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Anomalous doping effect in black phosphorene
using first-principles calculations

Weiyang Yu,?® Zhili Zhu,? Chun-Yao Niu,” Chong Li,° Jun-Hyung Cho**¢ and
Yu Jia*®

Using first-principles density functional theory calculations, we investigate the geometries, electronic
structures, and thermodynamic stabilities of substitutionally doped phosphorene sheets with group I, IV, V,
and VI elements. We find that the electronic properties of phosphorene are drastically modified by the
number of valence electrons in dopant atoms. The dopants with an even number of valence electrons
enable the doped phosphorenes to have a metallic feature, while the dopants with an odd number of
valence electrons retain a semiconducting feature. This even—odd oscillating behavior is attributed to the
peculiar bonding characteristics of phosphorene and the strong hybridization of sp orbitals between
dopants and phosphorene. Furthermore, the calculated formation energies of various substitutional
dopants in phosphorene show that such doped systems can be thermodynamically stable. These results
propose an intriguing route to tune the transport properties of electronic and photoelectronic devices

www.rsc.org/pccp based on phosphorene.

1. Introduction

The discovery of graphene has opened many new areas of research
related to two-dimensional (2D) atomic-layer systems such as
transition metal dichalcogenides (TMDCs), silicene, germanane, and
so on."™ All of them have attracted much attention as promising
materials for future electronics applications.® Most recently, few-
layer black phosphorus (BP) was successfully fabricated through
exfoliation techniques,” and especially monolayer BP (termed
phosphorene) becomes another stable elemental 2D material.
Because of its intriguing electronic properties, phosphorene
has drawn much attention in both experimental and theoretical
studies.®® Interestingly, few-layer BP has been theoretically
predicted to have a direct gap or a nearly direct gap ranging from
0.8 to 2 eV depending on the layer thickness.? It was reported that
phosphorene has a high carrier mobility of ~10°> ecm® V™" s~ " and
an on/off ratio of ~10* at room temperature, thus it is considered
as a novel channel material in field effect transistors. Recently,
Shao et al.*® predicted that phosphorene could become a potential
superconductor material through electron-doping, and Jing et al."”
investigated the optical properties of phosphorene by molecular
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doping. These exotic electronic properties of phosphorene can be
utilized for the development of future nanoelectronic devices.'*2°

Doping in 2D materials is of fundamental importance to
enable a wide range of optoelectronic and electronic devices by
tuning their electronic properties. For graphene, it has been
well established that carrier concentration can be modulated by
charge-transfer doping with adsorbed atoms, molecules, and
clusters.>'° Here, the Fermi level can be shifted above or below
the Dirac point depending on n or p doping, respectively.>®
Alternatively, substitutional doping in graphene with heteroatoms
provides an effective route for simple and stable tuning of doping
levels. Although the electronic properties of pure phosphorene
have been extensively studied,'®™?* there are, to the best of
our knowledge, few theoretical and experimental investigations
into the effect of various dopants on the electronic properties of
phosphorene.

In this work, we perform a systematic study of the substitutional
doping of phosphorene with group III, IV, V, and VI elements,
respectively. Based on first-principles density functional theory
(DFT) calculations, we demonstrate that the electronic properties
of phosphorene can be tuned depending on the number of valence
electrons in dopant atoms: i.e., group IV and VI elements with an
even number of valence electrons induce a metallic feature, while
group III and V elements with an odd number of valence electrons
preserve the semiconducting feature of pure phosphorene. The
underlying physics of such an even-odd oscillation effect in
doped phosphorenes can be explained by the sp® bonding
character of P atoms with a lone pair of valence electrons and
their strong hybridizations with the sp orbitals of dopants.
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Additionally, the thermodynamic stabilities of substitutionally doped
phosphorene are also studied by the analysis of formation
energy, showing that the doping systems can be realized
experimentally.

2. Computational method

Our DFT calculations within the general gradient approximations
(GGA) have been performed using the Vienna ab initio simulation
package (VASP) code.”” We used the Perdew-Burke-Emzerhof
(PBE)*® exchange-correlation functional for the GGA. The projector
augmented wave (PAW) method*® was employed to describe the
electron-ion interaction. In the structural optimization, all the
atoms in the modeling systems were allowed to relax until all
the residual force components were less than 0.01 eV A%, For
the calculations of the density of state (DOS), the tetrahedron
method is used with a quick projection scheme. For the
calculations of the band structures, we use Gaussian smearing
in combination with a small width of 0.05 eV, and the path of
integration in the first Brillouin zone is along ¥(0.0, 0.5, 0.0) —
(0.0, 0.0, 0.0) — X(0.5, 0.0, 0.0) - M(0.5, 0.5, 0.0). A kinetic
energy cutoff of 500 eV was used in all calculations.

The present substitutionally doped phosphorene systems
were modeled in periodic slab geometry, where a series of 2 x 2
and 4 x 4 supercells of the phosphorene sheet was used with a
vacuum spacing of ~15 A between adjacent phosphorene
sheets, respectively. Here, one P atom in 2 X 2 or 4 X 4
supercells was substituted by a dopant atom, as shown in
Fig. 1(a) and (b), leading to a doping concentration of 6.25%
and 1.56%, respectively. The k-space integration was done with
8 X 10 x 1and 4 x 4 x 1 k points in the 2 x 2 and 4 X 4 surface
Brillouin zone, respectively, generated by the Monkhorst-Pack
scheme.®® To test our results, we have used relatively large
supercells up to 5 x 5 and 6 x 6 for all the dopants with smaller
concentration of 1.00% and 0.69%, respectively, and we obtained

Fig. 1 The schematic of phosphorene, (a) top view and (b) side view. The
P atom substituted by a dopant atom is drawn with a dark circle. The bond
lengths (d; and d5) and bond angles (0, and 0,) are represented in Table 1.
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the same trend. Therefore, we present here our results of 2 x 2 or
4 x 4 supercells. Finally, for the 4 x 4 x 2 supercell for bulk
doping calculation and 4 x 8 supercell for two element codoping,
the k points of 3 x 3 x 3 and 2 x 2 x 1 were applied, respectively.
The distance of two dopants in the codoping systems is set to 4.33 A
in order to model the random distribution of dopants.

3. Results and discussion

To obtain the stable geometric structures of the doped systems,
we optimize the atomic structure of each substitutionally doped
phosphorene. The calculated geometric parameters are listed
in Table 1, and the bond lengths, denoted as d; and d,, and
bond angles, 6, and 6,, in Fig. 1(a) and (b), respectively. The
dopants we study here are B, C, N, O, Al, Si, S, Ga, Ge, As and Se
from group III to group VI. The geometric parameters of pure
phosphorene are also listed for comparison. From our DFT
calculations, these geometric parameters of pure phosphorene
agree well with those obtained using a previous calculation®
(see Table 1). In the doped phosphorene, we find that the d,
and d, (0, and 0,) values of B, C, N, and O dopants are smaller
than the corresponding ones of pure phosphorene, because of
the much smaller atomic radii of B, C, N and O atoms
compared with the P atom. While the geometric parameters
in Al, Si and S doped phosphorenes are close to those of pure
phosphorene because they are in the same period as the P atom
in Periodic Table of Elements, the structural parameters in Ga,
Ge, As and Se doped phosphorenes are larger than that of pure
phosphorene on account of the larger atomic radii.

Now, we begin to investigate the electronic structures of the
doped phosphorene. We first chose a 2 x 2 supercell in which
one P atom was replaced by a dopant to simulate the larger
doping concentration of 6.25%. The calculated band structures
of B, G, N, O, Al Si, S, Ga, Ge, As and Se doped phosphorenes,
together with that of pure phosphorene, are plotted in Fig. 2.
From the band structure of pure phosphorene, we find that the
valence band is occupied while the conduction band is unoccupied
with a band gap of about 1 eV in our calculation, which is in

Table 1 Calculated bond lengths (d; and d>) and bond angles (0; and 6,)
of the 2 x 2 supercell of B, C, N, O, Al Si, S, Ga, Ge, As and Se doped
phosphorenes, respectively, together with those of pure posphorene. For
comparison, previous theoretical results for pure phosphorene are also
given

Dopant atom dy (A) d, (A) 01 (%) 0, (%)
Pure 2.24 2.26 96.6 101.6
Pure®? 2.25 2.26 96.9 102.3
B 1.95 1.88 108.7 122.3
C 1.81 1.80 107.2 120.6
N 1.80 1.80 104.9 119.0
o 2.11 1.75 110.4 117.1
Al 2.36 2.35 97.3 118.2
Si 2.27 2.30 96.0 106.8
S 2.18 2.97 99.1 103.3
Ga 2.36 2.35 100.5 119.8
Ge 2.26 2.26 96.2 103.9
As 2.35 2.39 93.9 104.3
Se 2.32 3.02 99.1 94.6
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Fig. 2 Calculated band structures of the 2 x 2 supercell with various dopants in phosphorenes from group Ill, IV, V, and VI, respectively, together with
that of pure phosphorene. The band dispersions are plotted along the symmetry lines shown in the surface Brillouin zone (see the inset). The energy zero

represents the Fermi level.

agreement with other previous calculations.>® For the doped
systems, we can see that the Fermi levels in C, Si, Ge and B, Al,
Ga doped phosphorenes shift downward toward the valence band
while that in O, S, Se doped phosphorenes shift upward toward
the conduction band, as shown in Fig. 2. More interestingly,
the electronic properties of doped phosphorene systems are
determined dramatically by the number of valence electrons in
dopant atoms: ie., C, Si, Ge and O, S, Se atoms with an even
number of valence electrons give rise to metallic features while
doping atoms with an odd number of valence electrons (such as
B, Al, Ga and N, As) remain semiconducting.

This journal is © the Owner Societies 2015

To investigate whether the above metallic-semiconducting
oscillation with a number of the valence electrons is general, we
calculate the band structures of various dopants using a relatively
large 4 x 4 supercell with a smaller concentration of 1.56%. The
results are shown in Fig. 3. From Fig. 3, the even-odd oscillation
behaviors can also be found as the same as in Fig. 2. Besides this,
we noticed that such interesting properties are still preserved by
reducing the doping concentration up to 1% or even less than this,
ie. some 5 x 5 and 6 x 6 supercells were used in the calculations.
Of course, if the doping concentrations become very small, the
even-odd oscillations will disappear undoubtedly. Therefore, in the

Phys. Chem. Chem. Phys., 2015, 17, 16351-16358 | 16353
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Fig. 3 Calculated band structures of the 4 x 4 supercell with various dopants in phosphorenes from group Ill, IV, V, and VI, respectively, together with
that of pure phosphorene. The band dispersions are plotted along the symmetry lines shown in the surface Brillouin zone (see the inset). The energy zero

represents the Fermi level.

following we will focus our discussions on a relatively high doping
concentration.

We have summarized the general trend of the above-
mentioned even-odd oscillation behaviors for 2 x 2 and 4 x 4
supercells in Fig. 4. The oscillating schematic diagram in Fig. 4
demonstrates the calculated band gaps (E,) of various dopants
in phosphorene. From Fig. 4 we can see that for the 4 x 4
supercell, the band gaps of B, Al, and Ga (N, As) doped
phosphorenes are 0.84, 1.12, and 0.89 (0.95, 0.88) eV, respectively,
while the band gap of pure phosphorene is 0.90 eV, which is
consistent with the results of Liang et al.>* For the 2 x 2 supercell

16354 | Phys. Chem. Chem. Phys., 2015, 17, 16351-16358

the band gaps of B, Al, and Ga (N, As) doped phosphorenes are
1.12, 0.93, and 1.05 (0.90, 0.89) eV, which is almost the same as that
of 4 x 4 supercells. It is seen that the band gap oscillates depending
on even and odd numbers of valence electrons in dopant atoms.
Here, group IV (C, Si and Ge) or group VI (O, S and Se) doped
phosphorenes that have odd number of electrons per unit cell
exhibit a metallic feature with a half-filled band at the Fermi level.
On the other hand, group I (B, Al and Ga) or group V (N and As)
doped phosphorenes containing even number of electrons per unit
cell have fully occupied valence bands, showing a semiconducting
feature. Generally speaking, the decrease(increase) of gap opening

This journal is © the Owner Societies 2015
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Fig. 4 Calculated band gaps of substitutionally doped phosphorenes with
various dopants from group llI, IV, V, and VI, respectively.

in doped phosphorenes is most likely to be associated with the
strong hybridization of p orbitals between dopants and phos-
phorenes, as discussed below.

The presence of metallic and semiconducting properties in
doped phosphorenes can be associated with the bonding
nature of phosphorene where each P atom (having valence
electron configuration 3s*3p®) forms sp® bonding with a lone
pair of valence electrons.?” In doped phosphorenes, the non-
bonding lone-pair electronic states of pure phosphorene are
easily tuned by the valence-electron states of dopant atoms,
leading to the semiconducting or metallic electronic states near
the Fermi level, as shown in Fig. 2 and 3. Furthermore, we have
plotted the difference in charge densities between the doped
system and pure phosphorene in Fig. 5 for B, C, N and O-doped
systems, respectively. From Fig. 5 we can see that for N-doped
phosphorene, three electrons of N are involved in the bonding
between N and neighboring P atoms, leaving one lone pair of
electrons on each atom, which makes the N-doped system keep
the same semiconducting properties as pure phosphorene.
While for B-doped phosphorene, the lone pairs on B atoms
disappear because of the only three valence electrons bonding to
neighboring P atoms, keeping also semiconducting properties.

0.04

0.0

-0.04

Fig. 5 Schematic diagrams of different charge densities Ap = pgoped —
poure Of (@) B, (b) C, (c) N and (d) O doped phoshporenes, respectively. Iso
surfaces correspond to 0.04 e A=%.
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As for C-doped phosphorene, there is only one electron not
involved in, leading to a half-filled delocalized energy band.
While for O-doped phosphorene, three non-bonding electrons also
give rise to the half-filled state, presenting metallic properties. Our
findings of the metal-semiconductor oscillatory behaviors in doped
phosphorene systems contrast with the conventional doping effect
in group IV semiconductors, where n- and p-type dopants create
some localized doping-induced states in the band gap.

To further shed light on the underlying bonding mechanism
of the dopants and the phosphorus atoms, we show in Fig. 6 the
total and partial density of states (PDOS) of B, C, N and O-doped
phosphorenes, respectively. As shown in Fig. 6, the calculated
partial density of states (DOS) projected onto the 2p orbitals of
each dopant atom shows similar pattern and peak positions to
that for the P atom, indicating a strong hybridization of sp
orbitals between dopants and phosphorene. This strong hybrid-
ization leads to a broadening of the partial DOS for dopants.
Especially, for C(O) doped phosphorene, the 2p partial DOS
peaks for the C(O) dopant and P atom locate at the Fermi level,
thereby giving rise to a metallic property. We have double-
checked the results using spin-polarized calculations especially
for the metallic behavior of dopants with an even number of
valence electrons. The spin-polarized calculations show that
there is no spin split at the Fermi level. So, the results of the
metallic properties for dopants with an even number of valence
electrons are accurate.

On the other hand, compared with the electronic properties
of the monolayer doped phosphorene, the odd-even oscillation
behavior in doped bulk black phosphorus does not exist
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Fig. 6 Partial DOS of B, C, N and O doped phosphorenes. The partial DOS
projected onto the 2s and 2p orbitals of the dopant and its bonding P atom
are displayed. The energy zero represents the Fermi level.
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Fig. 7 (a) Density of states of substitutional B, C, N, and O doped bulk
black phosphorus. Energies refer to the Fermi energy. (b) Side view of band
decomposed charge density of bulk black phosphorus with energy from
—1to 1 eV around the Fermi level. Iso surfaces correspond to 0.02 e A=3.

anymore. The reason is that, owing to the van der Waals
interaction between the interlayers in bulk black phosphorus, there
is no lone pair of electrons on the atoms of either the pure or doped
black phosphorus. This point can simply be illustrated from the
DOS of the doped bulk black phosphorus. In Fig. 7(a), we plot the
DOS of B-, C-, N-, and O-doped bulk black phosphorus with a
concentration of 0.39% for 4 x 4 x 2 supercell simulations. From
Fig. 7(a) we can see that the peaks of DOS exit at the Fermi level,
both in the B(N)-doped systems and in the C(O)-doped systems.
This suggests that there may be impurity states in the doping
systems. Indeed, the impurity states originate from the dopant
atoms, as shown in Fig. 7(b). In all, it is different from the two
dimensional doping systems because of the low dimensional size
effect, as mentioned above.

Our above new findings provide a new approach to tune the
electronic properties by dopants with two types of different
elements and different number of valence electrons. For example,
we can tune the 2D phosphorene by doping with two different
dopant atoms, namely co-doping.** We perform a 4 x 8 supercell
calculation in which two P atoms were replaced by two different
elements, such as B and N, B and C, and C and O, respectively.
The co-doped phosphorene systems exhibit nontrivial behavior,
the calculation results are shown in Fig. 8. The band structure

16356 | Phys. Chem. Chem. Phys., 2015, 17, 16351-16358
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Fig. 8 Calculated band structures of (a) B and N codoped phosphorene,

(b) B and C codoped phosphorene, and (c) C and O codoped phosphor-
ene, respectively. The energy zero represents the Fermi level.

of B and N co-doped phosphorene is shown in Fig. 8(a). It is natural
that the B and N co-doped system displays a semiconducting
property. As for B and C co-doped phosphorene, as shown in
Fig. 8(b), the band structure exhibits metallic properties because of
the odd and even valence electrons. However, for C and O co-doped
phosphorene, as shown in Fig. §(c), the band structure also exhibits
a semiconducting property. It is not difficult to understand that the
valence band of C and O co-doped phosphorene is fully occupied,
leading to a semiconducting property.

Finally, it is reasonable to question that whether such doping
system can be realized experimentally. To meet this query, we
examine the thermodynamic stability of doped phosphorene by
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Fig. 9 Calculated formation energies of substitutional B, C, N and O
doping in phosphorene as a function of the chemical potential difference
of each dopant atom. The reference zero of Au* represents the chemical
potential obtained from orthorhombic B bulk, graphite, N, and O,,
respectively. The formation energies estimated from the atomic chemical
potential of each dopant are marked with squares.

This journal is © the Owner Societies 2015


https://doi.org/10.1039/c5cp01732g

Published on 19 May 2015. Downloaded by Hanyang University on 5/19/2022 7:20:27 AM.

PCCP

calculating the formation energy of substitutional doping which is
defined as E¢ = (Eqps + 1) — (Etoe + 105). Here, Eyx and Egy, denote
the total energies of X-doped phosphorene and pure phosphor-
ene, respectively; uf is the chemical potential of phosphorus
(taken from pure phosphorene) while ;¥ is the chemical potential
of X dopant atom. The calculated formation energies of B, C, N,
and O doped phosphorenes are plotted as a function of Ay* in
Fig. 9. We find that, if we take y* from the energies of ortho-
rhombic B bulk, graphite, O,, and N,, the formation energies of C
and N (B and O) doped phosphorenes become positive (negative),
indicating an energy cost (gain) for the substitutional doping.
However, all the formation energies become negative (marked
with squares in Fig. 9) by assuming ¢~ at their respective upper
limits, ie., at their atomic energies. Thus, we can say that the
substitutional B and O doping can be easily realized in experi-
ments, but the substitutional C and N ones need to be particularly
cautious in the synthesis processes such as atomic deposition
rate, temperature, and other experimental conditions.

4. Conclusions

In conclusion, the electronic properties of substitutionally doped
phosphorenes with group III, IV, V, and VI elements have been
systematically investigated using first-principles DFT calcula-
tions. We found that group IV and VI dopants with an even
number of valence electrons produce the metallic properties
whereas group III and V dopants with an odd number of valence
electrons preserve the semiconducting properties. This even—
odd behavior of the electronic properties of doped phosphorenes
is revealed to be due to the strong hybridization of sp orbitals
between dopants and phosphorenes. The estimated formation
energies of the substitutional B, C, N, and O doped phosphor-
enes provide information about their thermodynamic stabilities,
which can be realized in experiments. Our new findings of
substitutionally doped phosphorenes are drastically different
from those of the conventional n- or p-type doping effect in
group IV semiconductors. The novel metal-semiconductor oscil-
lations predicted here not only provide an intriguing route to
tune the transport properties of electronic devices based on
phosphorene materials, but also stimulate experimentalists to
develop new phosphorene-based nanoelectronic devices.
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