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Phosphorene oxides: Bandgap engineering of phosphorene by oxidation
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‘We show that oxidation of phosphorene can lead to the formation of a new family of planar (two-dimensional)
and tubular (one-dimensional) oxides and suboxides, most of them insulating. This confers to black phosphorus
a native oxide that can be used as barrier material and protective layer. Furthermore, the bandgap of phosphorene
oxides depends on the oxygen concentration, suggesting that controlled oxidation can be used as a means to
engineer the bandgap. For the oxygen saturated composition, P,Os, both the planar and tubular phases have a
large bandgap energy of about 8.5 eV and are transparent in the near UV. These two forms of phosphorene oxides
are predicted to have the same formation enthalpy as O’-P,0s, the most stable of the previously known forms of

phosphorus pentoxide.
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I. INTRODUCTION

Phosphorene, a single layer of black phosphorus, is a
unique two-dimensional semiconductor with a nearly direct
gap in the visible range [1,2]. It stands out among the
family of two-dimensional (2D) materials for its orthorhombic
waved structure with superior flexibility and small Young’s
modulus [3], allowing for strain-driven band-structure en-
gineering [1]. From the point of view of electronic and
optoelectronic applications, it features high carrier mobility
and on-off ratio [4,5], as well as a giant photoresponse in the
IR and UV [6].

In contrast to graphene, phosphorene is prone to oxida-
tion [7], which usually leads to degradation of the structure and
electronic properties [8§—10]. At present, oxidation is avoided
by encapsulating with polymers or other two-dimensional
materials, e.g., graphene or boron nitride [8].

However, there are indications that a phosphate layer grown
in a controlled way could be used as a protective layer or even
as a functional material on its own. Black phosphorus oxidizes
on the surface, seemingly leaving the deepest layers intact. The
nonuniform degradation pattern normally observed, showing
as dark patches on the optical microscope image, seems
to require the interaction with water [11,12], even though
energy-loss spectra shows P,O, still grows in oxygen-only
atmosphere [13]. In this article, we show that phosphorene
oxides and suboxides can exist in monolayer form, suggesting
that there is an opportunity for growth of single-layer or
few-layer native oxide at the black phosphorus surface.

The existence of an insulating native oxide is an added
advantage for phosphorene.

Similarly to phosphate glasses [14], monolayer P,Os is
transparent in the near UV, preserving the optical properties
of underlying phosphorene. Furthermore, since such a P,Os
coating is saturated with oxygen, it prevents oxygen molecules
from reaching the pristine phosphorene layers beneath.
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Bulk P,Os has at least three known planar crystalline
polymorphs—a molecular solid [15] (with P4O; structural
units) and two orthorhombic phases [16,17], as well as an
amorphous phase [18,19].

The thermodynamically most stable form (O’-P,0Os) is a
layered structure belonging to the Pnma space group [17].
A monolayer phase, different from the one reported here, has
also been proposed by a recent theoretical study [20].

In this article, we show that suboxides (P40,,, n < 10) also
exist in a variety of layered forms, most of them insulating,
with bandgaps that depend on the oxygen concentration. This
offers the possibility of using oxidation as a means to engineer
the bandgap of phosphorene.

The article is organized as follow: after presenting the
computational methodology, we describe the structure and
energetics of phosphorene oxides; then, we consider their
electronic properties and finally their vibrational spectra.

II. COMPUTATIONAL DETAILS

All first-principle calculations are based on the framework
of density functional theory (DFT), as implemented in the
QUANTUM ESPRESSO package [21]. We use the PBE [22],
PBEsol [23], and HSEQ6 [24] (HSE hereafter) approximations
for the exchange and correlation energy. The PBEsol func-
tional is preferred over PBE because it cures the systematic
tendency of PBE to overestimate equilibrium lattice constants
of solids [23]. The HSE functional, with its fraction of
screened short-ranged Hartree—Fock exchange, yields rea-
sonably accurate predictions for energy bandgaps in semi-
conductors [25-27]. Unless otherwise stated, all quantities
reported (e.g., energies, bond lengths, and bond angles) are
obtained with the PBEsol functional. For PBEsol and PBE
calculations the electron-ion interaction is described by using
the projector-augmented wave (PAW)[28] approach, while
norm-conserving Troullier—Martins pseudopotentials [29] are
employed in HSE calculations. We use a plane-wave basis set
with kinetic-energy cutoffs of 70 Ry (280 Ry) to describe
the electronic wave functions (charge density). Vibrational
properties including Raman and infrared spectra are calculated
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with density functional perturbation theory [30] (DFPT) and
the PBEsol functional. The Brillouin zone is sampled using a
I'-centered 10 x 8 x 1 Monkhorst—Pack (MP) grid [31] for all
but the vibrational calculations, for which a finer 15 x 12 x 1
grid is employed. A supercell periodicity of 16 A in the
direction perpendicular to the monolayer is used to avoid
spurious interactions between replicas of the system. For
each oxygen concentration, tens of different configurations
are used as starting points for optimization. Then, lattice
geometries and atomic positions are relaxed until the forces
on each atom are less than 10~ eV/A and the pressure is
less then 1 kbar, except for the HSE calculations, where we
use the PBE (with norm-conserving pseudopotentials) lattice
parameters. The tetrahedron smearing method [32] is used with
a Gaussian broadening of 0.04 eV and a 12 x 9 x 1 MP grid
in the density of states (DOS) calculations. However, local
and semilocal DFT functionals (such as PBE and PBEsol)
are known to underestimate the bandgap because of their
missing derivative discontinuity in the exchange-correlation
energy across the gap [33,34]. The inclusion of a fraction of
exact nonlocal short-ranged Hartree—Fock exchange, as done
in HSE, partially cures this shortcoming, giving bandgaps in
better agreement with experiment [24,27]. Thus, we use HSE
to calculate the bandgap energy.

To further validate the HSE results, we calculate the
bandgap of pristine phosphorene and the two phosphorene
oxides (p-P40¢ and 1-P4Op) by using the G W approximation
to the electron self-energy within the generalized plasmon
pole model [35,36]. The GW method is state of the art
for evaluating quasiparticle bandgaps since it gives values
in very good agreement with experiment (typically within
0.2 eV) for a large variety of systems and a broad range of
bandgaps [37]. The GW calculations are performed in two
stages. First, relaxed lattice geometries, equilibrium atomic po-
sitions, and the electronic ground state are obtained from a DFT
calculation with the PBE functional and Troullier—Martins
pseudopotentials [29]. Then, the DFT Kohn-Sham orbitals
and energies are used to construct both the electronic Green’s
function, G, and the dynamically screened interaction, W, to
evaluate the quasiparticle self-energy ¥ & i GW. This method
is commonly referred to as GoWy. To achieve convergence
in our GW calculations we follow the procedure proposed
by Malone and Cohen [38]. For pristine phosphorene, we
use 370 bands to evaluate the dielectric matrix € and the
self-energy X, employing an energy cutoff €.y 0f 12 Ry for
the dielectric matrix and a 24 x 20 x 1 MP grid; convergence
was, however, checked with up to 1024 bands and by using
€cutoft UP to 20 Ry. For the two phosphorene oxides (p-P4O1q
and 7-P,Ojp) we use an energy cutoff ey of 8 Ry for
the dielectric matrix, and 800 and 896 bands to evaluate €
and X, respectively. A 7 x4 x 1 grid for p-P4O;9 and a
4 x 6 x 1 grid for t-P4O;¢ are employed. Convergence was
checked by including up to 1792 bands and increasing €gyoft
up to 20 Ry. For all the GW calculations we use a supercell
of 20 A in the direction perpendicular to the monolayers
and a slab-truncation of the Coulomb potential [39]. The
GW calculations are performed with the ABINIT code [40].
Additional details on the convergence study are given in
the supplemental material [41]. With these parameters, we
conservatively estimate the errors in our GW bandgaps at
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0.05 eV for pristine phosphorene and 0.1 eV for p-P4O,o and
t-P4Oyo.

III. RESULTS AND DISCUSSION

A. Crystal structure

First we describe the new family of phosphorene oxides
(POs) found in this study. These are obtained by adding
oxygen atoms to phosphorene, while preserving the rect-
angular symmetry of the lattice vectors. We considered all
compounds P40, with n between 1 and 10. The maximum
oxygen concentration of 250%, or ten oxygen atoms per
unit cell, corresponds to the stoichiometry of phosphorus
pentoxide (P,Os or P4O,p), whose known polymorphs [42]
were mentioned in the introduction.

For each oxygen concentration, we use tens of different
starting points corresponding to different O atom arrangements
in the pristine phosphorene lattice. After lattice relaxation and
geometry optimization, numerous metastable phosphorous
oxide (PO) structures are identified. We find that, for each
oxygen concentration, the most stable POs can always be
divided into two very distinctive classes: planar (2D) and
tubular [one-dimensional (1D)] forms. For convenience, we
refer to the planar forms as p-P4O,, and to the tubular forms as
t-P40O,,, where n is the number of oxygen atoms in the unit cell.
We also identity surface forms s-P4O,. Some representative
structures are depicted in Fig. 1.

Analysis of the local oxygen atom environments that are
common to both p-P,0O,, and #-P,O,, forms presented in Fig. 1
indicates that all the PO structures identified exhibit two P-O
motifs: the dangling and bridging oxygen motifs shown in
Fig. 2.

The dangling oxygen motif, represented in Fig. 2(a),
consists of an O atom that forms a bond with only one
P atom. The phosphorus lone pair is attracted towards the
more electronegative oxygen atom, giving rise to an excess of
negative charge localized on the O atom [Fig. 2(a)]. The P-O
bond is short, strong, and polar with bond lengths ranging from
1.44At0151A depending on phosphorus oxidation number
and local environment [43]. Similar to what has been found
for dangling oxygens on a phosphorene surface [7], in the PO
forms identified here, the P=0 bonds always point away from
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FIG. 1. (Color online) Representative structures of phosphorene
oxides.
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FIG. 2. (Color online) Examples of charge density distribution
in recurrent motifs in phosphorene oxides: (a) dangling oxygen, (b)
bridging oxygen. The isosurfaces correspond to 1/10 of the total
charge density.

the zigzag ridge in which they are chemisorbed, minimizing
Coulomb repulsion between the oxygen p orbitals.

The average P=0 bond length decreases monotonically as
the number of oxygens linked to the phosphorus involved in
the bond increases. Let P™ be a phosphorus atom that is linked
to n oxygens, where n = 1, ... ,4. With this notation P1'=0
defines a double bond in which a phosphorus is linked to only
one oxygen, as shown, for example, in Fig. 2(a). The average
P=0 bond lengths for the sequence of P™ configurations are
given in Table I for the planar and tubular forms. The longest
P=0 bond is found for n = 1 (where the P atom establishes a
P=0 bond and three P-P bonds); conversely, the shortest P=0
bonds are found in p-P4O;¢ and ¢t-P4O19 (n = 4), where the
phosphorus atom is bonded to four oxygens. This monotonic
decrease in the P=0O bond length with increasing oxygen
connectivity has an analog in the molecular solid series P4O,,
(m = 6 to 10) [44-46].

In the bridge motif, as the name indicates, the oxygen
atom bridges two P atoms, occupying a position close to a
P-P bond center [Fig. 2(b)]. The electron density is mostly
distributed on the two P-O bonds, and only a moderate
electron density accumulation is observed on the oxygen.
Therefore, we expect a much stronger Coulomb repulsion
between dangling oxygens than bridging oxygens, especially
for high O concentrations. The P-O bond lengths in this case
are between 1.61 and 1.78 A, with this wide range arising from
different strain interactions and lattice distortions depending
on the oxygen concentration.

Bridging oxygens can either bond with P atoms from
the same or from different zigzag ridges, therefore forming
intraridge [e.g., B or C in Fig. 3(b)] or inter-ridge [e.g., D in
Fig. 3(b)] bridge structures. In particular, inter-ridge bridges
are essential for the formation of the planar forms because they
effectively link different ridges that would otherwise separate

TABLE I. Average bond lengths for various O linkages in planar
and tubular forms (A).

Planar Tubular
PBE PBEsol PBE PBEsol
PO=0 1.502 1.508 1.481 1.477
P@=0 1.478 1.476 1.470 1.466
P®=0 1.463 1.459 1.461 1.458
P9=0 1.449 1.445 1.450 1.447
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FIG. 3. (Color online) Crystal structure of p-P,O( (a) Top view.
The quasitetrahedral PO, unit is shown in the inset. (b) Profile view.
The four colors indicate four different bond lengths (A, B, C, D).
Bonds with the same color are identical.

and form 1D tubular chains. The formation of oxygen bridges
increases the lattice parameters considerably, resulting in
deformations as large as 90% relative to pristine phosphorene
for the maximally oxidized forms (see Table II).

Dangling and bridging oxygens can occupy numerous
positions in the lattice, giving rise to a manifold of metastable,
nearly degenerate structures. In the following we examine in
detail the most stable POs obtained for maximum oxygen
concentration: the planar p-P4O,9 and the tubular ¢-P4Oyg
forms. These are shown in Figs. 3 and 4, respectively.

TABLE II. Lattice parameters (a,b) and deformations relative to
pristine phosphorene for representative POs.

System XC ad) bA) Aa (%)  Ab(%)
Phosphorene PBE 3.30 4.62 - -
Phosphorene ~ PBEsol 3.28 4.45 - -
p-P4Oyg PBE 4.48 6.79 36 47
p-P,Oyg PBEsol 441 6.75 34 51
t-P4Oy9 PBE 6.40 4.63 93 0.2
t-P4Oy9 PBEsol 6.28 4.58 91 2.9
s-P40, PBE 3.46 5.05 4.8 9.3
s-P4O, PBEsol 341 4.37 39 —1.8
s-P4Oy4 PBE 3.64 5.11 10.3 10.6
s-P4Oy4 PBEsol 3.57 4.85 8.2 9.0
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FIG. 4. (Color online) Single tubular chain of #-P4O,. The two
inequivalent quasitetrahedral PO, units forming this tubular PO are
shown on the left side.

The planar p-P,Oj¢ is a waved structure, like the parent
phosphorene. It can be built by placing an oxygen atom near
each bond center and near each lone pair. The space group is
C m(Cf), and the unit cell contains four phosphorus and ten
oxygen atoms. There are four inequivalent P-O bonds, three
of which connect the phosphorus atom with bridging oxygens
[B,C,D in Fig. 3(b)], while the forth links the phosphorus to a
dangling oxygen [A in Fig. 3(b)]. The respective bond lengths
are given in Table III. To minimize Coulomb repulsion, the
bridging oxygens between P atoms in the same zigzag ridge
alternate up and down buckling, forming two rows parallel to
the x direction and separated by 1.23 A in the z direction [see
bonds C and B in Fig. 3(b)], one row being above and the other
below the x-y plane passing through the two P atoms in the
zigzag ridge.

Alternatively p-P,O( can be seen as consisting of identical
quasitetrahedral PO,4 units, forming a network of vertex-
sharing tetrahedra [Fig. 3(a)]. The bond lengths of the POy
tetrahedra are listed in Table III. The deviations from the
ideal tetrahedral bond angles (109.5°) can be straightforwardly
explained in the framework of valence-shell electron pair
repulsion (VSEPR) theory [47—49]. The more polar P-O™
bond repels the less polar other P-O bonds, causing larger
bond angles relative to the idealized tetrahedral geometry [49].

The planar p-P4Oq structure (shown in Fig. 3) is entirely
different from the layered O’-P,05 form previously reported
by several experimental studies (see, for example, Ref. [17]),
shown in Fig. 5. While both consist of rings of six PO, tetrahe-
dra, in O’-P,Os the tetrahedra are organized in alternating rows
along the [100] direction. Furthermore, in profile, O’-P,Os
resembles a sawtooth, whereas p-P,O,¢ has the same waved
appearance as phosphorene.

Nearly degenerate in energy with the planar p-P,O;¢ form
(Fig. 6), we find the tubular 7-P, O structure, shown in Fig. 4.
The ¢t-P4Oy¢ structure is a tubular (I1D) form consisting of
eight-member rings, connected to each other at an angle of
approximately 100° (see, for example, the angle between
the D’ and B’ bonds or D” and C” bonds in Fig. 4), these
rings consisting of alternated phosphorus and bridging oxygen
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TABLE III. Bond lengths and bond angles for p-P4O,y and
t-P,O,¢ calculated with the PBE and PBEsol functionals. For the
surface oxide forms, O-P@-P® is the angle between the O-P® and
the P®-P® bonds, where P and P are nearest neighbors in the
same zigzag ridge. Only inequivalent bonds are listed.

Planar form: p-P,Oyg

Bond lengths (A) Bond angles (°)

PBE PBEsol PBE PBEsol
P=0W 1448 1.444 OW-P-0® 1150 115.1
P-O® 1.593  1.585 OW.p-0© 1159 1157
P-0© 1.622  1.613 oW-p-0® 1176 117.8
P-O® 1.615  1.606
Planar surface form: s-P,O,
Bond lengths A) Bond angles (°)
PBE PBEsol PBE PBEsol
P=0®W 1482 1477 O-P@.-p® 108.8  104.1
P=0® 1477 1516 O-P©-P@ 1073 1118
Planar surface form: s-P4Oy4
Bond lengths (A) Bond angles (°)
PBE PBEsol PBE PBEsol
P=0"™ 1474  1.468 O-P@_p® 1112 1113
P=0® 1507 1.510 O-PO_p@ 109.9 1108
Tubular form: #-P,Oqq
Bond lengths A) Bond angles (°)
PBE PBEsol PBE  PBEsol
P=0®) 1445 1.442 OMYP-O®) 1164 1155
P-0®)  1.609 1.595 OWMp-0© 1147 1156
P-0C  1.608 1.599 oWp-0® 1185 118.6
P-0® 1613 1.604
P=0"" 1449  1.447 oW .P-0®") 1139 1144
P-O®")  1.603 1.588 oW".p-0€" 1153 1150
P-0€"  1.605 1.594 oA".p-0®) 1183 1165
P-0®"  1.607  1.599

atoms. Only inversion symmetry is present, hence the space
group is P! (C}). There are two inequivalent (although very
similar) POy units, depicted in Fig. 4 (left side). The bond
lengths and angles are listed in Table III.

Similar to p-P4Op, #-P4O1 can be seen as a corner-linked
network of PO, tetrahedra. However, different from polyphos-
phate chains [42], in these tubular forms each tetrahedra shares
three vertices, forming a tubular structure rather than a simple
chain structure.

For intermediate concentrations, we find two metastable
phosphorene oxides in which oxygen is present only on the
phosphorene surface, in the form of dangling oxygen atoms.
We refer to these as surface forms, and in particular as s-P,O;
for the single-surface oxidized and s-P,O4 for the double-
surface oxidized; the two structures are shown in Fig. 1(c). As
aresult of oxygen chemisorption, the planes containing the top
and the bottom zigzag ridges are not parallel to each other any-
more (as in pristine phosphorene). The two P atoms in the same
zigzag ridge are shifted from each other by about 0.5 A in the
direction perpendicular to the surface. In contrast with the other
planar forms, the lattice deformation in this case is minimal.
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FIG. 5. (Color online) Crystal structure of single layer O’-P,0Os.

B. Stability

The stability of the POs can be quantified by using the
binding energy per oxygen atom, defined as [7]

1 1
Ey=——|E, —(E, + =NoEo, ||, 1
b No[ <p+2002>:| (D

where Ng is the number of O atoms in the unit cell, and
E,y, E,, and Eo, are the total energies of the PO, the pristine
phosphorene, and the O, (triplet) molecule, respectively. From
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the definition above, a value of E;, > 0 indicates that the oxide
formation is energetically favored in the presence of O,. The
average binding energies per O atom E; for the most stable
tubular, planar and surface POs calculated with the PBEsol and
HSE functionals are shown in Fig. 6. The gain in energy due to
oxygen chemisorption in phosphorene is very large across the
whole concentration range (from ~1.8 to 2.9 eV per O atom).

Regardless of the oxygen concentration, we invariably
find that the lowest energy structure is a planar (p-PsO,)
phosphorene oxide, with the tubular forms lying slightly
higher in energy. In addition, for low and medium oxygen
concentrations we find a manifold of states corresponding
to different oxygen arrangements that have nearly the same
energy.

For the lowest concentration considered, n =1, the
chemisorption of dangling oxygen is favored relative to
bridging oxygens; in fact, p-P4O; has a chemisorbed dangling
oxygen (E, = 2.1 eV), while on 7-P,O; we have a bridging
oxygen (E, = 1.4 eV). However, for all O concentrations
higher thann = 1, no clear difference emerges in the energetics
of dangling or bridging oxygens. The amount of energy gained
after O chemisorption is dictated by the interplay between
Coulomb repulsion of localized charges on the phosphorene
surface and strain interactions, the former due to dangling
oxygens and the latter mainly governed by bridging oxygens.
Since bridging oxygens increase the P-P distance by about
0.7 A [Fig. 2(b)], the insertion of oxygen bridges between
neighboring dangling oxygens can substantially reduce their
Coulomb repulsion, greatly stabilizing the PO. This explains
the counterintuitive increase in binding energy per oxygen
atom with increasing oxygen concentration.

The reduction of Coulomb repulsion due to the insertion
of oxygen bridges is particularly evident for the case n = 2,
shown in Fig. 7. Even though for n = 1 dangling oxygen
chemisorption is favored over bridging oxygen chemisorption,
when two dangling oxygens are chemisorbed on the same side
of the phosphorene surface their strong Coulomb repulsion
raises the energy of the compound, resulting in E;, = 1.76 eV
for the surface form s-P4O, (blue triangle at n = 2 in Fig. 6).
This energy can be reduced by forming oxygen bridges
instead of dangling oxygen, and therefore there are numerous
other p-P,4O; and ¢-P4O, forms containing bridging oxygen
that are more stable (up to 1.02 and 0.74 eV, respectively)
than s-P4O,. Similar considerations apply to the double-side
surface oxidized form s-P4O4, whichis ~1.8 eV and ~1.4 eV

(a)
s-P,0,

PBEsol HSE
3 — —
c2r v 1 o2 e
N g L L Ja 4 1
U-l_‘D 1= o—e p-P,O (planar) | | LL]Q [ " o—e p-P,O (planar) |_|
»--u t—PAOn (tubular) »--u t—PAOn (tubular)
[ A s-PO (surface)| | [ A s-PO (surface)| 7|
0 | I L I L I L 0 | I L I L I L
2 4 6 8 10 2 4 6 8§ 10

n. of O atoms (per unit cell) n. of O atoms (per unit cell)

FIG. 6. (Color online) Average binding energy E, per oxygen
atom as a function of oxygen concentration calculated with the
PBEsol and HSE functionals. Similar results are found for the PBE
functional (shown in Supplemental Material). Black circles indicate
planar PO forms (p-P40,), red squares tubular forms (¢-P40O,,) and
blue triangles surface forms (s-P4O,). The lines are a guide for the
eye.

St

E,=1.76 eV

(b)
P'P402

E,=2.27 eV

(c)
t-P,0,

& s »

E,=2.13 eV

FIG. 7. (Color online) Different forms of phosphorene oxides
and their average binding energy per oxygen atom E;, (n = 2).
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higher in energy than the most stable planar and tubular
forms, respectively, with the same concentration. From these
simple considerations, we can argue that in near-equilibrium
conditions the surface forms s-P,O, and s-P,O4 will not be
the primary outcome of phosphorene oxidation, contrary to
what has been recently proposed [20,50]. Nevertheless, these
surface oxidized forms can possibly be favored by specific
kinetic factors. Still, since the activation energies for dangling
oxygen formation and for oxygen insertion (bridges formation)
are very similar (0.54 and 0.69 eV, respectively) [7], it is
unlikely that these surface oxide phases will form even at
low temperatures.

For the maximum oxygen concentration (n = 10), the
p-P4Oy¢ and t-P4O( forms have nearly degenerate energies,
with E, =2.81 eV (2.70 eV) and E;, = 2.78 eV (2.70 eV)
at the PBEsol (HSE) level, respectively. They are nearly
degenerate in energy with the O’ form, which has a binding
energy of 2.81 eV with PBEsol (2.68 eV with HSE) in the
monolayer form, or 2.88 eV (at the PBEsol level) in the
bulk form. They also are the most stable POs among all
O concentrations considered in this work. Their structures,
which are essentially a homogeneous network of three-corner
linked PO, tetrahedra (Figs. 3 and 4), minimize both strain
interactions due to oxygen bridges and Coulomb repulsion
from dangling oxygens.

C. Electronic properties

Chemisorption of oxygen atoms and the formation of POs
drastically changes the electronic properties of phosphorene.
The bandgap E,,, of both planar and tubular oxides is plotted
as a function of oxygen concentration in Fig. 8. Both planar and
tubular phosphorene oxides are found to be semiconducting or
insulating, depending on the O concentration.

The bandgap of planar POs (black squares) increases
monotonically with oxygen concentration, from 2.21 eV (n =
1)t07.69 eV (n = 10) at the HSE level. Note that the bandgaps
calculated at the PBEsol level follow almost precisely the same
trends but are simply shifted to smaller gaps compared to HSE
by roughly 1.5 eV across the entire O concentration range (see
Fig. 8).

The increase in bandgap with O concentration in planar
POs is due to the increasingly ionic character of the bonds and

Planar POs Tubular and surface POs
oo p-P0O, PBEso)| | o otPO, (PBEsOD || |
== p-P,0 (HSE) == P,0, (HSE)
6 — 6f & sP,0,(PBEsol) —
- . s sP,0, (HSE)
% | % 1
vb— 4+ | = 4+ g |
& )
m” m b B
2 o : 2+ \ -
¢ \ \ \ \ @'/,L\A)\e“g\e/ 0\1 \ ]
0 2 4 6 8 10 0 2 4 6 8 10

n. of O atoms (per unit cell) n. of O atoms (per unit cell)

FIG. 8. (Color online) Bandgap energy Eg,, calculated with the
PBEsol and HSE functionals for planar (left panel), tubular and
surface forms (right panel) as a function of oxygen concentration.
The lines are a guide for the eye.
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E,.,(PBEsol)=0.85eV E,,,(PBEsol)=1.91eV E,,,(PBEsol)=2.26eV
E,p(HSE) ~ =2.21eV Egp(HSE)  =3.35eV E,,,(HSE) =3.65eV

FIG. 9. (Color online) Crystal structure projections and valence
band isosurface for low concentration planar POs: (a) p-P,Oy, (b)
p-P40O,, and (c) p-P4O;. The PBEsol electronic band structures are
shown in panels (d)—(f), respectively. The top of the valence band is
set to zero. The energy bandgaps at the PBEsol and HSE level are
also given.

the resulting wave function localization. The series p-P4O,
(n =1,2,3), shown in Fig. 9 is a particularly instructive
example of this phenomenon. In p-P4O;, one dangling oxygen
is chemisorbed, corresponding to a 25% concentration. The
band structure is strongly modified compared to pristine
phosphorene (as shown in Supplemental Material [41]), but
the valence band is still delocalized over all the crystal, as
shown in Fig. 9(a), and still exhibits moderate dispersion. The
bandgap is now indirect, but its value is still close to pristine
phosphorene (2.21 eV vs 1.77 eV of pristine phosphorene at the
HSE level in our calculation). If more oxygen atoms are added,
the band structure drastically changes [Figs. 9(e)-9(f)]. In
p-P40,, the valence band becomes localized on the top zigzag
ridge [Fig. 9(b)]. The valence band is now nearly completely
flat, and the conduction band generally has less dispersion than
that of p-P4O;. The bridging oxygen thus effectively creates
nanoribbons and strongly increases the bandgap (3.35 eV with
HSE). In p-P,0O;3 [Figs. 9(c)-9(f)] additional oxygen bridges,
both intraridge and inter-ridge, are formed. The valence band
is now localized on P, and both valence and conduction bands
have very low dispersion due to their localization. The bandgap
is 3.65 eV atthe HSE level. Forn > 3, all p-PO band structures
preserve the low dispersion present in p-P,03, together with
an increasing bandgap. Their crystal structures and electronic
band structures are shown in the Supplemental Material [41].

Tubular phosphorene oxides are also insulating, with
bandgaps covering a large range of energies from 1.62 to
7.78 eV (at HSE level). In contrast to what we have described
for planar POs, we did not find that tubular POs exhibit a
monotonic increase in bandgap with oxygen concentration
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E,.,(PBEsol)=1.08eV  E,,,(PBEsol)=0.10eV E,yap(PBEsol)=4.17eV

EL(HSE) =2.33eV En(HSE) =1.62eV  En(HSE) =5.95eV

FIG. 10. (Color online) Crystal structure projections and conduc-
tion band isosurfaces for representative tubular POs: (a) #-P4O., (b)
t-P4O7, and (c) t-P,Og. The PBEsol electronic band structures are
shown in panels (d)—(f), respectively. Only the dispersion along the
1D chains is shown. The top of the valence band is set to zero. The
energy bandgaps at the PBEsol and HSE level are also given.

(see Fig. 8). We can separately consider two regimes, n < 7
andn > 7.

The crystal structure and electronic band structure of some
representative tubular POs are shown in Fig. 10. The compound
t-P4O, [Fig. 10(a)] presents a feature common to all low- and
medium-concentration tubular POs (n < 7): both occupied
and unoccupied states around the Fermi energy are nearly flat,
while the conduction band is dispersive and well separated
from the manifold of occupied states (below) and empty states
(above). The conduction band in this particular case has ~2 eV
bandwidth in all directions (I'-M, M-X, and I"'-Y), but it is flat
on the X-I" direction, which is the direction perpendicular to
the chain composing this tubular PO; this is the signature of
the 1D nature of tubular POs. The strong Coulomb repulsion
between dangling oxygens separates the chains, which interact
only through (weak) van der Waals forces.

The compound ?-P4O; has a similar band structure,
but shows increased dispersion of the conduction band
[Figs. 10(b)-10(e)]. The conduction band arises from delocal-
ized phosphorus p orbitals at the bottom of the PO layer, where
no oxygen bridges are present [see right side of Fig. 10(b)].
The bandgap is only 1.62 eV (HSE level).

In the high-concentration regime (n > 8), the scenario is
quite different. Chemisorption of a bridging oxygen atom in
the phosphorus chain [marked by an arrow in Figs. 10(b)
and 10(c)] breaks the conjugation, localizing both conduction
and valence bands, and greatly increasing Eg,p. This is partic-
ularly evident in ¢-P4Og [Figs. 10(c)—10(f)]: the conduction
band, in contrast to the situation discussed above, is now
very close to the manifold of unoccupied states and presents
no dispersion. The bandgap increases by roughly ~4 eV
at both PBEsol and HSE levels, making the material an
insulator. The surface forms s-P4O, and s-P4O,4 are instead

PHYSICAL REVIEW B 91, 085407 (2015)
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FIG. 11. (Color online) Crystal structures of oxygen saturated
POs: (a) p-P4Oy9 and (b) t-P4O,9. The PBEsol electronic band
structures are shown in panels (c) and (d), respectively. The top of
the valence band is set to zero.

both semiconducting with HSE bandgaps of 2.54 and 2.34 eV,
respectively.

The electronic band structure and the density of states
(DOS) of the maximally oxidized phosphorene oxides
p-P4Oj9 and ¢-P,Oy are shown in Fig. 11.

Both POs are insulators, and they have remarkably similar
band structures. There is a manifold of eight nearly degenerate
dispersionless occupied states between —1 and 0 eV for both
species; these states are p orbitals localized on dangling
oxygens, bridging oxygens or both, and they do not have any
appreciable electron density on the P atoms. The conduction
band consists instead of p orbitals on dangling oxygens and
on P-O bridges, and it is slightly dispersive. The bandgap
is 5.56 eV for both species at the PBEsol level, enlarged at
7.68 eV for p-P,O;¢ and at 7.78 eV for t-P4O,( with the HSE
functional. Interestingly, we find that monolayer O’-P,0Os has
a similar HSE bandgap (7.45 eV).

For pristine phosphorene and the maximally oxidized
phosphorene oxides we calculated the bandgaps also within
the GW approximation [35,36]. For the pristine phosphorene
we obtain 1.70 eV, close to the 1.60 eV of Ref. [51], but
different by 0.3 eV from Tran et al. [2]. We note that all the
convergence parameters used in this work are higher than those
used in these previous studies (see Supplemental Material for
a complete comparison [41]).

For p-P4O;9 and 7-P4O;9 we obtain GW bandgaps of
8.50 and 8.69 eV, respectively, close to the HSE results. The
bandgaps for pristine phosphorene and maximal oxidation
POs calculated with different levels of theory are summarized
in Table IV.
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TABLE IV. Energy bandgaps for pristine phosphorene and
maximal oxidation POs.

E,qp (eV)
System PBEsol HSE GW
Phosphorene 0.72 1.77 1.70
p-P4Oyo 5.56 7.68 8.50
t-P,Oy 5.56 7.78 8.69

D. Vibrational properties

Even though the Raman spectrum of POs changes quite
significantly depending on the oxygen concentration, it is
possible to identify three distinctive vibrational bands common
throughout the whole P,O, series. Some of the typical vibra-
tional modes relevant in these different regions are presented
in Fig. 12. The low-frequency region of the vibrational
spectra (<300 cm™!) is dominated by the wag modes of
the P=O groups, mixed with a small component of P-O-P
bending. The presence of P-O-P bending modes increases
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FIG. 12. (Color online) Raman spectra and corresponding Ra-
man active modes for (a) p-P4O,y and (b) #-P4O,9. The length of
the arrows is proportional to the amplitude of motion.
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with frequency and becomes strongly predominant in the
region between 500 and 1000 cm~'. For the surface forms
(s-P4O;, and s-P4O4) in which only dangling oxygens are
present, there are indeed no vibrational modes between 500
and 1000 cm~'. In the high-frequency region, the vibrational
spectrum instead only involves P=0 stretching modes; these
modes are decoupled from the other vibrations because the
P=0O bonds are much stronger than P-O bridges, as in
the case of the molecular (bulk) phosphorus oxides [52,53].
The P=0 stretching modes are separated from the other modes
by at least 200 cm™! for all oxygen concentrations, and there
are as many as the number of dangling oxygen in the PO.
This observation opens the possibility of direct experimental
detection of the number of dangling oxygens through Raman
spectroscopy. P=0 stretching modes start at 1063 cm™' for
n =1 (p-P4O;) and monotonically blueshift with increasing
oxygen concentration till about ~1370 cm™! for maximum
oxidation. This is consistent with the shortening of P=0 bond
found with increasing oxygen linkage, as shown in Table I
and analogous to the observed blueshift of P=0 vibrational
frequencies in the series P4O,, (m = 6 to 10) measured in solid
argon [54].

Raman spectra and Raman active modes of p-P,O;¢ and
t-P,Oj¢ are shown in Figs. 12(a) and 12(b), respectively. In
p-P4Oy9, there are three high-intensity Raman peaks at 216,
583, and 1363 cm~! and a low-intensity peak at 390 cm™!.
The first peak (216 cm™") consists of the concerted wag mode
of the four P=0 dangling oxygens (scissoring), together with
an symmetric P-O-P stretch of the two inter-ridge bridges
[purple in Fig. 3(b)]. The second strong peak at 583 cm™! is
a combination of the P-O-P symmetric stretch of the middle
intraridge bridges [brown in Fig. 3(b)] and the P=0O stretch
of all dangling oxygens. The last strong peak (1363 cm™!)
involves the stretching of the P=0 bonds. The low-intensity
peak at 390 cm™! is instead the P-O-P symmetric stretching
of the lower and higher intraridge bridges [gray in Fig. 3(b)].

In contrast, only one strong peak at 1374 cm ™!, correspond-
ing to the P=O stretching of two dangling oxygens, is present
in the Raman spectrum of #-P4O,g, as shown in Fig. 12(b).
Four low-intensity peaks, however, appear in the range
250-550 cm™!

The mode at 246 cm ™! involves P=0 bond scissoring with
a contribution from an asymmetrical bending of the P-O-P
bridges, while the one at 298 cm~! involves P=0 scissoring
such that the top and bottom layer dangling oxygen moves
towards the tubular oxide center. Finally, at 506 cm~! we
find a ring-breathing mode (P-O-P symmetrical bending of
inter-ridge bridges) and at 551 cm™! another ring breathing
mode plus P=0 stretching.

Raman and IR spectra for planar and tubular forms for
all oxygen concentrations are reported in the Supplemental
Material [41].

IV. CONCLUSIONS

We have described a family of two-dimensional phosphorus
oxides obtained by oxidation of phosphorene, with oxygen
content up to ten oxygen per phosphorene unit cell (P,Os).

The gain in energy due to oxygen chemisorption in
phosphorene is very large (from ~1.8 to 2.9 eV per O
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atom) and increases with the oxygen concentration. In parallel
with the two-dimensional planar forms, there are tubular
(polymeric) forms with similar formation enthalpy. The planar
forms are lower in energy than the tubular forms for all O
concentrations; the energy difference is, however, quite small
(typically <0.1 eV per O atom), hence both forms are likely
to coexist under normal experimental conditions, forming
ordered and disordered (amorphous) domains depending on
the oxidation process, local impurities, and defects. It is also
feasible that different forms of POs can be experimentally
created by a suitable choice of growth conditions, in much
the same way as the (bulk) series P4Og,, (0 < m < 4) can be
obtained by varying the atmosphere, temperature, and pressure
in which Py is treated [42,44]. Moreover, both planar and
tubular forms have the very similar formation enthalpy of the
thermodynamically most stable known phosphorus pentoxide
(O'-P,0s).

The phosphorene oxides can be used as a transparent tunnel-
ing materials; namely, on black-phosphorus or phosphorene-
based devices. The bandgap energy of planar P4O,, increases
with n and is 8.5 eV for n = 10. The tubular forms are
also insulating and, close to the oxygen-saturation limit
(P,0s), have nearly the same gap energy, and therefore their

PHYSICAL REVIEW B 91, 085407 (2015)

coexistence with the planar form does not jeopardize its
transparency or electrical insulation properties.

Although the planar and the tubular form of P,Os give
rise to high-frequency Raman scattering peaks with very
close energies (at 1363 and 1374 cm™!), the planar form can
be identified by an intense peak at 583 cm™!, just above
the Raman edge of black phosphorus (470 cm~! at room
temperature [55]). Additionally, the Raman spectra can supply
information on the oxygen concentration and, for a crystalline
sample, on the number of dangling oxygen per unit cell.
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