other functionalized QDs which brought
d1, d2 distances (Table I). A similar conclusion was drawn by
Lopez-Bezanilla et al. [40] for the electronic structures and
magnetic properties of O and S functionalized zigzag boron
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FIG. 4. Map of band gap for perfect and side-defect func-
tionalized BNQDs, in which black circles are experimental data.
Visible light range is highlighted by rainbow color in the range of
1.64–3.19 eV (390–760 nm).

nitride nanoribbons (zBNNRs). Figure 1(b) shows the total
density of states (DOS) and accompanying projected density
of states (PDOS) of -SH atoms attached to B and N atoms.
Figure 1(b) indicates that the magnitude of the band gap for
SH-BNQD is 3.2 eV with PBE (3.78 eV with GW).

Although the primitive H edge-terminated QD has a large
band gap Eg = 5.06 eV with PBE (5.82 eV with BGW), the
SH-BN exhibits semiconductor features—with an energy gap
Eg = 3.2 eV. Comparing the PDOS of SH-[BN]54-SH(36)
with the DOS of H-BN, one may recognize that the main
differences arise from the hybridization of the S atoms. Each
S atom undergoes an sp hybridization yielding two hybrid
orbitals, with one sp forming SB (SN) σ bond, whereas the
other sp orbital points outward to create a π bond. A detailed
analysis of projected DOS in Fig. 1(b) allows for assigning the
origin of band gap closing due to the mixing of the px , py ,
and pz to close the gap. As a result of the dimerization, the px

open a gap of 4.18 eV, while trimerization for pz opens a gap
of 3.1 eV [Fig. 1(b)]. Note that in a dimer bond, one bonding
px electron is shared between one S center, while the two
bonding px electrons are shared among two S centers in each
trimer, leading to a weaker bond and a stronger dimer bond.
The weaker trimer bonds yield weaker bond length alternations
in trimers than dimers, hence a smaller band gap opening at
the SN edge compared to the SB edge. The electronic density
of states (DOS) for the side-defect SH-BN QD is shown in
Fig. 1(e). This side defect creates extra electron states (induced
by strain at defect edges) causing an electrical dipole moment
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(a) (b) (c) (d)

d2 d1 d1 d2 d1 d1 
d2 d2 

FIG. 5. Optimized functionalized BNQD, (a) N-BN, (b) SH-BN, (c) OH-BN, and (d) NH2-BN.

(Table I) and band gap closing. The band gap energy for the
side-defect SH-BNQD is 2.98 eV with PBE (3.45 eV with
GW). As a conclusion, we suggest a mechanism based on
the collaboration between frontier orbital hybridization and
charge transfer for band gap closing consistent with previous
reports [35]. Accordingly, the remarkable edge effects of
BNQDs lead to more active sites and alter their electronic
properties and create new phenomena. The reduced band gap
originated from the edge enriched BNQDs that increased the
electrical dipole moment, which could enhance intermolecular
interaction and electron correlation. Figure 2(b) indicates that
the magnitude of the band gap for OH-BNQD is 3.75 eV with
PBE (4.33 eV with GW). We inspect the electronic properties
of the side-defect BNQDs 2D by computing PDOS on the
eigenstates of OH-BNQDs. Figure 2(e) reveals that the px

orbital opens a gap of 1.4 eV, while pz opens a gap of 2 eV
and the valence band and conduction band edge is primarily
a mixture of px and pz. The projection of the contribution
of pz orbital is greater than px in the side-defect BNQDs.
The resulting scenario allows us to identify a mechanism that
is characterized by mixing of states of px and pz orbitals. In
simple terms, the enhanced sp3 hybridization of the side-defect
BNQDs due to enriched electronic states of edges results in
the lower band gap for defect samples. Figure 3(b) indicates
that the magnitude of the band gap for NH2-BNQD is 4.11 eV
with PBE (4.87 eV with GW), while for the side defect of
NH2-BNQD [Fig. 3(e)], the band gap is 0.96 eV with PBE
(1.77 with GW).

B. Optical properties

The optical properties of BNQDs constitute a major subject
of experimental and computational studies, specifically to
improve BN-based optoelectronic and bioimaging devices.
For instance, a photocatalytic material for using in solar
cells should have wide absorption range of solar energy
and band gap around 2 eV [41]. Table I indicates that the
functionalized BNQDs have a band gap of SH-BN: 3.2 eV,
N-BN:1.63 eV, OH-BN:3.75 eV, and NH2:4.11 eV, where
H-BN has a band gap of 5.06 eV. Although the electronic
band gap of functionalized BNQDs is decreased, it is still too
large for practical applications, which needs to be narrowed
further such as creation of side-defect QDs for photocatalytic
applications. To study the interaction of confined lights
in nanoscale dimensions with BNQDs, we computed the
absorption spectrum by using BGW packages as described
in Sec. II. Figures 1(c) and 1(f) compare the optical absorption
spectrum computed for SH-BN and its side defect. The SH-BN
[Fig. 1(c)] shows the first peak at 5.5 eV (225 nm) and the
second peak at 6.5 eV (191 nm) and 7.5 eV (165 nm). Note
that all peaks are in the UV region. The optical absorption
spectrum for side-defect SH-BN [Fig. 1(f)] indicates a redshift
due to the smaller electronic band gap (3.2 eV). Figure 1(f)
reveals that the computed lowest excitation energy for the
side defect is located at 0.8 eV (1550 nm) followed by
1.15 eV (1078 nm) both in infrared, and 3.2 eV (387 nm)
in visible and 3.7 eV (335 nm) in UV range. Figures 2(c)
and 2(f) show the optical absorption spectrum computed for
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FIG. 6. Total density of states (DOS) for H edge-terminated QDs as a frame of reference, in which the band gap is 5.06 eV. (b) Absorption
spectrum for H-BNQD.
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the OH-BNQDs with and without side defect. Figure 2(c)
reveals that the computed lowest excitation energy for OH-BN
is located at 6.5 eV and the several peaks in UV range. These
results are in good agreement with the energy gap presented
in Table I for OH-BNQDs (3.75 eV). Interestingly, side-defect
OH-BNQDs have a single emission located at 2.5 eV (496 nm).
Hence more direct comparison of predicted absorption spectra
for the OH-BN [Figs. 2(c) and 2(f)] with an experimental
spectrum of edge-hydroxilated BN would be beneficial [12].
Jung et al. studied functionalization of BNQDs to fabricate
biocompatible edge-hydroxylated BNQDs (EH-BNQDs) for
bioimaging. They have found that the absorption spectrum
for EH-BNQD shows (i) a peak at 320 nm, (ii) a peak at
450 nm irradiated by the 280 nm wavelength, and (iii) a peak
at 450 nm irradiated by the 360 nm wavelength [12]. Our
results show that the peak maximum for the NH2-BNQDs
is located at 4.5 eV (275 nm) [Figs. 3(c) and 3(f)], while
with side defect this peak shifts to a longer wavelength, i.e.,
1.9–2.1 eV (652–590 nm). Figure 4 summarized our findings of
energy gap for perfect and side-defect functionalized BNQDs.
NH2-BNQDs reveal more significant band gap closing than
other chemical ligands. Moreover, we compare our theoretical
results with experimental data (dark circles) in Fig. 4 for
NH2 and OH-BNQDs. A close agreement exists with the
experimental data.

IV. CONCLUSION

In summary, we systematically studied the electronic and
optical properties of OH, SH, and NH2 functionalized BNQDs
and their side defect. We show that the functionalization on
both B and N zigzag edges gives rise to band gap closing
or semiconducting states and a Peierls-like distortion. Two
different distortions in the form of single and double bonds
coexist in the same QD. We found that functionalized BNQDs
can modulate electronic and optical properties of 0 D QDs.
Moreover, their side defect acquires single quantum emission
in visible light range. Activated BNQDs improve accessibility
of electrolyte ions by free edges, since the edges have the
ability to accumulate more charges and electron transports
than the pristine BN. Our results suggest that the band gap
of BNQD could be controlled by the chemical nature of
functional groups and could be used to tune and control
the optoelectronic properties of BNQDs. Then chemically
activated BNQDs could be beneficial for applications for the
next generation of miniaturized energy storage devices such
as electrochemical nanocapacitors. These features suggest that
the BNQDs can be good candidates to enhance photolumines-
cence and supercapacitance of BN-based optoelectronic device
applications.
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TABLE II. DFT results for different edge-functionalized and
side-defect BNQDs for 24 BN atoms, band gap (Eg), and distortion
distance d1 and d2. The numbers inside parentheses are calculated by
BGW.

Functionalized BNQD

SH OH NH2

Egap (eV) 3.66 (4.1) 4.08 (4.63) 4.51 (5.2)
defect 3.14 (3.75) 1.4 (2.4) 1.35 (2.15)

d1 (Å) 2.65 2.63 2.61
d2 (Å) 2.73 2.67 2.70

APPENDIX: SIZE EFFECT ON ELECTRONIC AND
OPTICAL PROPERTIES OF BNQD

We begin with the optimized structures of functionalized
BNQDs such as N-BN, SH-BN, OH-BN, and NH2-BN as
shown in Fig. 5, followed by an emphasis on the electronic
and optical properties of H-BN as a reference frame and N-BN
and ends with the research perspectives.

The h-BN structures have ionicity character and a partially
positively B and a negatively N charged atom. This property
makes the N sites and the B sites reactive with electrophilic
and nucleophilic groups, respectively. Weng et al. [24] experi-
mentally studied numerous functional groups such as hydroxyl
(OH), amino (NH2), ether (OR), and amine (NHR), as well
as heteroatoms (C and O), introducing into BN nanostructures
[24].

In order to evaluate the influence of the size of QD on
electronic and optical properties of BNQD, we have also
considered the different size of QD by decreasing the size
of the BNQD from 90 atoms to 48 atoms for functionalized
BNQD, and 72 atoms to 36 atoms for side-defect structures;
such smaller QD allows us to obtain a relevant comparison
of size effect on the electronic and optical properties of
BNQDs. Results of smaller supercell are shown in Table II.
The contribution of size for smaller unit cell on the electronic
properties generally increases the band gap.

Before addressing the N, SH, OH, and NH2 edge-
terminated QDs, we revisit the primitive H edge-terminated
QDs H-BN in order to use its total density of states (DOS)
as a frame of reference. As shown in Fig. 6, the band gap for
H-BN is 5.06 eV with PBE (5.82 eV with GW). Table III lists
the DFT energy gap, electrical dipole moment for different H
and N edge-terminated and N side-defect structure.

TABLE III. DFT results for H and N edge functionalized boron
nitride quantum dots, energy gap (Eg), and electrical dipole moment
�P . The numbers inside parentheses are calculated by Berkeley-GW.

Functionalized BNQD

H N

Egap (eV) 5.06 (5.82) 1.63 (2.21)
defect 1.2 (1.95)

| �P | (Debye) (1.4,10.1,0.7) (0.1,2.9,0.5)
defect (8.6,13.4,0.3)
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FIG. 7. (a) Geometry of BNQD-N and (b) fully relaxed geometry. (c) The total density of states (DOS) for this nanostructure with
Eg = 1.63 eV and (d) projected DOS (PDOS). (e) The optical absorption spectrum (α) computed for exciton BNQD-N, showing three distinct
peaks in the visible region (∼1.6 − 3.2 eV). (f) GW-DOS of exciton BNQD-N, which is computed by Berkeley-GW. (g) Side-defect BNQD-N.
(h) Total DOS of defect structure, with Eg = 1.2 eV. (i),(j) The optical absorption coefficient (α) and GW-DOS for defect structure, respectively.

The geometry of BNQD-N and fully relaxed geometry
are plotted in Figs. 7(a) and 7(b). Figures 7(c) and 7(d) show
the total density of states (DOS) for N-BNQD and projected
DOS (PDOS), the energy gap of which is Eg = 1.63 eV.
The optical absorption spectrum (α) computed for the N-BN
quantum dots (QD) for exciton [Fig. 7(e)], showing three
distinct peaks in the absorption spectrum, was computed by
Berkeley-GW for BNQD-N.

The electronic density of states for the side-defect N-BN
QD is shown in Fig. 7(h). This side defect creates extra electron
states, causing the electrical dipole moment (Table III) and
band gap closing. The magnitude of the band gap for side-
defect N-BNQD is 1.2 eV with PBE (1.95 eV with GW).
Accordingly, the remarkable edge effects of BNQDs lead to
more active sites and alter their electronic properties and create

different phenomena as discussed in the main manuscript.
To study the interaction of confined lights in nanoscale

dimensions with BNQD, we computed absorption spectrum
by using BGW packages. In Figs. 7(e) and 7(i) for N-BNQD,
several peaks in the visible region exist. The first peak in the
absorption spectrum is located at 1.65 eV (751 nm), followed
by 2.1 eV (590 nm) and 3.0 eV (413 nm). Accordingly, for
side-defect N-BN, a wide spectrum exists in the visible light
region.

Our DFT results on side-defect functionalized BNQDs
suggest that the band gap closing depends on the chemical
functional groups, modulating optoelectronic properties of
BNQDs. Peculiar properties of functionalized BNQDs allow
for band gap engineering as a major requirement of various
QD devices.
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