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Phosphorene becomes an important member of the layered nanomaterials since its discovery for the fabrication of nanodevices.
In the experiments, pristine phosphorene shows 𝑝-type semiconducting with no exception. To reach its full capability, 𝑛-type
semiconducting is a necessity. Here, we report the electronic structure engineering of phosphorene by surface metal atom doping.
Five metal elements, Cu, Ag, Au, Li, and Na, have been considered which could form stable adsorption on phosphorene. These
elements show patterns in their electron configuration with one valence electron in their outermost 𝑠-orbital. Among three group
11 elements, Cu can induce 𝑛-type degenerate semiconducting, while Ag and Au can only introduce localized impurity states. The
distinct ability of Cu, compared to Ag and Au, is mainly attributed to the electronegativity. Cu has smaller electronegativity and
thus denotes its electron to phosphorene, upshifting the Fermi level towards conduction band, resulting in 𝑛-type semiconducting.
Ag and Au have larger electronegativity and hardly transfer electrons to phosphorene. Parallel studies of Li and Na doping support
these findings. In addition, Cu doping effectively regulates the work function of phosphorene, which gradually decreases upon
increasing Cu concentration. It is also interesting that Au can hardly change the work function of phosphorene.

1. Introduction

Since 2004 when graphene, the prototype two dimensional
(2D)material, was realized in the experiment [1, 2], enormous
attention has been paid to the preparation, characterization,
and application studies of 2D family members [3–10]. These
atomic-thin layers are believed to find applications in the
fabrications of heterojunction and logic devices with high
performance working at nanoscale [3]. Silicene [11], hexago-
nal boron nitride [12], transition metal dichalcogenide [9, 10,
13], and so forth have been well studied because of their novel
mechanical, electronic, and photonic properties induced by
the reduced dimension and thickness. With promising appli-
cations in nanoelectronics and optoelectronics, 2D material
becomes to be an exciting and important research area in the
recent decade.

Recently, phosphorene—the few layer and monolayer
version of black phosphorus—was isolated by mechanical
exfoliation from black phosphorus crystals and attracted
great research interest [14–20]. Black phosphorus has been
utilized in lithium-ion battery and has high capacity as well
as good reversibility [21–25]. In contrast to bulk semicon-
ductors, phosphorene has a thickness dependent bandgap
[14, 15]. In detail, the bandgap of monolayer phosphorene is
1.51 eV, while five-layer phosphorene has a bandgap of only
0.59 eV. The bandgap further decreases with increase of the
thickness and reaches a value of 0.33 eV for the bulk [14, 17].
The bandgap of few-layer phosphorene is in a moderate
range, making it a natural choice for circuit design in nano-
electronics, such as heterojunction and logic devices inte-
grated with other 2D materials. Demonstrative field-effect
transistors (FET) of few-layer phosphorene were reported
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with high charge carrier mobility, drain current modulation
on the order of 105, and well-developed current saturation
in the I-V measurements [16, 17]. Generally, the pristine
phosphorene always displays 𝑝-type semiconducting from
the aforementioned FET experiments [16, 17], phosphorene-
MoS2 heterojunction 𝑝-𝑛 diode experiment [26], and theo-
retical prediction [14] with no exception. In order to achieve
the full capabilities of phosphorene in the logic design (like
𝑝-𝑛 diode and CMOS), it is highly desirable to realize the
counterpart, the 𝑛-type semiconducting phosphorene.

Recently, Koenig et al. reported that Cu doped phos-
phorus field-effect transistor (FET) demonstrated an 𝑛-type
semiconducting character [27]. While doping is the most
mature way in the fabrications of silicon devices, it is still
unknown whether other metal elements, especially the other
members of group 11, can also tune the conductivity of phos-
phorene. For instance, Au has been well documented to be
robust to modulate the electrical and optical properties of 2D
nanostructures [28–32], but less is known about phosphorene
with Au doping. The mechanical study of foreign elemental
doping to phosphorene can greatly benefit and guide the
future study in this area.

Devoting our efforts, we have systematically explored
the regulation of phosphorene electronic structures through
doping of phosphorene by adsorption of metal atom of Cu,
Ag,Au, Li, andNa.The common feature of these five elements
is that they have one valence electron occupying the outmost
𝑠-orbital.Three group 11 elements (Cu, Ag, andAu) arewidely
used for wire-bonding and electrodematerials because of low
electrical resistivity. It is interesting that phosphorene doped
with Cu displays 𝑛-type degenerate semiconducting. For Ag
and Au, they only lead to the formation of localized impurity
states in the bandgap. We attribute the distinct ability of Cu,
compared to Ag and Au, to its lower electronegativity. Cu
has the smallest electronegativity and can easily denote its
4s-electron to phosphorene, effectively shifting the 𝐸𝐹 to the
bottom of conduction band region and resulting in the 𝑛-
type semiconducting. On the contrary, Ag and Au have larger
electronegativity (Au’s electronegativity is even larger than
P) and can hardly transfer electrons to phosphorene. The
verification studies of the two alkali elements, Li and Na, also
demonstrate 𝑛-type semiconducting because Li and Na are
prone to transfer their valence electron to phosphorene; this is
consistent with Cu doping and supports our hypothesis. Fur-
therwork function studies have demonstrated that Cu doping
can effectively regulate the work function of phosphorene,
while Au is almost incapable of changing phosphorene’s work
function. Our present results open new possibilities for the
preparation of phosphorene materials with diverse electronic
properties and surely deserve further experimental efforts in
the future.

2. Computational Details

The calculations were performed using Vienna ab initio
simulation package (VASP) [33, 34]. Projector-augmented-
wave (PAW) potentials [35] were used to take into account
the electron-ion interactions, while the electron exchange-
correlation interactions were treated using generalized

gradient approximation (GGA) [36] in the schemeof Perdew-
Burke-Ernzerhof. A plane wave cutoff of 500 eV was used for
all the calculations. All atomic positions and lattice vectors
were fully optimized using a conjugate gradient algorithm to
obtain the unstrained configuration. Atomic relaxation was
performed until the change of total energy was less than
0.01meV and all the forces on each atom were smaller than
0.01 eV/Å. Generally, the model contains one metal atom
on 4 × 3 primitive cells of phosphorene; thus the atomic
concentration of adsorbed metal is 2.08%. For Cu doping, we
have further considered two higher concentrations: one Cu
in 3 × 2 supercell and 2 × 1 supercell. These correspond to Cu
concentrations of 4.16% and 12.5%, respectively. A vacuum
space of 20 Å was placed in the normal direction to avoid
mirror interactions. 𝐾-point sampling of 5 × 5 × 1 was used
for the structure relaxation, while denser mesh of 15 × 15 × 1
was used to calculate electron densities and band structures.

3. Results and Discussion

3.1. Metal Binding Site and Energy. Being distinct from
graphene with a planar structure, phosphorene monolayer
has a puckered structure with P atoms arranged in a honey-
comb lattice as shown in Figures 1(a) and 1(b).This structural
anisotropy affects the metal atoms binding and migration on
the surface [25]. We first explored the phosphorene surface
for metal binding by placing one metal atom at different sites
above phosphorene followed by full structural optimization.
The most stable binding site is above the groove between
two P “clifftops” as shown in Figures 1(a) and 1(b). For
Li, a previous study has explored the phosphorene surface
by performing migration pathway energy profiling with the
nudged elastic band method, which has predicted the similar
binding site to current study [25].We calculated the structural
configurations (as labelled in Figures 1(a) and 1(b)) between
metal atom and phosphorene, and the results are shown in
Table 1. Structurally, Cu forms the most ultimate binding
with phosphorene atoms, corresponding to the smallest
distance to adjacent P atoms. On the contrary, Na binds
to phosphorene with the largest separation. In order to
quantitatively evaluate the binding stability, we calculated the
binding energy (𝐸𝑏) which is defined as

𝐸𝑏 = 𝐸Complex − 𝐸Phos − 𝐸Metal, (1)

where 𝐸Complex, 𝐸Phos, and 𝐸Metal are the total energies of
metal-doped phosphorene, naked phosphorene, and isolate
metal atom, respectively. According to this definition, a
more negative value of 𝐸𝑏 indicates a more energetically
favourable (exothermic) binding. As indicated in Table 1, Au
atom can form the most stable binding with phosphorene
with 𝐸𝑏 = −2.31 eV/Au, followed by Cu and Li. Although
the values of 𝐸𝑏 for Ag and Na are relatively smaller, they
still reach −1.24 eV/Ag and −1.37 eV/Na, indicating stable
adsorption. Generally, the negative values of 𝐸𝑏 for the five
elements under examination indicate that metal binding on
phosphorene is exothermic and chemical bonding in nature.

3.2. Electronic Properties of Cu, Ag, and Au Doped Phos-
phorene. Monolayer phosphorene is a semiconductor with
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Figure 1: (a, b) Top view and side view of Cu binding on phosphorene; the distance of metal to phosphorene monolayer (Dis-L) is defined
as the separation of metal to the upper P atomic layer; (c) the first Brillouin zone and high summary points; (d) electron band structure of
phosphorene doped with Cu; (e) density of state of phosphorene doped with Cu and projection on Cu. In (d) and (e), the blue-colour dash
lines indicate the Fermi level.

Table 1: Structural parameters and binding energies of metal atoms on phosphorene.

Distance to P1 (Å) Distance to P2 (Å) Distance layer (Å) Binding energy (eV/atom)
Cu 2.22 2.34 1.01 −2.13
Ag 2.56 2.75 1.78 −1.24
Au 2.45 2.47 1.63 −2.31
Li 2.47 2.56 1.46 −1.97
Na 2.81 2.91 1.97 −1.37
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Figure 2: (a, b) Electronic band structures of Ag (a) and Au (b) doped phosphorene; (c, d) density of state of Ag (c) and Au (d) doped
phosphorene. The blue-colour dash lines indicate the Fermi level.

a direct bandgap. With Cu adsorption, significant changes
happened to the electronic band structures as shown in
Figure 1(d). It is found that 𝐸𝐹 is upshifted in energy into
the bottom of conduction band region, resulting in the
degenerate 𝑛-type semiconducting behaviour. We further
checked the electron density of state (DOS) as depicted in
Figure 1(e). It is clear that the 3𝑑 state of Cu atom is deep
energy level, lying −3 eV lower than 𝐸𝐹, while the 4𝑠 state of
Cu is located nearby 𝐸𝐹. However, the states at 𝐸𝐹 are mainly
from phosphorene, indicating strong hybridization between
P and Cu atoms. Generally, Cu only contributed by a minor
percentage to the states at 𝐸𝐹; this might point to the fact that
the 4𝑠 electron of Cu has been transferred to phosphorene,
contributing to the 𝑛-type semiconducting of the complex

(the detailed analyses of electron transfer will be discussed
further in Section 3.4).

As can be seen in Figure 2(a), the case of Ag doping
on phosphorene can also induce a half-filled band at 𝐸𝐹.
However, compared to Cu doping, this band is relatively flat
in energy and located in the bandgap. These characteristics
are even clearer for Au doped phosphorene: the half-filled
band becomes even flat in energy and exists in the middle
of the bandgap (Figure 2(b)). Spatially, flat bands in the
reciprocal space represent localized electron states in the real
space. Thus, the flat bands in the Ag/Au doped phosphorene
should be better categorized as impurity states as the electrons
occupying the bands have large effectivemass, corresponding
to bad conductivity. From DOS analysis (Figures 2(c) and
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Figure 3: (a, b) Electronic band structures of Li (a) and Na (b) doped phosphorene; (c, d) density of state of Li (c) and Na (d) doped
phosphorene; the contributions from Li and Na are multiplied by 50 for clear view. The blue-coloured dash lines indicate the Fermi level.

2(d)), it is clear that the localized 5𝑠 of Ag and 6𝑠 of
Au dominate in the states at 𝐸𝐹. These phenomena are
completely different from the Cu doped phosphorene where
𝐸𝐹 states spread on phosphorene instead of localizing on
Cu atom. First, this indicates that Ag and Au devote fewer
electrons than Cu to the phosphorene. Second, the localized
valence electron at the Ag/Au atoms flattens the 𝐸𝐹 band,
corresponding to the higher effective mass.

3.3. Verification Study: Li and Na Doped Phosphorene. From
the studies of phosphorene doped with Cu, Ag, and Au, it is
clear that the band structures of the composites are highly
depending on the species of metal elements, in other words,
the hybridization between metal atoms with phosphorene.

The 4𝑠 electron of Cu is easily transferred to phosphorene,
resulting in the 𝑛-type semiconducting. On the contrary, the
6𝑠 electron of Au prefers to locate at Au atom, resulting in a
localized impurity state with massive electron. An interesting
hypothesis arises: Is the amount of electron transfer between
metal and phosphorene mainly depending on different elec-
tronegativity? To answer this question, a verification study is
indispensable. We have chosen two alkali elements, Li and
Na, considering that they also have one valance electron on
the outmost 𝑠-orbital, similar to the case of Cu, Ag, and Au. It
is widely accepted that Li and Na are highly active to denote
their valence electrons to contacting materials [37].

The band structures of phosphorene with Li and Na
doping are shown in Figures 3(a) and 3(b). It is clear that the
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Figure 4: (a) The electron loss of a metal atom when binding to phosphorene (a positive value for Au indicates that electron transfers from
phosphorene to Au); (b–d) the spatial distributions of the band at Fermi level of phosphorene doped with Na, Cu, and Au, respectively
(isosurface = 0.0006 |e|/bohr3).

patterns of the bands at 𝐸𝐹 are quite similar to the case of Cu
doping.The band at 𝐸𝐹 is more dispersed in energy than that
of Cu doping, indicating even smaller effective mass of the
charge carriers. From DOS analysis in Figures 3(c) and 3(d),
it is clear that the states at 𝐸𝐹 are mostly contributed from
phosphorene atoms; the states on Li/Na atoms are negligible.
This is in line with the case of Cu doping and supports our
hypothesis that the electronegativity of the foreign elements
is the key factor.

3.4. Electronegativity and Electron Transfer Analyses. We will
now describe the relationship between electronegativity and
electron transfer analyses here. In order to quantify the
bond polarity between metal atom and phosphorene, we
calculated the electron transfer between metal atom and
phosphorene with Bader charge analysis toolkit [38]. The
values are summarized in Figure 4(a). In detail, Li and Na
can denote almost all the 𝑠-electron to phosphorene, while
the electron from Cu to phosphorene is 0.35 |e|. For Ag,
there is only 0.18 |e| transferred to phosphorene. For Au with
phosphorene, the condition is reversed: Au atom receives
0.19 |e| from phosphorene, indicating the strongest electron
attracting capability. We find that the different amount of
electron transfer between metal atom and phosphorene is
directly determined by the electronegativity. In detail, the
electronegativity order in Pauling units is Li (0.93) <Na (1.0)

< Cu (1.9) < Ag (1.93) < P (2.19) < Au (2.54). This order
is well consistent with the findings from the above electron
transfer analyses, especially that Au can attract electron from
phosphorene.

Spatially, the electron distributions corresponding to the
states at E𝐹 are summarized in Figures 4(b)–4(d). For Na in
Figure 4(b), as the 3s1 electron of Na is completely transferred
to phosphorene atom, the electron state is absent at Na posi-
tion but spreads at phosphorene along the armchair direction,
constituting the electron conducting channel. Phosphorene
doped with Cu is in a moderate manner (Figure 4(c)):
although certain electron state is found at Cu atoms, there
is still considerable electron located at phosphorene. Hence
the valence electron still has good mobility and constitutes
the 𝑛-type semiconducting of the complex. On the contrary,
as Au is even more electronegative than P, the bonding
electrons are drawn away from P and localized at the Au
position as illustrated in Figure 4(d), while the electron state
at phosphorene is negligible. These results might reveal a
catalytic ability of phosphorene with Au coverage because of
enhanced electron state at Au. From previous studies, CeO2
substrate was reported to effectively increase the activity of
Au clusters for CO oxidation by up to two orders [39, 40].

3.5. Cu Coverage Ratio Effect. To ensure the validity of the 𝑛-
type doping by Cu, we have considered two higher coverage
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Figure 5: Electron density of states of phosphorene doped with Cu at coverage ratios of (a) 4.16% and (b) 12.5%.The blue-coloured dash lines
indicate the Fermi level.

ratios of Cu: one Cu in a 3 × 2 supercell and one Cu in a 2
× 1 supercell. These correspond to Cu atomic concentrations
of 4.16% and 12.5%, respectively. The DOS of these two cases
are summarized in Figure 5. It is obvious that the value of
𝐸𝐹 is upshifting with respect to increase of Cu coverage ratio.
This is becausemore electrons are transferred to phosphorene
when Cu ratio is increased. Thus, the complex will become
metallic at high Cu coverage ratios.

3.6. Work Function Study. From above analysis, the metal
atom adsorbents can effectively regulate the band structures
of phosphorene resulting in diverse electronic properties.
For semiconductors used in electronic devices and circuits,
the work function is an important parameter for their real
applications, because it dictates the charge transfer direction
at interface [41]. Hence we have further examined the work
functions of the metal-doped phosphorene systems and
pristine phosphorene. Here, the work function is determined
as the energy difference between the Fermi level and the
vacuum level (the electrostatic potential in the middle of
vacuum) [42, 43]. Following previous work, the Fermi level
of pristine phosphorene is set at the mid-gap [42]. As metal
atom on phosphorene induces charge transfer between P
and metal atoms, dipole corrections have been taken into
consideration in our calculations.

As shown in Figure 6, the pristine phosphorene has a
work function of 4.61 eV from our present calculation.This is
consistent with previous report of 4.60 [44] and 4.62 eV [45].
Generally, the work functions of the metal-doped phospho-
rene uniformly decrease. Among the five metal elements, it is
found that Na doping induces the most dramatic decrease of
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Figure 6: Work functions of phosphorene doped with five metal
elements. The dash line indicates the work function of pristine
phosphorene.

thework function to a value of only 3.32 eV.TheLi doping also
results in significant decrease of work function from 4.61 eV
to 3.61 eV. From previous analyses, Li and Na can effectively
transfer electrons to phosphorene; thus the doping site can
be treated as an effective dipole on phosphorene surface.
The 𝑧-component (the normal direction of phosphorene
layer) of the dipole moment affects the work function. From
our calculations, the effective dipole for Li doping site is
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0.48 |e|⋅Å. For Na, the dipole is larger, 0.79 |e|⋅Å. For Cu and
Ag, they are also capable of decreasing the work function
of phosphorene to a value of 4.00 and 4.15 eV, respectively.
For the two higher Cu doping concentrations, the work
functions are further decreased to 3.83 and 3.48 eV at Cu
concentrations of 4.16% and 12.5%, respectively. Thus, it can
be concluded that the work function is inversely dependent
on doping concentration. Among all the five metal elements,
it is interesting to find that Au doping can hardly regulate
the work function of phosphorene, which is still 4.56 eV, very
close to that of pristine phosphorene.

4. Conclusions

In general, through density functional theory calculations,
we have explored the electronic structure engineering of
phosphorene doped with five metal elements: Cu, Ag, Au, Li,
and Na. All the five metal atoms can form stable chemical
binding with phosphorene atoms. It is interesting to find that
Cu doping can induce the degenerate 𝑛-type semiconducting
for phosphorene among the three group 11 elements. On the
contrary, Ag and Au can introduce formation of localized
impurity states. Parallel studies of phosphorene doped with
Li and Na also result in well-behaved 𝑛-type semiconducting.
We attribute the different doping of phosphorene to the com-
patible electronegativity of doping atoms: Li, Na, and Cu have
smaller electronegativity than P and can denote their valence
electron to phosphorene. This effectively shifts the Fermi
level into the bottom of conduction band region resulting in
the degenerate 𝑛-type semiconducting. On the contrary, Ag
and Au have larger electronegativity (Au’s electronegativity
is even larger than P), can hardly transfer electrons to
phosphorene, and thus can only introduce localized impurity
states. Work function studies indicate that Cu doping can
effectively regulate the work function of phosphorene, which
gradually decreases upon increasing Cu concentration. It is
also interesting to find that, among the five metal elements,
Au is almost incapable of changing phosphorene’s work
function. Summarizing our findings, Cu becomes the most
promising candidate to induce 𝑛-type semiconducting of
phosphorene in the experiment.
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