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Abstract – The application of hexagonal boron nitride nanosheets (h-BNNSs) in electronical and
optical fields is limited due to their wide band gap. In this letter, we report a first-principles study
on the electronic and optic properties of phosphorus (P) functionalized h-BNNSs. The results show
that the introduction of P atoms leads to a valid modification of h-BNNS band structure which
can reduce the width of band gap from 4.643 eV to 0.824 eV. The transformation from insulator
to semiconductor of h-BNNSs is achieved through this band width regulation, and all P-doped
h-BNNSs exhibit an active response to the visible light. In particular, with the increase in the
number of doped P atoms, the absorption wavelength range can cover the whole visible region. In
terms of the analysis of electronic structures and absorption spectra of the P-doped h-BNNSs, an
enhancement mechanism of the visible-light response for the effect of the introduction of P atoms
is proposed. It is expected that P-doped h-BNNSs could be used as potential metal-free efficient
visible-light–driven photocatalysts.

Copyright c© EPLA, 2020

Introduction. – Hexagonal boron nitride nanosheets
(h-BNNSs) are one of the leading constituents in the
field of two-dimensional (2D) material research due to
their excellent chemical and physical properties, such as
good chemical inertness, high oxidation resistance and
outstanding electrical insulation [1–3]. These unique
properties make h-BNNSs very attractive in wide appli-
cations including lubrication, fire resistance, corrosion re-
sistance, etc. [4–7]. However, the large band gap of pure
h-BNNSs which is about 6.0 eV greatly restricts their ap-
plication as semiconductor and optical devices [8], since
this wide band gap confines the h-BNNSs within insu-
lation and deep ultraviolet absorption range. Previous
theoretical [9–13] and experimental [14,15] works have
demonstrated that chemical modification of h-BNNSs
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with various dopants, such as fluorine (F), hydrogen (H),
and oxygen (O), can effectively tune the band gap of
h-BNNSs, providing a promising approach to engineer the
band gap of h-BNNSs for different applications. Hydro-
genation and fluorination of h-BNNSs will lead to a reduc-
tion in the band gap of the sheets, thus making the system
possess new electrical, magnetic and optical characteris-
tics. For example, the fluorination of BN nanotubes will
result in highly curled tubular BN sheets and make insu-
lating BN nanotubes become semi-conductive [16–20], and
semi-hydrogenated graphitic BN sheet can be used as a
potential metal-free visible-light–driven photo-catalyst for
water splitting [12]. Moreover, the band gap of h-BNNSs
can be further narrowed to about 1.7 eV through oxy-
gen doping and/or functionalization [14]. These obtained
oxygen doped h-BNNSs exhibit strong absorptions within
the whole ultra-violet (UV) (<400 nm), violet and blue
light ranges, and show the absorption onset at about
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Table 1: Summaries of the lattice parameters, the cohesive energies, Fermi level, band gaps, VBM and CBM for six different
P-doped h-BNNSs and h-BN.

Systems Lattice parameters (Å) Ecoh Fermi Band VBM (eV) CBM (eV)
(eV/atom) level (eV) gap (eV)

h-BN a = b = 10.016, c = 20.000 7.02 −4.179 4.643 −6.019 −1.375
P1-h-BN a = b = 10.256, c = 16.499 6.79 −3.579 3.595 −5.350 −1.755
P3-h-BN a = b = 10.524, c = 16.754 6.41 −3.654 2.853 −5.029 −2.176
P5-h-BN a = 11.047, b = 10.988, 6.01 −4.018 2.529 −5.273 −2.745

c = 18.001
P7-h-BN a = b = 11.298, c = 19.477 5.76 −4.069 1.864 −4.943 −3.079
P9-h-BN a = 11.566, b = 11.446, 5.50 −4.322 1.744 −5.181 −3.437

c = 18.185
P16-h-BP a = b = 12.119, c = 20.304 4.80 −4.526 0.824 −4.928 −4.104

800 nm [14]. In our previous work, the F-doped h-BNNSs
with 37.5 at.% and 50 at.% doping ratios also achieved the
absorption of visible light [21].

However, regulation of the electronic and optic prop-
erties of h-BNNSs by surface functionalization will
cause h-BNNSs to form bending deformation or pro-
duce magnetism, thus influencing the unique properties
of h-BNNSs. Therefore, it is necessary to modify the elec-
tronic and optic properties of h-BNNSs while maintaining
their planarity and nonmagnetism. Phosphorus (P) and
N atoms have the same valence electronic configuration,
so the substitution of P with an N atom would not lead to
the structure change of the h-BNNSs. There is little pre-
vious research work on the P-doped h-BNNSs. The main
research is that a single P-doped h-BNNS can achieve vis-
ible light absorption [22], but the effect on the electrical
properties of h-BNNS and its relationship with content
are discussed to be almost none. In terms of the above
analysis, P atoms are selected to substitute N atoms in
h-BNNSs to regulate the electronic and optic properties
and the relationship between them and the number of P
atoms of h-BNNSs.

Herein, the P-doped h-BNNSs with different P atoms
have been designed to investigate the electronic and optic
properties of P-doped h-BNNSs using density functional
theory (DFT) based on the first-principles calculations.
The band structure, partial density of states (PDOS),
optical absorption spectra and imaginary part of the di-
electric function were calculated and analysed. Finally,
based on the analysis of the electronic structure and ab-
sorption spectrum, an enhanced mechanism of the visible
light absorption was proposed. The better electronic and
optic properties of P-doped h-BNNSs make them promis-
ing 2D semiconductor materials and visible-light active
photocatalysts.

Method. – The calculated structures, electronic and
optic properties are determined on the basis of first-
principles density functional theory (DFT) implemented
in the CASTEP modules of Material Studio [23,24].

The electronics interactions were described using a norm-
conserving pseudopotential serving as the plane wave
base [25]. The Perdew-Burke-Ernzerh (PBE) generalized
gradient approximation (GGA) [26] with long-range dis-
persion correction via Grimme’s scheme [27] was used to
approximate the exchange-correlation potential. The en-
ergy cut-off and the real-space global cut-off radius were
set to 540 eV and 4.1 Å for all these calculations, re-
spectively. A convergence criterion, which is 1.0 × 10−5

eV/atom for energy, 0.03 eV/Å for maximum force and
0.001 Å for maximum displacement on every atom, was
performed to optimize the geometry structure. In order to
model P-doped h-BNNSs, a larger super-cell (4×4×1) was
repeated periodically on the x-y plane. A vacuum space
was set to be 20 Å to avoid the interaction between adja-
cent layers. After the convergence test, the Brillouin zone
was sampled by 12×12×1 k-points using the Monkhorst-
Pack (MP) scheme [28] to carry out the calculations of
the electronic and optic properties. The whole calculated
values were obtained at 0K.

Results and discussion. – Before addressing the elec-
tronic and optic properties of P-doped h-BNNSs, the prim-
itive h-BNNS is revisited in order to use its electronic
properties as a frame of reference. Table 1 lists the co-
hesive energy, lattice and band structure parameters of
the primitive and also of the P-doped h-BNNSs. The
band structure is non-spin-polarized and exhibits a direct
bandgap of 4.643 eV. Due to the large band gap, the pris-
tine h-BNNS is a direct band gap insulator (fig. 1(b)). The
Fermi level is near the top of the valence band (VB). For
the pristine h-BNNS, the valence band maximum (VBM)
and conduction band minimum (CBM) are due to the p
electrons of N and B atoms, respectively (fig. 1(c)). The
electrons are accumulated between the covalent B-N bonds
and shared by the hexatomic ring composed by B and N
atoms, showing a typical conjugated π bond (fig. 1(d)).

In order to study the effect of P atoms on the geometric
structure, we have investigated the stable structure of the
different numbers of P doping h-BNNSs, as shown in fig. 2.
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Fig. 1: Structure and electrical properties of h-BN. (a) the
structure optimization diagram, (b) the band structure, (c) the
PDOS, and (d) the 2D deformation electron density. Pink balls
represent B atoms and blue balls represent N atoms.

Fig. 2: The structure optimization diagram for the P-doped
h-BNNSs with different P atoms: (a) P1-h-BN, (b) P3-h-
BN, (c) P5-h-BN, (d) P7-h-BN, (e) P9-h-BN, and (f) h-BP.
Pink, blue, and purple balls represent B, N, and P atoms,
respectively.

As we all know, the electronegativity of P atoms (2.1) is
smaller than that of N atoms (3.0) while the atomic radius
of P is larger than that of N atoms, so the bond lengths and
bond angles of the surface structure will change, causing
deformation of the original hexagonal structure and broad-
ening the lattice parameters of P doping h-BNNSs. Fully
P-doped nanosheets, known as h-BPNSs, also have regular
hexagonal structures, but the corresponding bond lengths
and surfaces are elongated. The detail crystal constants
are shown in table 1. The decrease of the electronega-
tivity of P atoms reduces the structural stability of the
system. Nevertheless, the intrinsic structure stability of
the 2D materials is one of the most important factors in-
fluencing the successful applications. Therefore, it is nec-
essary to determine the binding properties of the atoms in
the P-doped h-BNNSs. The cohesive energy which is the
energy required to decompose the doped h-BNNSs into
isolated B, N and P atoms can be used to represent the
stability. Here the cohesive energy was estimated using
the following equation:

Ecoh = (nEB + mEN + pEP − Etotal)/(n + m + p), (1)

Fig. 3: The band structure for the P-doped h-BNNSs with
different P atoms: (a) P1-h-BN, (b) P3-h-BN, (c) P5-h-BN,
(d) P7-h-BN, (e) P9-h-BN, and (f) h-BP.

where EB, EN, EP, and Etotal are the energies of sin-
gle B atom, single N atom, single P atom, and a doped
h-BNNS supercell, respectively. n, m, and p are the num-
ber of B, N and P atoms of a doped h-BNNS supercell,
respectively. The values of the cohesive energies for differ-
ent numbers of P-doped h-BNNSs are shown in table 1.
With the increase of the number of P atoms, the cohesive
energy of the system decreases. The cohesive energy of
partial P substitution is higher than those of MoS2 (5.18–
5.44 eV/atom) [29,30] and silicene (3.49 eV/atom) [31],
but lower than those of pure h-BNNSs (7.01 eV/atom) [32]
and graphene (7.62 eV/atom) [31]. This shows that com-
pared with MoS2 and silicene, the P-doped h-BNNSs have
better structure stability.

It is well known that the electronic and optic proper-
ties are strongly related to the electronic structures. To
study the P doping effect on the electronic structures, the
band structure and density of states (DOS) are calculated
and illustrated in figs. 3–5, respectively. As a whole, like
the pristine h-BNNSs, all the P-doped h-BNNSs still have
a direct band gap at the M point. The direct band gap
is more favourable for light absorption. However, with
the increase of the number of P atoms in the P-doped
h-BNNSs, the width of the band gap gradually becomes
narrow, which is in the range from 3.595 eV to 0.824 eV.
This shows that the P doping can make h-BNNSs become
semiconductors. This change is attributed to the redistri-
bution of the DOSs caused by P doping. Figure 4 shows
the variation of the band gaps, VBMs and CBMs of the
P-doped h-BNNSs as a function of numbers of P atoms.
The reduction of the band gap of P-doped h-BNNSs is
related to the rapid decline of CBM and the slow rise of
VBM (fig. 4). All CBMs shift downward to the Fermi level
(table 1), indicating a P-type doping. The downward of
the CBM is mainly due to the fact that the bottom of the
CB is controlled by the B 2p electrons. After doping with
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Fig. 4: Change in band gap, VBM and CBM as a func-
tion of the numbers of P-doped atoms calculated from DFT
calculations.

Fig. 5: The partial density of states (PDOS) for the P-doped
h-BNNSs with different P atoms: (a) P1-h-BN, (b) P3-h-BN,
(c) P5-h-BN, (d) P7-h-BN, (e) P9-h-BN, and (f) h-BP.

P atoms, because the P 3p state has lower energy than the
N 2p state, the B 2p state electrons can form lower energy
antibonding with the P 3p state electrons, thus forming
a lower CB. Thus, the CBM moves down due to the low
electron energy in the P 3p state. The VBM below the
Fermi level is mainly constructed by P 3p orbitals, and B
2p contributes significantly to the CBM, which means the
most possible electron transition occurs from P 3p to B
2p within the band gap. For P1 and P3-doped h-BNNSs,
two intermediate bands (IB) appear evidently close to the
Fermi level, which are P 3p at the Fermi level and another
P 3p and N 2p at −0.9 eV (fig. 5(a) and (b)). Due to
the appearance of IB, the band gap from VBM to CBM
is reduced. Under these circumstances, a two-step elec-
tron transition path emerges from VBM to CBM, that
is to say, the electron first transits from N 2p at VBM
to IB and then from IB to B 2p at CBM. As the num-
ber of P-doped atoms increases, the IB energy level enters
into the original VBM level and forms a new VBM level
(figs. 5(c)–(f)). It also has an important effect on reduc-
ing the band gap width. Remarkably, based on the above
descriptions, it makes the electron transition much eas-
ier under excitation. Therefore, it is predicted that the
absorption range of light can be extended. Furthermore,

Fig. 6: The 2D deformation electron densities (in units of
e Å−3) maps for the P-doped h-BNNSs with different num-
bers of P atoms: (a) P1-h-BN, (b) P3-h-BN, (c) P5-h-BN,
(d) P7-h-BN, (e) P9-h-BN, and (f) h-BP. The red area rep-
resents electron accumulation and blue area refers to electron
depletion.

fig. 5 also shows that a strong hybridization between B 2p
and P 2p is observed which indicates the formation of a
strong covalent chemical bond between them. This phe-
nomenon further demonstrates that the P-doped system
has good structural stability. The difference between the
values of DOS of the P and N atoms indicates that the
electronegativity of P (2.1) is lower than that of N (3.0)
atoms. Almost the same DOS is consistent with the ap-
proximate electronegativity of the B (2.0) and P atoms.

To study the electron redistribution induced by the ef-
fect of P atoms, the 2D deformation electron density maps
are illustrated in fig. 6. As we all known, for the pure h-
BNNS, the electrons are accumulated between the covalent
B-N bonds and shared by the hexatomic ring composed
by N and B atoms, showing a typical conjugated π bond
(fig. 1(d)). After the introduction of P atoms, the elec-
tron distributions localized around the doping area have
been varied (fig. 6). P atoms have weakened the conju-
gated π bonding between the P atoms and the adjacent
B atoms. This weakening and breaking are mainly due
to the increment of bond ionicity. Overall, the P atoms
bring evident electron redistribution, and the variation of
chemical bonding is expected to lead to preferable band
structures as efficient light absorption materials.

In the previous analysis of the electronic properties,
it has been predicted that P-doped h-BNNSs have good
visible-light absorption characteristics. The absorption co-
efficient is evaluated according to the following expression:

α(E) =
4πe

hc

[
(ε2

1 + ε2
2)

1/2 − ε1

2

]1/2

, (2)

where the ε1 and ε2 are the real and imaginary parts
of the frequency-dependent dielectric function, where
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Fig. 7: The calculated absorption spectra and imaginary part
ε2 (ω) of the dielectric function for P-doped h-BNNSs com-
pared to the pristine h-BN.

the imaginary part ε2(ω) of the frequency-dependent di-
electrics function can be expressed as follows:

ε
(2)
αβ(ω) =

4π2e2

Ω
lim
q→0

1
q2

∑
c,v,k

2ωkδ(Eck − Evk − ω)

×〈μck+eαq|μvk〉
〈
μck+eβq|μvk

〉∗
, (3)

where c and v refer to conduction and valence band states,
respectively, and μck refers to the cell periodic part of
the wave functions at the k-point k. The real part of
the dielectric function ε

(1)
αβ(ω) is derived from ε

(2)
αβ(ω) by a

Kramers-Kronig transform. The results of the absorption
spectrum are shown in fig. 7. The absorption spectrum
for pristine h-BN (marked with P0 in fig. 7) is also il-
lustrated for comparison. The absorption edge of h-BN
locates at 350 nm. Compared with h-BN, all the P doping
induces great red-shifts and extends the absorption edge
to the visible-light region. Particularly, there are three ev-
ident and wide absorption peaks for P7-doped h-BNNSs,
P9-doped h-BNNSs and P16-doped h-BPNSs at 380 nm,
390 nm and 410 nm, respectively, showing a good response
to the visible-light irradiation. In addition, these three
systems have shifted the absorption spectra from UV to
the overall visible-light region. This phenomenon is re-
lated to the gradual narrowing of the band gap width of
the P-doped h-BNNSs. Further insights into the optical
transition can be explored by the imaginary part ε2(ω)
of the dielectric function (fig. 7(b)). In the case of pure
h-BN, it has a smaller transition threshold compared to
the band gap of 4.64 eV. Two distinct peaks are located
at the high-energy region of 6 and 14 eV, which mainly
come from band-band transition from N 2p in VBs to B
2p at CBs. When the P atoms are doped, these two in-
trinsic peaks both move to the lower-energy region. More-
over, one remarkable point is that an evident peak appears
between 0 and 3.2 eV for P7-doped h-BNNSs, P9-doped
h-BNNSs and P16-doped h-BPNSs, which corresponds to
the band gap transition. This makes electron transition
much easier and enhances the visible-light absorption in
the low-energy region.

Through the analysis of band structure, PDOS and ab-
sorption spectrum, all P-doped h-BNNSs have an active
response to the visible light. The enhanced mechanism

of visible light can be described as follows: a) For P1 to
P3-doped h-BNNSs with a relative larger band gaps, the
visible-light response could be ascribed to the appearance
of IB even across the Fermi level. Therefore, it is easier for
electrons to enter the excited state. b) For P5-P16 dop-
ing, the significantly improved absorption ability is due
to the largely narrowed band gaps. Overall, P doping
can largely modify the electronic and optical properties of
h-BNNSs, which can expand the application of h-BN in
nano-semiconductor and nano-photocatalyst devices. Fi-
nally, through a comparative analysis of the structural
stability and absorption spectrum of the P-doped sys-
tems, it is concluded that the P7 and P9-doped h-BNNSs
not only have good structural stability, but also have the
strongest visible-light response, which has important ap-
plication possibilities for h-BNNSs in visible nano-optical
devices.

Conclusions. – In conclusion, a series of P-doped
h-BNNSs were investigated to explore the doping effects in
improving the electronic and optic properties of h-BNNSs
by using first-principles calculations. The introduction
of P atoms can reduce the width of the band gaps of
h-BNNSs which is in the range from 4.643 eV to 0.824 eV.
As a result, the conversion of h-BN from insulator to semi-
conductor is realized. This narrowest band gap makes the
electron transition easier, which is also evidenced from
the large distortion of chemical bonding in the hexatomic
ring. All P doped h-BNNSs have an active response to
the visible-light. One enhanced mechanism of visible light
is proposed. To sum up, P-doped h-BNNSs show better
electronic and optic properties, which are regarded as po-
tential 2D semiconductor materials and visible-light active
photocatalysts.
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