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ABSTRACT: Vacancy and substitution defects in boron nitrides display quantum
emission properties promising for various technological applications in biosensing,
imaging, telecommunications, and quantum optical computing. However, such
atomic defects and their associated properties have thus far been limited to the
ultraviolet and visible spectral range. In this work, we explored sp3-hybridized defect
pairs in boron nitrides using density functional theory and found that optically
active defect transitions can occur in the infrared with a high oscillator strength that
is 6.5 times as high as that of boron nitride’s band gap transition. This phenomenon
was observed in nanotubular and hexagonal boron nitrides, suggesting that these IR
properties of sp3 defects can generally be found in boron nitrides.

■ INTRODUCTION
Boron nitrides (BNs), a family of sp2-hybridized boron and
nitrogen atoms exemplified by boron nitride nanotubes
(BNNTs) and hexagonal boron nitride (h-BN), feature a
strong in-plane polar bond that endows the nanostructure with
excellent mechanical properties and high thermal resistivity, in
addition to being an electrical insulator (band gap ∼5.9
eV).1−6 BNs are also biocompatible,7,8 suggesting their
potential in biomedical applications, particularly as biosen-
sors.2,9 However, the optical transitions of BNs occur in the
ultraviolet (UV) spectral range, which prevents their
applications in the near-infrared (IR) biological tissue
transparency windows.10,11 Similarly, the UV emission of
BNs limits their application for telecommunications in optical
fibers and free space between satellites, as well as photonic
qubits for quantum computing where IR emitters are
needed.12−14

The optical properties of crystalline materials can be
modified by incorporating atomic defects into the lattice
structure, as observed in diamond,15,16 tungsten-diselenide,17

single-walled carbon nanotubes,18,19 and h-BN.20,21 Such
defects can exhibit single-photon emission, making them
promising for various quantum technology applica-
tions.15−17,22−29 In particular, sp3 defects in semiconducting
carbon nanotube hosts have emerged as a family of quantum
emitters with versatile functionality. Through covalent
functionalization of the sp2-hybridized lattice, quantum defect
states are created within the carbon nanotube band gap,
leading to optically active electronic transitions that signifi-
cantly red shift from the band gap emission. As a result, new
emission peaks can be produced that are tunable in the near-

IR, including telecom wavelengths and in the tissue transparent
NIR-II window, by chemically and physically tailoring the
defect functional groups.18,19,30−37

While there have been studies on the electronic structures of
vacancy and substitution defects in BNs (with the defect
emission ranging from 1.65 to 4.4 eV),38−40 the effects of sp3
defects are largely unexplored. BNs feature a similar sp2-
hybridized lattice as graphene and carbon nanotubes; however,
the polar nature of the nitrogen−boron bonds (compared to
nonpolar carbon−carbon bonds) may impact the electronic
structure of sp3 defects differently. Furthermore, in contrast
with semiconducting carbon nanotubes, BNs are insulators,
which could also impact the electronic structure of sp3 defects.
Recently, Shiraki et al. found that introducing sp3 defects in
BNNTs with hexyl functional groups on boron sites results in
defect-induced photoluminescence at ∼3.7 eV (334 nm).41

However, this defect emission lies in the UV range, making it
unsuitable for imaging and sensing applications in the IR. A
greater understanding of the electronic structure of sp3 defects
in BNNTs, and BNs in general, is needed to better control the
optical properties of atomic defects in BNs.
In this study, we explored sp3 quantum defects in BNs as

potential bright and tunable sources of quantum emission
using density functional theory (DFT) and time-dependent
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DFT (TD-DFT) calculations. We found that the incorporation
of methyl group pairs at both boron and nitrogen sites in
BNNTs generates defect energy states within the band gap.
The oscillator strength, which characterizes the likelihood of
electromagnetic radiation associated with an electron tran-
sition, and the energy of these sp3 defect transitions in BNNTs
were analyzed and compared with pristine BNNTs. The
electronic transitions between defect states were found to be
optically allowed and red-shifted to the IR compared with the
UV range band gap transition. Furthermore, we show that the
sp3 defect transition can be tuned from 0.21 to 0.63 eV (1967−
5900 nm) by varying the distance between the two methyl
groups. The oscillator strength of these sp3 defects is 6.5 times
as high as that of the band gap transition of the pristine BNNT
and 1.5 times higher than the brightest vacancy and
substitution defects in BNNTs. Additionally, we calculated
the defect energy states of sp3-functionalized h-BN and found
that the defect energy gap (0.439 eV) is similar to the defect
transition energy of a sp3-functionalized (9,0)-BNNT (0.447
eV) of the same supercell size, highlighting that the defect
interactions in h-BN behave similarly as that in BNNTs. These
findings suggest the potential of BNs as bright and chemically
tunable IR light sources through controlled manipulation of
the sp3 defect pair spacing with potential for telecommunica-
tions, quantum computing, and biosensing.9,12−14

■ METHODOLOGY AND COMPUTATIONAL DETAILS
To form sp3 defects, we investigated methyl group pairs
covalently functionalized on either boron or nitrogen sites in
BNNTs.32 Due to the large band gap of BNNTs, there is little
chirality dependence on their electronic structure.2 Therefore,
we chose a 5 nm-long (9,0) BNNT as a representative model.
The zigzag structure of the (9,0) chirality also allowed us to
preserve the mirror symmetry along the BNNT axis such that
the angular displacements of the two methyl functional groups
could be neglected. The BNNT model coordinates were built
using a nanotube modeler (JCrystalSoft, 2018), and defects
were edited with GaussView (version 6.0.16) and Avogadro
(version 1.2).42,43 To reduce edge effects, both ends of the

BNNT were capped with hemispheres of BN fullerene.44 To
introduce a pair of methyl sp3 defects, we added CH3

functional groups on either both boron sites or both nitrogen
sites along the nanotube axis. The distances between the two
methyl groups were 0.45, 0.9, 1.35, and 1.8 nm, equivalent to
the distance of 1−4 unit cells in a (9,0)-BNNT. To assess the
impact of the long-range interaction, we also performed TD-
DFT calculations for a pristine BNNT and 0.45 and 1.8 nm
spaced f-BNNT at the CAM-B3LYP/3-21G and wB97XD/3-
21G level of theory.
To predict the spectral features of the f-BNNT, we first

conducted DFT calculations to optimize the ground-state
geometry and then computed the energy states near the band
edge. TD-DFT calculations were then conducted on the
optimized ground-state geometry to evaluate the oscillator
strength associated with each allowed transition. As a control,
DFT and TD-DFT calculations for pristine BNNTs were also
conducted. Finally, we compared the oscillator strength of the
sp3 defects with that of vacancy and substitution defects
(VNNB, VNCB, VN, and VB). All DFT calculations were
conducted with Gaussian09 and Gaussian16 software packages
and visualized using GaussView. Geometry optimization and
TD-DFT calculations were conducted for all models at the
B3LYP/STO-3G level of theory, which gave consistent results
with a larger basis set (B3LYP/3-21G) for control models.
An infinite h-BN sheet was modeled using two-dimensional

periodic boundary conditions (PBCs) with a periodic cell size
of ∼2.5 × 2.5 nm. For a more direct comparison between the
h-BN and BNNT, an infinitely long BNNT was modeled using
a one-dimensional PBC with a periodic cell size of ∼2.5 nm.
The h-BN and BNNT supercells used contained 216 atoms (or
224 with the addition of the two CH3 defects). Models with
defects were produced by attaching the methyl groups to two
boron atoms 0.9 nm apart. All PBC models were geometry
optimized using the B3LYP/STO-3G level of theory as
implemented in Gaussian 09.

Figure 1. Defect states generated within the band gap of a BNNT by covalently bonding a pair of methyl groups to two boron atoms ∼0.9 nm
apart. The energy levels and frontier orbitals (isovalue = 0.01) are plotted for the pristine BNNT (left) and boron-site dimethyl functionalized f-
BNNT (right). The black and red lines represent the HOMO and LUMO energy states of the pristine and f-BNNT, respectively. Gray lines
represent the band edge states for the f-BNNT (HOMO − 1 and LUMO + 1). The calculated band gap for the pristine BNNT is 5.6 eV, and the
HOMO−LUMO energy gap for the f-BNNT is 0.43 eV. The paired sp3 defects enhance the frontier orbital overlap in the f-BNNT. Electron
density is represented by the red (positive phase) and green (negative phase) lobes of the molecular orbitals.

The Journal of Physical Chemistry C pubs.acs.org/JPCC Article

https://doi.org/10.1021/acs.jpcc.4c01586
J. Phys. Chem. C 2024, 128, 11672−11678

11673

https://pubs.acs.org/doi/10.1021/acs.jpcc.4c01586?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.4c01586?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.4c01586?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.4c01586?fig=fig1&ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://doi.org/10.1021/acs.jpcc.4c01586?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


■ RESULTS AND DISCUSSION
We utilized DFT to model two methyl groups covalently
bound to boron sites of a 5 nm-long pristine (9,0)-BNNT to
form a pair of sp3 defects on the nanotube (f-BNNT; see
Methods for details). Defect pairs, rather than individual
defects, were studied here to ensure that there was no free
radical in the BNNT structure.32 We initially set the distance
between the dimethyl groups at ∼0.9 nm, equivalent to the
length of 2 unit cells. Figure 1 shows the calculated frontier
orbitals of the f-BNNT in comparison with the pristine BNNT
control. The presence of the methyl group pair causes two
defect states to form within the band gap, resulting in a new
highest occupied molecular orbital (HOMO) to lowest
unoccupied molecular orbital (LUMO) transition with an
energy of 0.43 eV, which is significantly lower than the BN
band gap transition (5.6 eV), as shown in Figure 1.
We then used TD-DFT to calculate the oscillator strength of

the band gap transitions of the pristine BNNT and defect
transitions of the dimethyl f-BNNT to determine the
likelihood of photon absorption or emission. As shown in
Figure 2a, only a low (0.039 in oscillator strength) photon
absorption is expected for the pristine band gap transition.
However, after the introduction of the two methyl groups to
the BNNT, we observed the formation of many defect
transitions within the band gap (Figure 2b, red vertical lines),
the lowest energy of which features a strong oscillator strength
that occurs at 0.4 eV (Figure 2b, red curve), which is
significantly red-shifted from the band gap transition energy
(Figure 2b, black curve). The oscillator strength of this main
defect transition is 0.253, which is ∼6.5 times larger than that
of the pristine band gap transition.
This high oscillator strength of the defect transition can be

attributed to the strong orbital overlap between the HOMO
and LUMO states in the f-BNNT. Compared with the pristine
BNNTs, where the HOMO and LUMO are localized at the
nitrogen and boron sites, respectively, for the f-BNNT, the
HOMO and LUMO are both strongly localized around the sp3
defect sites, as shown in Figure 1. This localization of electrons
results in a good spatial overlap between the HOMO and
LUMO, which causes the transition dipole moment to
increase.45 Since oscillator strength is proportional to the
transition dipole moment squared, the enhanced orbital
overlap between the two defect states contributes to the high
oscillator strength.46

In addition to the defect transition having a high oscillator
strength, the oscillator strength of the band gap transition of
the f-BNNT is also increased ∼twofold compared to the
pristine BNNT (Figure 2, black curves). This may be due to
the sp3 defects that weakly localize the electrons around the
defect sites in the HOMO − 1 and LUMO + 1 states (Figure
1). Localization of electrons in both HOMO − 1 and LUMO
+ 1 causes stronger overlap of the band gap transition orbitals
compared with those in the pristine BNNT, which in turn
increases the oscillator strength of the band gap transition of
the f-BNNT. Additionally, the band gap transition energy of
the pristine BNNT at the highest oscillator strength is 5.36 eV,
and that of the f-BNNT is 5.30 eV. We hypothesize that this 60
meV red shift occurs due to the symmetry breaking that takes
place when sp3 defects are incorporated, forming a slight dipole
moment along the B−C bond (B from BNNT and C from the
methyl defect functional group). This was also previously
predicted in the carbon nanotube system, in which calculations

suggested that the band gap transition energy of the (11,0)
pristine carbon nanotube red shifts by ∼45 meV after
incorporating sp3 defects.47

We systematically altered the spacing between the boron-site
methyl groups from 0.45 to 1.8 nm, in 0.45 nm increments
corresponding to one unit cell length of the (9,0)-BNNT, as
shown in Figure 3a. Since the defect orbitals are strongly
localized around the boron-site bound to the methyl group
(Figure 1), even at the largest defect spacing of 1.8 nm, we did
not see any interaction between the defect orbitals and the
ends of the BNNT (Figure S1). This variation in spacing
allowed us to observe changes in the defect transition energy,
which we plotted as a function of the methyl groups’ distance
in Figure 3b. Our findings reveal that, compared with the
unmodified BNNT (Figure 3b, black square), the defect
transition in the f-BNNTs significantly red shifts as the two
defect sites were spaced further apart. This behavior aligns with
what is observed in carbon nanotubes with sp3 defects.47 This

Figure 2. Large oscillator strength of the defect transition. (a)
Oscillator strength of the pristine BNNT band gap transition. The
strongest transition energy occurs around 5.6 eV with an oscillator
strength of 0.039. (b) For the dimethyl f-BNNT (boron-site
functionalized, ∼ 0.9 nm apart), the maximum oscillator strength
(0.253) occurs at the minimum defect transition (0.4 eV, red curve)
while the band gap transition is around 5.6 eV (black), consistent with
the band gap transition energy of the pristine BNNT. The defect
transition displays an oscillator strength 6.5 times as high as the
pristine BNNT band gap transition. The defect (red curve) and band
gap (black curve) transitions are shown with Gaussian functions
(standard deviation: 0.1 eV).
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result shows that the methyl pair defect transition in BNNTs is
tunable in two distinct ways: first, introducing these defects
alters the BNNT emission from the UV to the IR spectrum
(from 5.4 to 0.63 eV); and second, the transition energy can be
further tuned from the near-IR to mid-IR range (approximately
0.21−0.63 eV) by changing the distance between the
functional groups (ranging from 0.45 to 1.8 nm).
Additionally, we calculated the oscillator strength as a

function of the distance between the boron-site methyl groups,
as shown in Figure 3c. The oscillator strength reached its peak
value of 0.254 at a 0.9 nm distance between the groups and
declined for larger separations, falling to 0.126 at a 1.8 nm
distance. Importantly, the oscillator strength was found to be at
least three times stronger than that of the pristine BNNT band
gap transition (0.039) across all investigated distances between
the functional groups. This enhancement highlights the
significant impact of functional group spacing on the optical
properties of BNNTs, offering a pathway to tailor these
materials for specific applications by manipulating the distance
between functional groups.
We note that traditional TD-DFT calculations using global

hybrid functionals with a low exact exchange ratio may fail to
capture long-range effects between the two functional groups.
To assess the impact of these long-range effects, we
additionally performed TD-DFT calculations using CAM-
B3LYP, known for its long-range correction,48 and compared
its outcomes with those obtained from the global hybrid
functionals. The CAM-B3LYP functional corrects the over-

estimation by B3LYP on interaction energies, especially in
cases where the basis sets of two interacting functional groups
overlap. The result from the CAM-B3LYP functional shows a
strong IR range defect transition compared with pristine band
gap transition as predicted by the B3LYP functional. We also
employed another long-range corrected functional, wB97XD,
to corroborate our TD-DFT findings, and the result was
consistent with the CAM-B3LYP results.49 These enhanced
calculations with long-range corrected functionals reaffirmed
our conclusion that strong defect-induced transitions can occur
within the IR spectral range in functionalized BNNTs (Figure
S2).
Furthermore, we explored how the attachment of methyl

group to nitrogen sites in f-BNNTs affects their optical
properties. Our simulations revealed that such functionaliza-
tion leads to a notable red shift in the minimum defect
transition energy to the IR range (∼1 eV), with a marked
increase in oscillator strength compared to the unmodified
BNNT (Figure S3). The energy associated with these defect
transitions can be similarly tuned by varying the distance
between the two methyl groups, ranging from 0.45 to 1.8 nm.
Increasing the spacing between the two methyl groups results
in a reduction in the defect transition energy, as shown in
Figure S3. The highest oscillator strength for the nitrogen-site
f-BNNT (0.221) is predicted for the 1.35 nm spacing, which is
slightly smaller than the 0.9 nm spaced boron-site f-BNNT
(0.254). Notably, a minimal separation of 0.45 nm between the
groups increases the defect transition energy to 3.2 eV, placing

Figure 3. Distance-dependent defect coupling. (a) Molecular models of a 5 nm (9,0) f-BNNT with two methyl groups that are covalently bonded
to boron atoms spaced 0.45 to 1.80 nm apart. (b) The lowest transition energy is a function of the distance between the two bonding boron sites
(B−B distance) separated by 0.45, 0.9, 1.35, and 1.8 nm (red dots), while 0 nm represents a pristine BNNT (black dot). (c) Oscillator strength as a
function of the distance between the two bonding boron sites (B−B distance). The oscillator strength of the defect transition peaks at 0.9 nm and
then decreases (red dots). For comparison, the pristine BNNT control is also plotted (black dot).
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it within the UV range. At this proximity, the electrons tend to
localize at one of the two defect sites (Figure S4a). The
localization is potentially due to symmetry breaking based on
analysis of the bond angles, which significantly deviate from
the ideal tetrahedral angle (109.5°), especially noticeable at the
0.45 nm separation (Figure S4b).
To compare the sp3 defect transition to other known defects

in BNNTs, we also investigated four vacancy and substitution
defects, including a nitrogen vacancy adjacent to a nitrogen
atom substituting a boron (VNNB), a nitrogen vacancy adjacent
to a carbon atom substituting a boron (VNCB), a nitrogen
vacancy (VN), and a boron vacancy (VB) in the BNNTs.50

Figure 4 shows the oscillator strength of the lowest defect

transitions of these vacancy/substitution defects. Among them,
VNCB, VN, and VNNB exhibit strong oscillator strength that is
higher than the pristine BNNT, which we attribute to the
strong overlap between the HOMO and LUMO (Figure S5).
Among the four vacancy and substitution defects, VN displays
the highest oscillator strength of 0.1664. However, the
transition is not as strong as that of dimethyl f-BNNTs. The
highest oscillator strength of the boron-site f-BNNT (0.9 nm
spacing) is 1.5 times higher (0.254) than VN. Similarly, the
highest oscillator strength of the f-BNNT functionalized at
nitrogen sites (1.35 nm spacing) is 1.3-times higher (0.221)
than VN (Figure S2), suggesting the strong potential of sp3
defects in BNNTs as bright quantum emitters.
The electronic structure of BNNTs is generally diameter

independent.2 As h-BN can be thought of as an infinite
diameter BNNT, the bright IR-range defect transitions that
occur in BNNTs should also occur in h-BN.1 To investigate,
we modeled an infinite sheet of pristine h-BN and function-
alized h-BN (f-h-BN) using two-dimensional PBCs and
compared the electronic structure to an infinitely long pristine
(9,0)-BNNT and functionalized BNNT (f-BNNT) modeled
using a one-dimensional PBC. For the f-h-BN and f-BNNT, a
pair of methyl groups was covalently functionalized at boron
sites spaced 0.9 nm apart. The supercell size of both f-h-BN
and f-BNNT is 2.5 nm, and the size of the electron localization
around the defect sites is ∼0.9 nm (Figure S6). Since the size
of the electron localization around the defect sites is smaller

than the super cell size, the defect interaction mainly occurs
within the super cell, not between neighboring cells. Compared
to the h-BN model, the pristine BNNT generally has lower
energy orbitals (Figure 5). However, the HOMO−LUMO

energy gap is roughly the same for the two systems (5.818 eV
for h-BN vs 5.548 eV for BNNT), with the difference likely
being due to curvature effects in the BNNT.51 When we added
the methyl pair defects to the systems, two new defect states
appeared within the band gap for both f-BNNT and f-h-BN.
Similar to the trend in the pristine models, the new defect
orbitals are lower in energy for the f-BNNT model compared
to f-h-BN, but the energy gap between the HOMO and
LUMO is almost the same for the f-BNNT and f-h-BN (0.447
vs 0.439 eV). Moreover, the HOMO−LUMO overlap is more
substantial in f-h-BN than in h-BN (Figure S6). This result
suggests that a strong IR-range defect transition may occur in f-
h-BN, as observed similarly for the f-BNNT.
The oscillator strength describes the likelihood of an

electronic transition from the ground to an excited state, or
vice versa, and high oscillator strength does not directly mean
bright emission. Although further research is required, it is
reasonable to argue that f-BNNT is potentially bright. First,
based on Shiraki et al.’s observation,41 hexyl-functionalized
boron sites in f-BNNT emitted new photoluminescence at 334
and 413 nm. This corroborates that the emission from sp3
defects in BNNT is not dark. Second, based on our calculation,
VNNB defects (which are well studied as quantum
emitters)52,53 show smaller oscillator strength than sp3 defect
pairs. This suggests that sp3 defects are brighter quantum light
sources than VNNB defects, as long as there are no new
nonradiative pathways introduced by the sp3 defects.

■ CONCLUSIONS
DFT simulations of sp3 defect pairs in BNNTs reveal a defect
transition with an unexpectedly large oscillator strength
occurring within the band gap. The sp3 defects were modeled
by covalently bonding two methyl groups to either B or N sites
on model BNNTs. The defect transitions occur in the IR (0.21
to 0.63 eV), significantly red-shifted from the BNNT’s band

Figure 4. The dimethyl sp3 defect pair exhibits stronger oscillator
strength compared to the vacancy/substitution defects. The four
different vacancy/substitution defects (VB, VNCB, VN, and VNNB)
were modeled using the same 5 nm-long (9,0)-BNNT that was used
to host the sp3 defect pair (boron-site functionalized, 0.9 nm apart).

Figure 5. Energy diagrams of frontier molecular orbitals for pristine
and dimethyl-functionalized models of h-BN and BNNT. Despite the
difference in curvature, the h-BN sheet and BNNT are modified by
the two methyl groups in a nearly identical manner, introducing
within their band gap two new defect states with transition energies of
0.439 and 0.447 eV, respectively.
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gap transition (∼5.6 eV). The oscillator strength of these
defect transitions varies with the distance between the two
methyl groups. Our simulations show that these sp3 defects in
BNNTs exhibit significantly high oscillator strength, by as
much as 6.5 times compared to the pristine BNNT host, and
surpassing that of vacancy/substitution defects. We attribute
the high oscillator strength of these sp3 defects to the small
energy gap and high electron density overlap of the HOMO
and LUMO states induced by the defect pair. Our calculations
further suggest that these findings can be extended to h-BN. As
a potential future research direction, different defect functional
groups could be explored. The chemical nature of the sp3
functional groups is known to have a notable effect on the
emission properties in carbon nanotubes,54 and we anticipate a
similar type of functional tunability to be present with sp3
defects in BNNTs. These results provide new insights into sp3
defects in BNs and predict exciting prospects for exploiting
quantum defects in boron nitride across various applications,
including IR-range telecommunications and in situ biosens-
ing.9,12,13
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