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A new 2D material, phosphorene, has several remarkable advantages; various superiorities make phosphorene a research hotspot.
This paper provides comprehensive information about the structure and electronic and magnetic properties of phosphorene
adsorbed with atoms, including alkali and alkaline-earth metal atoms, nonmetallic atoms, noble metal atoms, and transition-
metal atoms. Phosphorene adsorbed with alkali and alkaline-earth metal atoms, such as Li and Na adatoms, becomes an n-type
semiconductor, while phosphorene adsorbed with Be and Mg atoms becomes a p-type semiconductor. In view of nonmetallic
adatoms (B, C, N, and O), the B adatom decorated phosphorene becomes metallic, the band gap of phosphorene adsorbed with
C adatom decreases, and the phosphorene is p-type with N adatom, while the electronic property of O adatom adsorption case is
affected slightly. Regarding noble metal adatoms adsorption condition, the Ag adatom makes phosphorene a n-type semiconductor,
the Au adatom induces phosphorene to have a magnetism of 1B, and the electronic property of phosphorene is changed by
adsorbing with Pt adatom. Among transition-metal adatoms, such as Fe, Ni, Co, Cu, and Zn adatoms, the band gap is reduced when
Fe/Ni adatom adheres to the surface of phosphorene, The Co adsorbed phosphorene turns into a polar-gapless semiconductor and
phosphorene is proved to be n-type with Cu adatom, but it is testified that the Zn atom is not suitable to adsorb on the phosphorene.

1. Introduction

In recent years, phosphorene has caused widespread interest
following the discovery of graphene [1] and the transition-
metal dichalcogenide [2] (TMDC) family. But it has not
attracted any attention when discovered by physicists and
chemists in 1914 due to its instable structure and strong
toxicity [3]. The quest of searching for two-dimensional
(2D) with more significant key properties, such as the high
carrier mobility and remarkable band gap, has made pho-
sphorene a new member of 2D material family. Since the
high-performance field-effect transistors (FETs) based on
phosphorene have been fabricated in 2014 [4], abundant
theoretical and experimental researches about the physical,
chemical, and electronic properties of phosphorene have
been made and led to the manufacturing of phosphorene-
based nanodevices in electronics, optoelectronics, and pho-
tovoltaics [5].

Phosphorene is mechanically exfoliated from bulk black
phosphorus [6, 7]. The reason why the properties of phos-
phorene are so novel is that it has a strong covalent bonding

system but weak van der Waals (vdWs) interlayer interac-
tions [8]. Figures 1(a)-1(c) show the optimized structures
of phosphorene, whose atoms are arranged into a wrinkled
honeycomb lattice structure with an up (U) and down (D)
sequence of UUUDDD [9, 10]. From Figures 1(b) and 1(c),
it can be found that the orthogonal lattice parameters of
phosphorene are a, =3.35A, a, = 4.62 A, and a, = 2.11 A [11],
which is the thickness of phosphorene. Figure 1(d) shows that
phosphorene is a p-type semiconductor with a direct band
gap of 1.5eV [12]. Interestingly, it can be noted that the
band gap of phosphorene decreased with the increased num-
ber of layers, as shown in Figure 1(e). Furthermore, the energy
gap (E,) also varies as the opposite number of layers, reveal-
ing that the change of layers can tune the electronic prop-
erties of phosphorene [13]. Figure 1(f) shows that the ene-
rgy also depends on in-plane strain along the x and y direc-
tion [14-16]. In particular, the strain of 5% and more can
change phosphorene from a direct-gap to an indirect-gap
semiconductor [9].

As a new 2D material, phosphorene, has attracted more
attention than other 2D materials such as graphene [4], MoS,
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FIGURE 1: (a) Perspective side view of phosphorene. (b, ¢) Side and top views of phosphorene. (d) Band structure of phosphorene monolayer.
(e, f) Results for the dependence of the energy gap in phosphorene on (e) the number of layers and (f) the strain along the x and y direction

[9].
TaBLE 1: Fundamental properties of different 2D materials [19].
T Phosphorene Graphene MosS, WSe, h-BN
e

P Semiconductor Semimetal Semiconductor Semiconductor Insulator
Bandgap (eV) 0.3-2.0 0 1.2-1.8 1.2-1.7 5.9
Carrier mobility, ~1000 ~2 x 10° 10-200 140-500 —
(cm“V s )
On/off ratio 10°-10° 5.5-44 10°-10° 10*-10° —
Thermal conductance 3

10-36 =5x10 34.5-52 9.7 250-360

(Wm™'K™)
Thermoelectric 1-25 ~0 04 0.91 B
performance, ZT
Young’s modulus (GPa) 35-166 1000 270 £ 100 75-195 220-880
Fracture strain (%) 24-32 27-38 25-33 26-37 24
Conduction type Ambipolar Ambipolar n-type Ambipolar —

[45-47], WSe, [48], and h-BN [49-51]. The fundamental
properties of different 2D materials including phosphorene
have been summed up in Table 1 [19], including outstanding
band gap, high carrier mobility and on/off ratio, novel
physical phenomena (e.g., superconductivity and quantum
Hall effect [52]), distinct mechanical characters (anisotropic
Young’s modulus [53]), adjustable electronic properties by

strain [20], low-dimensional phosphorene derivatives [54],
and new phosphorene polymorphs [55]. Extensive researches
about device applications in gas sensors [56], electronics
[57], and photovoltaic [58] have also been made. With
so rich research results, the fundamental properties and
applications have already been exposed; the focus has shifted
from studying phosphorene itself to the various applications
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FIGURE 2: High-symmetry adsorption sites of adatoms [17].

TABLE 2: Favorable adsorption sites, binding energies (E,;), and electronic and magnetic properties of adatoms on the phosphorene [17].

Adsorption on the black P sheet

Atom Site E,q (eV) hy (A) Iy p (A) 5y (A) M (AE,,) Properties

Li H 1.93 1.43 2.48 0.12 — n-type doping
Na H 135 1.99 2.84 01 — n-type doping
Be H 179 0.69 2.07 0.39 — Defect states in gap
Mg H 0.66 1.78 2.70 0.26 — Defect states in gap

and more complex phenomena based on phosphorene. It
is expected that the prospects of phosphorene material and
devices will be better.

This paper will discuss the structure and electronic and
magnetic properties of phosphorene adsorbed with adatoms
[21, 22, 59], including alkali and alkaline-earth atoms [60],
nonmetallic atoms, transition-metal atoms, and noble metal
atoms [17]. The adsorption sites of adatom, as shown in
Figure 2, can have the following four choices: H, B, T, and V
site; the hollow site (H) is at the center of buckled hexagon,
the bridge site (B) is at the midpoint of phosphorous-phos-
phorous (P-P) bond, the top site (T) is above the upper P
atom, and the valley site (V) is above the lower P atom [17].
We also discuss the possible applications of phosphor-
ene adsorbed with adatoms in noble electronic, optoelectro-
nic, and nanomechanical devices. Finally, we look forward to
the future that the common adsorption, molecular adsorp-
tion, and the transport properties of phosphorene will be exp-
lored fully. The detailed study of adatom adsorption on pho-
sphorene will be described then.

2. Phosphorene with Adatoms

2.1. Alkali and Alkaline-Earth Adatoms. In the first place, we
research the interaction between Li, Na, Be, and Mg adatoms
and phosphorene, which is largely caused by the high binding
energy, slight molecular distortion, and outstanding charge
transfer for alkali and alkaline-earth adatoms; the optimized
adsorption sites are all the H site, as shown in Figure 3.

In addition, Table 2 represents the binding energies (E,4)
and electronic and magnetic properties of adatoms on the
phosphorene. The binging energies are 1.93, 1.79, 1.35, and
0.66 eV for Li, Be, Na, and Mg, respectively, which appears
in the order of E,4 (Li) > E,4 (Be) > E,y (Na) > E 4 (Mg).
The bonding between Li/Be and the phosphorene sheet is
stronger than that of the Na/Mg case, which is caused by
the smaller adsorption heights and shorter bond lengths in
the Li/Be adsorption. It should be noticed that phosphorene
adsorbed with Li/Be adatoms is more stable and appropriate
to be used in practical application.

2.1.1. Numerous Li Adatoms Case. Figure 4(a) shows that the
charge transfer in the whole phosphorene system adsorbed
with Li adatoms. The calculations of the charge transfer are
obtained from AP = Prtotal ~ Ppsheet ~ PlLiatom> where Protal
is total charge density of the Li adsorbed phosphorene sheet
and ppgreer and Priaom are charge density of pristine phos-
phorene and Li atom, respectively [17]. The obvious charge
accumulation between the Li and P atoms manifests that the
Li adsorption can form covalent bonding [17], which can
make phosphorene adsorbed with Li adatoms promising
anode materials for Li-ion batteries.

The case that numerous Li adatoms are adsorbed on
the one side of phosphorene has been researched. There
are two stable phases as displayed in Figures 4(b) and
4(c), namely, phase I and phase II. The H site has been
examined as the most suitable site for both phases. And its
total energy values of —25.267 and —25.276 ¢V per unit cell
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FIGURE 3: The typical adsorption structures of the alkali and alkaline-earth adatoms [17].

manifest that phase I is metastable. Moreover, the adsorption
energies of Li adatoms of two stable phase are —1.61 and
-1.62 eV, respectively, which are lower than the cohesive
energy —1.60 eV per Li atom of bulk lithium, indicating that
two phases are more thermodynamically stable than the pure
phosphorene and bulk lithium. The differences between two
phases are significant, and the calculated lattice constants are
4.77 and 4.87 A along the x direction and 3.23 and 3.24 A
along the y direction, respectively. It is interesting to notice
that the upper phosphorene layer in phase I maintains being
flat, which in phase II tilts clearly, which can be proved by a
longer bond length between Li and P atoms in phasel than
that in phase II. The difference found is that phase II has a
larger band gap (0.4 eV) and sharp band edges around —1.5 eV
below the Fermi levels, whereas phase I has a smaller band
gap (0.1eV) and band tail states [18]. From the researches
above, we can realize that phase IT has a longer lattice constant
so that Lil can have more space to get closer to P atoms and
form more stronger bonding. Furthermore, we can conduct
research about the condition that two Li atoms are adsorbed
on the two sides of phosphorene in one unit cell, which can
have complementary and contrast effects.

2.1.2. A Single Adatom Case. The case of a single adatom
adsorption on the phosphorene sheet has also been investi-
gated. In order to investigate the band gap of phosphorene
adsorbed with alkali and alkaline-earth adatoms, the DOSs of
them have been studied, which is shown in Figure 4(d). The
adsorption of alkali and alkaline-earth adatoms can generate
charge transfer, the Li atom donates 0.67 e to the phospho-
rene, and the Na/Be/Mg atom loses charges ranging from 0.5
to 0.6 e, which affects the electronic property of phosphorene.
The energy of Li adatom s orbitals and conduction band
minimum (CBM) are —2.91 and —4.14 €V, respectively. The
high energy of s orbital makes Li adatom donate its electron
to the conduction band, resulting in phosphorene being an n-
type semiconductor. The status of Na adatom is the same as
the Li case; the Fermi level also moves into conduction bands,
making the phosphorene sheet an n-type semiconductor,
while, for the Be and Mg adatoms, due to the mid-gap defect

states in the phosphorene [61], the band gaps are decreased to
0.18 and 0.4 eV, respectively [17]. The above studies are limited
to the electronic property of phosphorene adsorbed with a
single adatom; the mechanical and magnetic properties of the
whole system need to be involved.

2.2. Nonmetallic Adatoms

2.2.1. Three Ways of Oxygen Atom Adsorption. Once non-
metallic adatoms (O, B, C, and N) are adsorbed on the
phosphorene, the electronic properties of phosphorene will
be changed [62]. In addition, these nonmetallic adatoms
demonstrate a more strong adsorption than that of alkali and
alkaline-earth metal adatoms. In the first place, we focus on
oxygen (O) adatoms adsorbed at three different sites [63-65].
The lowest energy but the highest binding energy structure
is an O adatom adsorbed at the T site of phosphorene
(Figure 5(a)(A)). The bond between a O atom and a P
atom is short, about 1.5 A. Moreover, the P-O bond aligns
perpendicular to the surface with a slight tilt from the normal
direction by 44.5° [66]. And the binding energy is very high,
2.08 eV at the PBE level. Such a high binding energy makes
the process of O adatom adsorption exothermic strongly [67].
From Figure 5(a)(B), it is shown that there are no states in
the gap so that the defect is electrically neutral. The DOS of
the O adatom adsorption system is similar to that of pristine
phosphorene.

The second lowest energy structure is an O adatom
adsorption at the V site of phosphorene, as shown in
Figure 5(b). The O adatom is deep inside the lattice, forming
a bridge between two P atoms and making its adjacent P
atom outside the phosphorene surface [68]. Researches show
that P-O bond lengths are 1.66 A and 1.68 A and the P-O-P
bond angle is 129.6°. Compared with pristine phosphorene
(2.11A), the thickness is 2.87 A now. Such a huge change
of the structure makes no difference, due to the fact that
binding energy is 1.66 eV at the PBE level and the formation
of bridges is highly exothermic. Similar to the case of O
adatoms adsorbed at the T site, the defect is also electrically
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FIGURE 4: (a) Charge densities of Li adatoms on phosphorene [17]. (b) Phase I [18] and (c) phase II of Li doped phosphorene, the difference
at —1.5 eV below the Fermi level: phase I possesses a smaller gap (SG) whereas phase II has a larger gap (LG) [18]. (d) DOSs of phosphorene
adsorbed with Li-Mg adatoms [17].
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FIGURE 6: Optimized adsorption sites of B-O atoms; X@Y represents that the X atom is at the Y site of phosphorene [17].

neutral without states forming in the middle of the gap
(Figure 5(b)(B)).

The last possible structure has been studied out: the O
adatom is adsorbed on the top of phosphorene along the
zigzag direction, connecting two P atoms with a horizontal
bridge, which is demonstrated in Figure 5(c)(A). The P-
O bonds are now 175A and the angle is 107.9°. From
Figure 5(c)(B), The horizontal bridge defect produces a mid-
gap state near the conduction band, which is formed by the
p, orbital of the O adatom and the p orbitals of the two P
atoms in the P-O system. Otherwise, the valence band state is
disturbed, which can be used to generate recombination lines
in luminescence experiments [19, 23-25, 69].

The detailed studies about O adatoms adsorption on
phosphorene provide a deep understanding of oxygen defects
in phosphorene, which may prevent forming more complex
defects and deterioration when phosphorene is exposed to air.

2.2.2. Other Nonmetallic Adatoms Adsorption. Other non-
metallic adatom cases are summarized next. The electronic
variation of phosphorene with nonmetallic adatoms is mainly
controlled by the electronegativity of the nonmetallic atom.
The electronegativities of B and C adatoms are equal to
that of P atom nearly; they tend to form sp” bonds with P
atom, whereas the N adatom has more electronegativity than
P atom. For the B adatom shown in Figure 6(a), its ideal
adsorption site is H site, and the binding energy is 3.58 eV.
Figure 6(b) represents that the C adatom tends to the B site
with a binding energy of 5.11eV. With the lowest binding
energy of 3.49 eV among the four adatoms, N adatoms prefer
the B site. When the C adatom has stabilized, we can find
that C adatom inserts the upper P atoms without a buckling
height. Furthermore, the C adatom makes the three connect-
ing P atoms more strong. While the N adatom remains the
previous site with a buckling height of 0.61 A, which can be
seen in Figure 6(c), when the N adatom adsorbs at the bridge
site, the P-P bond is replaced by P-N-P connection.

Then the DOSs of phosphorene adsorbed with B, C, and
N adatoms will be studied, which is shown in Figure 7. The B
adatom induces a spin-polarization with a magnetic moment
of 0.95uB, which is mainly originated from the P atoms
in the surrounding of the B atom. In addition, the energy
gained from the spin-polarization, called magnetic energy,
is only 1meV, denoting that the magnetism of B adsorbed
phosphorene is hidden by the thermal fluctuation of the
ambient environment. From the DOSs of B adatoms, it can
be confirmed that there is a defect state crossing the Fermi
level so that phosphorene adsorbed with B adatom becomes
metallic. For the C adatom, the unoccupied defect state of
C 2p orbitals causes the gap decrease to 0.26 eV [61, 68].
As for the N adatom, the Fermi level decreases due to the
remarkable peak on the valence band maximum (VBM) [60],
which makes the phosphorene sheet a p-type semiconductor.
Finally, we focus on the O adatom adsorption at the T
site of phosphorene, which is discussed above [26]. Surface
adsorption with nonmetallic adatoms brings about so rich
electronic and magnetic properties, which provides a theo-
retical basis of applications in nanoelectronics and spintro-
nics.

2.3. Noble Metal Adatoms. In this section, we study the
adsorption of noble metal adatoms (Ag, Au, and Pt). As for
noble metal adatoms, the most appropriate adsorption site is
all H site, and the binding energies are 1.14, 1.61, and 4.82 eV
for Ag, Au, and Pt, respectively. Among the three adatoms
we investigated, the binding energy of Pt is the highest while
Ag s the least. There has been published work demonstrating
that the power of bonding and reactivity of a noble metal
atom lie in whether its d-band is filled fully or not and
the condition of its d-band crossing the Fermi level. The Pt
adatom not only bonds with phosphorene strongly but also
is reactive in phosphorene due to the fact that d-band of Pt
adatom is filled partly and throughout the Fermi level. On
the other band, owing to the fact that d-band is filled fully
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FIGURE 7: DOSs of phosphorene adsorbed with (a) B, (b) C, (¢) N, and (d) O adatoms [17].

and does not cross the Fermi level, the reactivity of Ag and
Au adatoms is feeble. These findings account for the different
results of Ag, Au, and Pt adsorption.

The DOSs of the phosphorene adsorbed with noble metal
adatoms can be found in Figure 8. For Ag atom, a result is
that phosphorene with Ag is an n-type semiconductor, due
to the fact that Ag adatom upshifts the Fermi level into the
conduction bands.

Compared with Ag adatom, Au possesses a more steady
magnetism, so phosphorene adsorbed with Au adatoms has
a magnetism of 1uB [15]. It is emerged in the DOSs that
the neighborhood of the Fermi level occupies spin-polarized
defect states, which makes phosphorene a bipolar spin-
gapless semiconductor.

For the Pt atom, its defect states are primarily seated in
the valence bands, so the electronic structure of phosphorene
is affected slightly by adsorbing with Pt atoms [16].

2.4. Transition-Metal Adatoms. Next, the adsorption of
transition-metal adatoms (Co, Fe, Ni, Cu, and Zn) will be
discussed [21]. We find that the Zn atom is not appropriate to
decorate the phosphorene; it can be stated that the optimized
adsorption site is H site with a large distance of 2.39 A above P
atoms and the binding energy is only 0.15 eV, which can lead
phosphorene to be disturbed by the surrounding. However,
from the binding energy of Fe, Co, Ni, and Cu (Fe: 2.98 eV,
Co: 3.75€V, Ni: 4.41¢V, Cu: 2.15¢eV), we can detect that the
adsorption of Fe, Co, Ni, and Cu on the phosphorene is
powerful. From the results we can make the conclusion that
phosphorene adsorbed with Fe, Co, Ni, and Cu holds an
absolute advantage.

The stability and electronic properties of Co adatom
adsorption on the phosphorene are studied firstly. Figure 9
shows that the adsorption with Co adatoms leads to slight
lattice distortion [21] and the Co adatom connects P atoms
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with three bonds in two zigzag ridges. The adsorption energy
of Co adatoms is the second highest among transition-
metal adatoms. Researches present that the concentration
of Co adatoms is about 1.23%. In addition, the coadsorbed
phosphorene has a total magnetic moment of 1 B. We can
increase the concentration ratio of Co adatoms; the magnetic
moment may increase or disappear. We can also connect
one Co adatom with three P atoms in two armchair ridges;
the lattice may become more stable. There are so many
investigations remaining to be conducted so that we can go
deep into the study above.

The discussion of DOSs of these transition-metal adatoms
is presented in Figure 10. Firstly, the band gap of phosphorene
adsorbed with Fe is reduced to 0.22eV with some defect
states in the band gap [14]. For the Co adatom, the valence
maximum and the conduction minimum have different spins,

but they are connected to each other at the Fermi level, so the
phosphorene becomes a bipolar spin-gapless semiconductor
[59]. For the Ni adatom, the valence maximum has so many
defect states that the band gap decreases. With regard to
the Cu adatom, the phosphorene sheet becomes an n-type
semiconductor due to the fact that Cu adatom moves the
Fermi level upward [26]. It has been reported that there are
covalent interaction between Fe adatom and the next P atom
and a compound of covalent and ionic interactions for Co, Ni,
and Cu adsorption. Furthermore, the addition of transition-
metal atoms changes phosphorene into a semiconductor,
such that the Co- and Cu-adsorbed systems maintain the
property of semiconductor. Transition-metal atoms, such as
Fe and Ni atom, can also decrease the band gap, which is
mainly because the spin-polarized electrons of adatoms shift
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FIGURE 9: Ball-and-stick representation of phosphorene with adsorbed Co defect; electronic band structures for coadsorbed phosphorene

[4].

to the non-spin-polarized phosphorene and the 4s electrons
of transition-metal atoms rise to the 3d orbitals.

It is verified that phosphorene is a layer-dependent 2D
material; the structure and electronic and magnetic proper-
ties of transition-metal adatoms on bilayer and few layers
phosphorene have not been involved. Moreover, the topics of
phosphorene coadsorbed with transition-metal adatoms and
other types of atoms have not been focused on.

3. Conclusions

Phosphorene, owing to its remarkable features, such as a large
direct band gap of 1.5eV, a high on/off ratio of over 10%,
and a high carrier mobility of up to 10000 cm*s™'v™", has
become a new important 2D material. As we all know, the
way of adsorbing atoms on the phosphorene can change the
structure and electronic and magnetic properties of phos-
phorene, which provides a wider application in transistors,
optoelectronics, batteries, and gas storage [28, 29]. These
adatoms are alkali and alkaline-earth atoms, nonmetallic
atoms, noble metal atoms, and transition-metal atoms:

(1) For alkali and alkaline-earth adatoms, their favourite
sites are H site. Moreover, phosphorene decorated
with Li and Na adatoms becomes an n-type semicon-
ductor, and Be and Mg adatoms make the band gap of
phosphorene decrease to 0.18 and 0.14 eV, respectively.

(2) Nonmetallic adatoms include B, C, N, and O: B
adatoms can induce the property of metal. C adatoms
cause the band gap decrease to 0.26 eV. And N ada-
toms make the phosphorene a p-type semiconductor
[16]. Some small peaks in the valence band show that
O adatoms can affect the electronic property of pho-
sphorene sheet slightly.

(3) As for noble metal atoms (Ag, Au, and Pt), the
most appropriate adsorption sites are all H sites.

Phosphorene with Ag is an n-type semiconductor,
and phosphorene adsorbed with Au atoms has a mag-
netism of 1B. For the Pt atom, the electronic prop-
erty of phosphorene is changed.

(4) Referring to transition-metal adatoms, Fe and Ni’s
band gap is reduced with some defect state. Adsorbed
with Co adatoms, the phosphorene becomes a polar
spin-gapless semiconductor, while the phosphorene
with Cu becomes an n-type semiconductor [30]. But
Zn is not appropriate to adsorb on the phosphorene.

4. Prospects

Phosphorene has become a hot spot of two-dimensional
nanomaterials research. The adsorption method can change
the properties of phosphorene so largely that abundant res-
earches have been carried out to find possible applications in
noble electronic, optoelectronic, and nanomechanical devi-
ces [31]. For instance, the ways in which hydrogen [32]
and oxygen adsorb on phosphorene have explained the sur-
face reactivity and its oxidation behaviour. The alkali and
alkaline-earth adatom adsorption on phosphorene provides
the possibility of producing high density electronic sheet and
battery-like applications [26, 33]. Li and Na adsorption of
phosphorene are also applied to devise Li-ion [34-36] and
Na-ion batteries. Hybrid phosphorene that is created by noble
metal adatoms provides great interest to researchers in cataly-
sis and nanoelectronic devices [37, 38]. Besides, phosphorene
decorated with transition-metal atoms can be applied for
a plasmonic photocatalyst for hydrogen production from
water-splitting and spintronic applications [7].

This article is mainly a summary of the single adatom
adsorption on the phosphorene. In the future, the focus will
be on the common adsorption and molecular adsorption [39-
42]. In a word, there are still a large number of difficulties
about phosphorene remaining to be solved, such as the
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transport properties of phosphorene [43, 44] and the app-
lication of real materials. The study of the adsorption of phos-
phorene is a small branch; it is believed that the exploration

of phosphorene will become a raging fire.
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