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Based on high-throughput density functional theory calculations, we investigated the adsorption
characteristics of various elements across the Periodic Table on few-layer black phosphorus (BP). Using
the criterion that the ratio of adsorption energy (E,qs) to bulk cohesive energy (Ecop) is greater than one
(Eaas/Econ > 1), we selected fifteen elements. The adsorption of these elements on few-layer BPs could
significantly shift their conduction-band minimum (CBM) downward, suggesting the possibility of
preventing the few-layer BPs from oxidation if the CBM can be shifted below the O,/O, redox
potential. Our study offers an efficient approach to overcoming the technical barrier in the practical
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Introduction

During the last decade, two-dimensional (2D) nanomaterials
such as graphene and transition metal dichalcogenides (TMDCs)
have attracted intensive research as promising materials for
future electronics applications." Such 2D materials exhibit
excellent electronic and optical properties that are not found in
their bulk counterparts.>® Graphene* and TMDCs,>” as alterna-
tive materials to silicon, have been studied extensively for
nanoelectronics (or microelectronics) applications. Both of these
materials exhibit advantages and disadvantages. Graphene has
a high carrier mobility and is well suited for fabrication of field-
effect transistors (FETs), but the on-off ratio is low because of its
gapless nature.® The on-off ratio of FETs made from TMDCs has
increased significantly,® whereas its carrier mobility is still low.
Recently, another exciting 2D material, few-layer black phos-
phorus (BP), has been fabricated from bulk BP by mechanical
exfoliation,’™® suite electrochemical exfoliation," liquid exfolia-
tion,"™ and laser irradiation methods."” The few-layer BP-based
FETs possess a large on-off ratio of up to ~10" to 10> and
a high carrier mobility of up to 1000 cm?® V=" 57,2112
Although promising for high-performance electronic
devices, few-layer BPs also have inherent drawbacks. They
degrade readily in the presence of oxygen and water.>*>* The
development of robust native protective methods is chal-
lenging. Many efforts have focused on the use of dielectric
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application of few-layer BPs by enhancing its ambient stability via surface modification.

capping layers, such as graphene, aluminum-oxide and h-BN, to
prevent few-layer BPs from contact with moisture. For example,
although Al,O; encapsulated BP-based FETs can be stable at
room temperature for 17 months.>® However, such protection is
too challenging to consider potential damage and contamina-
tion during the deposition.>*™*

Wang et al. suggested that doping with tellurium (Te) can
enhance the ambient stability and transport performance of
few-layer BP devices. Te-doped few-layer BPs exhibit a high
mobility of up to 1850 cm® V™' s~ ' at room temperature and
maintain a high mobility of over 200 cm*> V=" s™" (30% of the
initial value) after several weeks under ambient conditions.*
This is in marked contrast to the undoped devices that decrease
rapidly to 2% of the initial value.*® This work has inspired us to
study the effect of other elements on the stability of BP in order
to further improve its properties, such as mobility, and replace
the rare element Te.

In this paper, we perform a high-throughput computational
study by scanning the Periodic Table with an aim of finding
suitable elements for stabilizing few-layer BPs in ambient
environment. Our search was based on the criteria that (1) the
adsorption should be thermodynamically stable against clus-
tering of adatoms and (2) the CBM of adatom-decorated few-
layer BPs should be below the O,/O,  redox potential so that
oxidation can be prohibited. Several elements have been
proposed to serve the purpose. The electronic structures of the
decorated BPs were analyzed to understand the underlying
mechanisms.

Computational methods

Our first-principles calculations were performed within the
framework of density functional theory (DFT) implemented in

This journal is © The Royal Society of Chemistry 2018
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the Vienna Ab initio Simulation Package (VASP).** The gener-
alized gradient approximation (GGA) with the parameterization
of Perdew-Burke-Ernzerhof (PBE) was used.*® Van der Waals
interactions were considered by using the vdW-DF method with
the optB88 exchange functional (optB88-vdW)***” for geometry
optimization. In all calculations, the plane-wave energy cutoff
was set to 400 eV. The Brillouin zone was sampled with a 3 x 3
x 1 Monkhorst-Pack grid for 3 x 4 orthorhombic supercells
(containing 48 P atoms per monolayer BP). Spin polarization
was considered in our calculations. All structures were fully
relaxed until the forces on each atom were less than 0.01 eV A ™.
A vacuum layer of 15 A was introduced along the direction
perpendicular to the BP layers.

Results and discussion
Degradation mechanism of few-layer BP

As revealed in recent study,’® light illumination triggers few-
layer BP degradation. Light absorption produces excitons in
few-layer BPs. If the O,/O,  redox potential is below the CBM,
0O, molecules can capture the photogenerated electrons from
the conduction band and become O,  anions. The presence of
O, anions on the BP surface initiates the formation of POy,
which readily reacts with ambient moisture to form phosphoric
acid.* This reaction results in a rapid degradation of few-layer
BPs in air under light illumination. To suppress the degrada-
tion, it is critical to prevent the BPs from the initial oxidation,
preferably with their CBM lower than the 0,/O,  redox
potential.

We calculated the band structures of pristine BP from
monolayer up to five-layer and determined their valence and
conduction band edges with respect to the vacuum level. The
0,/0," redox potential, reported to be —4.11 eV,**** is also with
respect to the vacuum level. So, our calculated band edge
positions can be compared with the O,/O,” redox potential.
According to hybrid HSE functional calculation, —4.11 eV is
located between the CBM of trilayer and four-layer BPs.*
Considering that we are performing a high-throughput study
and that the hybrid functional calculation is computationally
highly demanding, we have used the PBE functional in this
work. We followed the previous work,**** which corrected the
value for the O,/0,  redox potential to be —4.67 eV in PBE
calculations. Fig. 1 shows that the CBM of few-layer BP lowers as
the thickness increases and the corrected O,/O,  redox poten-
tial is located between the CBMs of trilayer and four-layer BPs,
consistent with the result from HSE calculation.* It is worth of
noting that the O,/O,~ redox potential may be subject to envi-
ronmental parameters, such as temperature and oxygen
concentration. However, experiment suggests that the variation
is relatively small.** In this work, our focus is on the trend of the
CBM versus the 0,/O,” redox potential. We have therefore
ignored the small environment dependence.

Structural properties and adsorption energy

Fig. 2(a) shows the structure of monolayer BP and three possible
adsorption sites, namely, hollow (H), bridge (B) and on-top (T)
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Fig. 1 VBM and CBM of few-layer BP with respect to vacuum level.
The dashed line indicates the position of the O,/O,~ redox potential,
as discussed in the text.

sites. The calculated lattice constants along the zigzag and
armchair directions are 3.32 and 4.58 A, respectively, which
agree with previous study.** Fig. 2(b) and (c) show the band
structure and density of states (DOS) of pristine monolayer BP,
respectively. Monolayer BP has a direct band gap of 0.85 eV from
PBE calculation, which agrees well with that reported in the
literature.*

To investigate the most stable adsorption position, we
calculated the adsorption energy (E.qs) for various adatoms on
monolayer BP using:

E.s = Ex + Ep — Ex_p (1)

where E,_p is the total energy of the adatom-decorated few-layer
BP and E, and Ep are the total energy per atom in the bulk phase
of the adsorbed element and pristine few-layer BP, respectively.
A large absolute value of E,4s indicates strong interaction
between few-layer BP and the adatom. Our calculation covered
most main group and transition metal elements and several
nonmetal elements. Almost all metal atoms prefer the H site,
except for a few main group elements (such as Sn, Pb and Bi),
which prefer the B site, and nonmetal elements (such as O, S, F,
and Cl), which prefer the T site.

The adatoms could exhibit either two-dimensional (2D) or
three-dimensional (3D) growth modes on a substrate. Various
factors can affect the growth modes in a vapor-deposition
process, such as kinetics, energetic and experimental condi-
tions.* Theoretically, the ratio of adsorption energy (E,qs) and
bulk cohesive energy (E.on) generally serves as a criterion to
describe the growth morphology.*> Thus, we used the ratio of
calculated E,q45 to cohesive energy (E.on)*® as the criterion. A ratio
of E,qs/Econ greater than 1 suggests that the adatom has stronger
interaction with the substrate than that with a neighboring
adatom preventing the formation of adatom clusters. In this
case, the deposition usually proceeds in a 2D growth mode,
which is preferred for our purpose. Otherwise, the adatoms tend
to cluster and the growth proceeds in a 3D (or island) growth
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(a) Side and top views of monolayer BP and three possible adsorption sites: hollow (H), bridge (B) and top (T). The blue and grey balls

represent P atoms in the top and bottom sublayers, respectively. (b) Band structure and (c) density of states (DOS) of pristine monolayer BP.

mode.** Our calculated E,qs/Econ ratios are shown in Fig. 3,
which suggests that fifteen elements (Li, Na, K, Rb, Cs, Ca, Sr,
Ba, Ni, Tl, La, O, S, F, and Cl) could form strong bonds with BP
and prefer the 2D growth. In the following, our discussion will
only focus on the decoration of few-layer BPs by the fifteen
elements.

Effect of adatoms on the CBM position of few-layer BPs

Monolayer BP. We calculated the valence and conduction
band edges of pristine and adatom-decorated monolayer BP
with respect to the vacuum level. As shown in Fig. 4, the CBM of
monolayer BP decorated by the adatoms, Li, Na, K, Rb, Cs, Ca,
Sr, Ba, Ni, T, La, O, S, F, and Cl, is shifted significantly towards
the 0,/O,  redox potential. Six of the adatoms, namely, Ca, Sr,
Ba, Cs, La and Cl, shift the CBM below the 0,/0,  redox
potential. In these cases, the adatom-decorated monolayer BP
could be less prone to be oxidized according to the discussion
above.

Fig. 5 shows the band structures of monolayer BP decorated
by Ca, Sr, Ba, Cs, La, and Cl, respectively. The group IIA adatoms
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Fig. 3 Ratio of adatom adsorption energy (E.gs) to bulk cohesive
energy (E.opn). Different groups of atoms are shown in different colors:
red for alkali (Li, Na, K, Rb, Cs), blue for alkaline earth (Be, Mg, Ca, Sr,
Ba), magenta for 3d TM (Sc, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn), green for
4d TM (Y, Zr, Nb, Mo, Tc, Ru, Rh, Pd, Ag, Cd), black for 5d TM (La, Hf,
Ta, W, Re, Os, Ir, Pt, Au, Hg), orange for group IlIA (B, Al, Ga, In, T,
yellow for group IVA (C, Si, Ge, Sn, Pb), purple for group VA (N, Sb, Bi),
and cyan and pink for nonmetals (O, S, F, Cl).
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(Ca, Sr and Ba) show similar effects on the band structure of
pristine monolayer BP by shifting the bottom conduction band
down, while leaving the top valence band nearly intact. The
group ITA adatoms do not introduce spin polarization, while the
electronic structure of the monolayer BP decorated by the other
three adatoms, i.e., Cs, La, and Cl, is spin-polarized. For the case
of Cs, the change in band structure is mainly on the spin-
polarized bottom conduction bands, which are shifted down
with respect to that of the pristine monolayer BP. Different from
Group IIA adatoms, decoration by Cs also induces a sizable
downshift of the top valence band. Among the six elements, La
adatom induces the largest reduction of band gap, which is
mainly resulted from the downshift of the bottom conduction
band. The Cl adatom is different from the metal adatoms,
which introduces two midgap levels (one spin-up and one spin-
down). In this case, the band gap of the pristine monolayer BP is
even increased because the downshift of top valence band is
larger than the bottom conduction band. Overall, the effect
induced by the six adatoms on the electronic structure of
monolayer BP is sufficiently large so that the CBM has been
shifted below the 0,/0,™ redox potential.

Bilayer BP. The six adatoms that can shift the CBM of
monolayer BP below the O,/O,  potential can function similarly

E-Eyac (V)

pristine S F O Ni K Tl RbNa Li Cl Ba Sr Ca Cs La

Fig. 4 Alignment of band edges of pristine and adatom-decorated
monolayer BP with the O,/O, " redox potential.
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Fig.5 Band structures of adatom-decorated monolayer BPs, where the energy zero was set to be the vacuum level. Spin-up and -down energy
bands are shown in red and blue colors, respectively, for the cases of Cs, La and Cl. For comparison, the band structure of pristine monolayer BP

are shown in gray color.

for thicker BPs. In the following we will only discuss the effect of
other adatoms, namely, Ni, T, Rb, Na, K, Li, O, S and F, on the
thicker BPs. In these studies, we still use a 3 x 4 supercell. Fig. 6
shows the valence and conduction band edges of pristine and
decorated bilayer BP. The CBM of bilayer BP decorated by all
these adatoms are shifted below the 0,/0,  redox potential,

This journal is © The Royal Society of Chemistry 2018

except for F. Fig. 7 shows the corresponding band structures for
the eight working cases. All these adatoms do not induce spin
polarization. Except for the case of Rb, the effect on shifting the
top valence band and bottom conduction band by all the other
seven adatoms are similar, i.e., a significant downshift of the

RSC Adv., 2018, 8, 14676-14683 | 14679
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top valence band and a relatively smaller downshift of the
bottom conduction band.

Interestingly, in the case of Li, Na, K, T, O, and S, an indirect
gap has been induced, as a result of a bump on the top valence
band along the I'-X direction. Similar bump can also be
observed in the case of Ni, but a defect band forms the top
valence band covering the bump so that the band gap is still
direct. In the case of Rb, the band structure is significantly
different from the other group IA elements, the top valence
band is shifted up, resulting in significantly reduced band gap.

Trilayer BP. So far, F is the only case that does not work for
either monolayer or bilayer BP. We studied F-decorated trilayer
BP. Our results show that F-decoration can shift the CBM of
trilayer BP below the O,/O, redox potential. Similar to the case
of Cl on monolayer BP, F adatom also introduces two midgap
states inside the band gap of pristine trilayer BP and results in
spin polarization. From the band structure and DOS in Fig. 8, it
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Fig. 7 Band structures of adatom-decorated bilayer BPs, where the energy zero was set to be the vacuum level. For comparison, the band

structure of pristine bilayer BP are shown in gray color.
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Fig. 8 Band structure (left) and DOS (right) of F-decorated trilayer BP. Spin-up and -down bands are shown in red and blue colors, respectively.

can be seen that the spin polarization is mainly localized on the
F atom, ie., mainly exists in the two defect bands inside the
band gap.

Discussion. The band edge position tuning, especially the
shifting of CBM position, as discussed above, is a result of the
coupling of the adatom orbitals with the band edge states of
pristine few-layer BPs. It is worth of mentioning that band edge
tuning is not achieved by simply introducing defect states. From
the band structure plots in Fig. 5, 7 and 8, as compared with the
band structure of pristine monolayer BP in Fig. 2, it can be seen
that (1) the band edge states is highly dispersive suggesting that
they are not simply defect states and (2) the bottom conduction
bands show similar dispersion to the pristine cases suggesting
that they are originated from the pristine few-layer BP bands.
Selected calculations of the effective masses show that the
adatoms could preserve the effective masses of pristine few-
layer BPs except several cases where direct-to-indirect transi-
tion occurs on the top valence band.

Summary

Based on first-principles DFT calculation, we studied the effect
of adatom decoration on shifting the CBM of few-layer BPs,
which is potentially able to enhance their stability against oxi-
dization. A screening of most elements across the Periodic
Table shows that fifteen adatoms (Li, Na, K, Rb, Cs, Ca, Sr, Ba,
Ni, Tl, La, O, S, F, Cl) satisfy the criterion that the decorating
atoms do not tend to form clusters. Adsorption of the selected

This journal is © The Royal Society of Chemistry 2018

fifteen adatoms shifts the CBM of pristine few-layer BPs
significantly downward. Based on our results, all of these ada-
toms are expected to shift the CBM of trilayer BP to below the
0,/0," redox potential. Except for F, all the other 14 adatoms
would serve the same purpose for bilayer BP. Due to the rela-
tively large band gap of monolayer BP, only Ca, Sr, Ba, Cs, La
and Cl are expected to shift its CBM below the 0,/0,  redox
potential. Following the previous theoretical and experimental
demonstration of the effect of Te on stabilizing few-layer BPs,
this study provides a useful guidance if other elements are to be
explored by experiment.
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