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The chemical degradation of exfoliated black phosphorus (BP) when exposed to ambient conditions can be
effectively suppressed via the deposition of Al,Os dielectric on the BP surface. A good understanding of the
interactions between the BP layer and Al,Os dielectric is important for practical device applications. In the
presented paper, first principles calculations have been performed to study the structural, energetic, and
electronic properties of BP on an Al-terminated and hydroxylated Al,O3 (0001) surface. Our calculations
indicate the band gap of monolayer BP is enlarged by about 160 meV and 92 meV after the deposition
respectively of an Al-terminated and hydroxylated Al,Oz surface, which is mainly due to interlayer charge
transfer between the BP and Al,Os surfaces. However, this trend for increasing band gap is inverted
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Accepted 13th February 2017 upon increasing the number of BP layers. Besides, the valence-band offset of a few-layer (2-4 layer) BP/
AlbOz system is about 0.5-0.9 eV larger than that of a monolayer BP/Al,Oz system, which is more

DOI: 10.1039/c6ra27271a suitable for creating an injection barrier. Moreover, the band gaps of BP/Al,Os systems could be tuned
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Introduction

Two-dimensional (2D) black phosphorus (BP) has been studied
intensively due to its unique electronic structure and potential
for application in nanodevices."™ In contrast to gapless gra-
phene, BP presents a direct band gap that is capable of mani-
festing large ON/OFF ratios when being used as a channel
material in a field effect transistor (FET).* Meanwhile, its rela-
tively high mobility compared with transition metal dichalco-
genides (TMDCS) also makes it an appealing candidate for
future devices.® In addition, the layer-sensitive band gap of BP
varies with thickness, from ~2 eV for a single layer (termed
phosphorene) to ~0.3 eV in bulk form, opening up new
opportunities for optoelectronic applications.®®

Despite the praise for BP seeming promising, the nature of
defects,”'® contacts™"> and chemical stability"*>** in 2D BP are
still problematic for realistic device applications. Exfoliated BP
flakes have been found to chemically degrade upon exposure to
ambient conditions.”>*® Therefore, effective protection to
prevent the degradation process is critical for 2D BP. Devices,
including carbon nanotube and graphene field-effect transis-
tors (FETs), have exhibited improved performance following
encapsulation.””*® To date, many efforts toward BP surface
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using an external electric field for practical applications.

encapsulation have been reported. For example, recent experi-
ments show that a BP device encapsulated with hexagonal
boron nitride (h-BN) possesses high field-effect mobility
(~1350-4000 cm” (V s) ') and can be stable under an ambient
atmosphere for more than 1 week.? In addition, Al,O3, which
has been considered as a suitable dielectric layer for graphene®
and TMDCS,* has also been used as a passivation layer in
recent BP transistors.”® Luo et al.>* and Wood et al'® have
mentioned that Al,O; passivated few-layer BP FETs can be
stable in air for more than 100 hours.

Although it is a promising idea to use BN or Al,O; as
a capping layer to protect BP, some fundamental issues, such as
interface bonding, charge transfer, band gap change, and band
alignment, remain little understood. For device applications
based on BN/BP and Al,O;/BP, understanding these funda-
mental issues is of high importance and essential. Recent
theoretical investigations®*® have demonstrated that BN can be
used not only as an effective capping layer to protect BP from
chemical degradation, maintaining its major electronic char-
acteristics, but also as an active layer to tune the carrier
dynamics and optical properties of BP. However, investigations
into the physical properties of Al,O;/BP interfaces are still
lacking. Recently, Shao et al.*® have constructed a bilayer Al-
terminated Al,O; surface model to study the interactions
between monolayer BP and Al,O;. They found that the elec-
tronic properties of BP were severely changed due to bond
formation between the BP and Al,O; surfaces. Nevertheless, BP
on a single layer Al terminated Al,O; surface, which has been
demonstrated to be the most stable model of an Al,0; (0001)
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surface*” and forms no bond with graphene,* is yet to be
addressed. Besides, the behavior of BP on Al,O; under a finite
electric field is still unclear.

Based on the unexplored issues mentioned above, first
principles calculations were carried out in the presented paper
to investigate the interactions between BP and Al,O; surfaces.
The most stable configurations were determined by calculating
the formation energy of BP/Al,O; hybrid systems. The layer
distances and charge transfer characteristics between BP and
Al,O; surfaces were also involved. The electronic properties of
BP affected by the Al,O; surface were revealed and band-gap
modulations of BP/Al,O; systems under an external electric
field were also investigated.

Computational details

First principles calculations were performed based on density
functional theory (DFT) implemented in the Vienna ab initio
simulation package (VASP).>® The projector-augmented wave
(PAW) method was used to describe electron-ion interactions.
The generalized gradient approximation in its Perdew, Burke,
and Ernzerhof form (GGA-PBE)* was used for the exchange-
correlation part of electron-electron interactions. The van der
Waals (vdW) correction proposed by Grimme (DFT-D2)** was
chosen to describe long-range interactions. Two relatively stable
configurations of an Al,O; (0001) surface, namely, a single layer
Al-terminated and a fully hydroxylated Al,O; (0001) surface
(Fig. 1), were considered in our work. The Al,O; (0001) surface
was modeled using a slab containing six oxygen O layers and 12
or 11 aluminum layers (depending on the specific surface
studied). The second surface of the slab was passivated using
pseudo H atoms. The plane-wave energy cutoff was set to 400 eV.
A vacuum layer larger than 20 A was used to avoid interactions
between periodic images. Monkhorst-Pack k-points of 4 x 10 x
1 were used for sampling in the first Brillouin zone during
geometry optimizations. All geometry structures were fully
relaxed until the energy and force were converged respectively to
107% eV and 0.01 ev A~'. The dipolar correction has been
included.

The formation energy is defined as Ef = (Ecoc — Esp — EaL0,)/
n, where E, Egp, and Ej 0, are the energies of the BP/Al,0;
system, the isolated BP sheet, and the isolated Al,O; substrate,
respectively. 7 is the total number of P atoms in the system.
Therefore, the more negative the formation energy, the more
stable the combined system.

Results and discussion

At the beginning of our work, the selected unit cell lattice
constants are calculated at 3.298 A x 4.632 A for BP and 8.249 A
x 4.762 A for Al,O;, respectively. We construct interface models
consisting of 5 BP and 2 Al,O; unit cells with dimensions of
16.49 A x 4.76 A, including a ~2.7% lattice mismatch. Here the
lattice parameter of Al,O; is fixed by considering that it is not
easy to deform compared with BP. Therefore, the lattice of the
BP unit cell along the armchair direction is stretched by ~0.13 A
(~2.7% strain), which induces the band gap of BP in our
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Fig. 1 Side and top views of optimized structures of BP on (a) Al-
terminated, and (b) fully hydroxylated Al,O= (0001) surfaces. (c) The
formation energies of BP adsorbed on different adsorption sites of the
Al-terminated and hydroxylated Al,Oz surfaces. (d)—(f) Bond length
alternations of BP interacting with and without a substrate.

constructed model to enlarge by ~0.1 eV compared with free BP.
We think this lattice mismatch is acceptable and using the
enlarged band gap as standard will not prevent us from giving
reasonable predictions in investigations into substrate and
external field effects on the band gap modulation of BP.

After carefully checking the optimized structure of the Al,O;
(0001) surface, we find that the topmost Al atoms contract
~81% after relaxation in the Al-terminated case compared to

This journal is © The Royal Society of Chemistry 2017
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the cleaved surface, as shown in Fig. 1(a), which is consistent
with previous studies.*"** The reconstructed surface maintains
its stability well due to a net zero surface dipole.*® As for the
hydroxylated case, the formation of hydroxyls disturbs the order
of arrangement of the oxygen atoms. Previous calculations have
demonstrated that the stability of a fully hydroxylated surface is
comparable to an Al-terminated one.*** In order to determine
the stable interface of BP/Al,O;, we place monolayer BP at five
high symmetry positions on top of one Al or O atom, that is, two
top sites (the two P atoms (Tyj, Ta1 OF Tyo, To0) Nearest to the
Al,O; (0001) surface), two bridge sites (the nearest (B4 or Byo)
and next-nearest (B, or B,o) P-P bond to the Al,0; (0001)
surface) and one hollow site (H,; or Hp). Our PBE + D2 total
energy calculations indicate that the most stable configuration
for the Al-terminated surface is Bj, with a formation energy of
—135 meV per P atom, which is larger than for a graphene/Al-
terminated Al,O; system (—76.4 meV per C atom)” and
comparable with a BP/Si-terminated SiO, system (—130 meV per
P atom).*® The distance between the BP layer and the substrate
surface is ~2.52 A, which is smaller than the typical van der
Waals interaction distance (~3 A). The formation energy of the
B a1 configuration is slightly lower than other configurations by
1-2 meV per P atom (Fig. 1(c)). The small energy difference
indicates that these configurations are almost degenerate in
energy. Similar to the Al-terminated surface, the most stable
configuration of the fully hydroxylated surface is also the bridge
site (B;o). The interlayer distance between the BP layer and the
hydroxylated surface ranges from 2.40 A to 3.26 A, due to the
rippled structure at the interface, and the formation energy is
—62.31 meV per P atom, smaller than the interlayer binding
strength in bulk BP (~81 meV per atom). The formation energy
of By is more negative than other configurations, by 2-4 meV
per P atom (Fig. 1(c)).

In addition, the bond length alternations of BP interacting
with and without a substrate are displayed in Fig. 1(d)-(f). Three
types of P-P bond, marked as r, (in the lower BP layer), 1, (in the
upper BP layer) and r; (between the two layers) with a number of
9, 9 and 5, are in our constructed model. We note that the P-P
bond length alternations are different in the same bond type,
due to the fluctuating interface of the substrate. The bond
length of BP is easier to influence when placing it on the Al-
terminated Al,O; surface, compared with on the hydroxylated
Al,O; surface. The largest bond alternation is found in the lower
BP layer when placing BP on an Al-terminated Al,O; surface,
with a value of ~0.028 A. P-P bond fluctuations in the upper BP
layer are much softer, indicating weak interactions between the
upper BP layer and the substrate. All these bond length alter-
nations contribute to the modulation of the electronic struc-
tures of BP.

After obtaining the most stable interface structures, Bader
charge analysis®” was performed to examine the charge transfer
between the BP and Al,O; surfaces. It is found that ~0.138e is
transferred from the Al-terminated Al,O; surface to BP and will
induce n-type doping of the BP layer. However, for the hydrox-
ylated surface case, the direction of charge transfer is inverted.
~0.092¢ is transferred from BP to Al,O;, leading to p-type
doping of the BP layer. The smaller charge transfer in the
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hydroxylated case compared to the Al-terminated case indicates
weaker interaction with BP. To further elucidate the charge
transfer between BP and the Al,O; surface, isosurface plots of
the electron charge density difference are provided in Fig. 2. The
charge density difference (Ap) is defined as, Ap = pgp/aL,0, — PP
— pal0,y Where pgpar0,, psp and pa10, denote the charge density
of the BP/Al,O; system, the isolated BP sheet, and the isolated
Al,O; substrate, respectively. It is observed that charge transfer
and redistribution occur mainly between the bottom P atoms of
BP and the top atoms of the substrate surface. Fig. 2(a) shows
obvious charge depletion in the four top Al atoms of the Al-
terminated surface and charge accumulation in the bottom
BP layer. As for the hydroxylated case, besides the charge
depletion in the bottom BP layer and accumulation around the
hydrogen atoms, there is also charge accumulation in the
bottom BP layer. This indicates that both intra- and inter-plane
charge transfer is occurring in the hydroxylated case. The
charge transfer induced by the Al,O; surface is expected to have
an impact on the electronic properties of BP.

We now turn to discussing the effects of an Al,O; substrate
on the electronic band structure of BP. The projected band
structure of single-layer BP adsorbed on an Al-terminated
surface (By configuration) is shown in Fig. 3(a). We notice
that the band gap nature of BP transforms from direct to indi-
rect due to a shift in the conduction band minimum from the I
point to the X point, and the band gap value is enlarged by ~160
meV compared with isolated, free-standing BP (Fig. 3(c)). These
band structure changes mainly result from inter-layer charge
transfer. The charge-density distributions of the conduction-
band minimum (CBM) and valence-band maximum (VBM) of
BP on an Al-terminated Al,O; surface (Fig. 3(d)) are found to be
much more non-uniform compared with that of pure BP
(Fig. 3(f)). For the hydroxylated case (B;o configuration), the
band structure nature of BP is almost unchanged and only
a negligible increase in the band gap of BP (~84 meV) is
observed in Fig. 3(b), indicating that hydroxylated Al,O;
preserves the intrinsic band structure of BP well, owing to weak

Fig. 2 Charge density differences for BP adsorbed on (a) Al-termi-
nated, and (b) fully hydroxylated Al,Os (0001) surfaces. Blue (yellow)
regions show electron accumulation (depletion).

RSC Adv., 2017, 7, 13777-13783 | 13779
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Fig. 3 The band structure of BP adsorbed on (a) Al-terminated, and (b) fully hydroxylated Al,Os surfaces, and (c) pure BP band structure. The
green squares and red squares represent the band structure projected on BP and Al,Os, respectively. (d)-(f) Isosurfaces of the band-decom-
posed charge density of the valence band maximum and conduction band minimum.

vdW interactions. However, the rippled structure at the inter-
face still makes the corresponding charge-density distributions
of the CBM and VBM (Fig. 3(e)) more localized in different parts
of the BP layer.

In addition to the most stable configurations, the electronic
band natures of other high symmetry configurations of BP on
Al-terminated (Fig. 4(a)-(d)) and hydroxylated (Fig. 4(e) and (f))
Al,O; surfaces are examined and found to be close to those of
Bia1 O Byo. The differences in the band gap between the most
stable configuration and other high symmetry configurations
are no larger than 0.01 eV (0.015 eV) for BP on an Al-terminated
(hydroxylated) Al,O; surface, indicating that a similar on/off
ratio could be obtained even if BP slides away from its ground
state Bya (B1o) configuration.

The band gaps of few-layer BP on Al-terminated and
hydroxylated Al,O; surfaces are shown in Fig. 5. It can be seen
that the band gap of isolated BP decreases with an increasing
number of layers, due to enhanced interlayer interactions,
which is consistent with previous studies.*® We note that this
trend does not change when placing few-layer BP on Al-
terminated or hydroxylated Al,O; surfaces. Interestingly, the
band gaps, which are enlarged by the substrate effect in
monolayer BP, gradually reduce upon increasing the number of
layers in both the Al-terminated and hydroxylated case,
compared with isolated BP layers. For example, the band gaps of
monolayer BP on Al-terminated and hydroxylated surfaces are
individually increased by 0.16 €V and 0.08 eV, while that of four-
layer BP on the two surfaces are decreased by 0.07 eV and

13780 | RSC Adv., 2017, 7, 1377713783

0.02 eV, respectively, compared with isolated BP. After carefully
examining the contents of the VBM and CBM of BP, it is found
that both the VBM and CBM of free BP are composed of the p,
orbitals of P atoms. As BP is placed on Al-terminated Al,O3, the
p. orbitals in the VBM are hardly affected by interlayer inter-
actions, but those in the CBM are suppressed, and its energy is
largely increased, leading to a new CBM arising and the band
gap of BP enlarging. However, for few-layer BP, the interlayer
interactions have little influence on the CBM and the decreased
band gaps are mainly due to interlayer charge transfer.
Furthermore, the band gap reduction for few-layer BP on an Al-
terminated Al,O; surface is larger than on the hydroxylated
Al,O; surface, due to stronger interactions between the BP and
Al-terminated Al,O; surface. Moreover, it is worth mentioning
that the band gap of bilayer BP is nearly independent of the
substrate, indicating that it may be a potential candidate for
special device applications.

In comparison with band structures, the band offset of
semiconducting heterostructures is also very important in
material and device design.*® Precise knowledge is extremely
important to engineer electronic and optoelectronic devices.
The band alignments of a BP/Al,O; system have been calculated
using the macroscopic averaging method.* The electrostatic
potential has been chosen as a reference, the change in the
average electrostatic potential through the interface is obtained
through calculating the BP/Al,O; heterostructures, and the
VBMs of the two semiconductors with respect to the electro-
static potential have been calculated using their individual

This journal is © The Royal Society of Chemistry 2017
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supercells. The calculated results in Fig. 6 show that the
macroscopic average potential is discontinuous at the interface
of BP and Al,O3;, indicating that electrons should overcome
a potential barrier (3.5-3.8 eV) to cross from Al,O; to the BP
section. We note that the VBM of BP is higher than that of Al, O3,
which indicates that BP and Al-terminated Al,O; form a type I
heterointerface, due to a large band gap in bulk Al,O; (our DFT
+ PBE result is 6.2 eV). The predicted valence-band offset (VBO)
AEy between monolayer BP and Al,Oj; is about 0.4 eV (Fig. 6(a)),
which is smaller than that of graphene/Al,O; and MoS,/Al,O3.
This value may not be ideal for practical FET devices based on
BP material. For practical use, the valence band offset is ex-
pected to be sufficiently large (>1.0 eV), which allows suppres-
sion of electron thermal emission from channel to the gate or
reduction of the gate leakage current. As the number of BP
layers increases, the VBO of few-layer BP is enlarged, but not
monotonic. The VBO values are 1.32, 0.96 and 1.15 eV for
bilayer, three-layer and four-layer BP, respectively (Fig. 6(b)—(d)),
which is more appropriate for creating a reasonable carrier
injection barrier.

Finally, we considered the electronic properties of a BP/Al,O;
hybrid system under an external electric field (E.y) to simulate
the gating effect in experiments. Fig. 7 shows the band gaps of
BP/Al,O; systems as a function of E.y. The positive (negative)
values of E., represent the direction of E. vertical to the BP
plane and pointing from Al,O; (BP) to BP (Al,O3). For monolayer
BP on an Al-terminated Al,O; surface, the band gaps show
negligible changes under a negative E.,; this trend is destroyed
under a positive Eey, aS Eexe > 0.3 V A~! which decreases the
band gap. The band gap variations for monolayer BP on
a hydroxylated Al,O; surface undergo a similar trend as for the
Al-terminated case. However, they seem more sensitive to Eeyt,

This journal is © The Royal Society of Chemistry 2017

with a larger reduction in band gap found as E., > 0.3 VA~ For
example, the band gap in the hydroxylated case decreases by
about 0.34 eV under E.,, = 0.6 VA~%, while that value for the Al-
terminated case is only 0.14 eV under the same E.. This is
mainly because the distance between the monolayer BP and
hydroxylated Al,O; surface is more severely decreased
compared to that for an Al-terminated surface under Eey; = 0.6 V
A™!, due to the relatively weak vdW interactions. We have
checked that the reduction distances are 0.34 A and 0.14 A for
the hydroxylated and Al-terminated case under Ee = 0.6 V A1,
respectively. The changed interlayer distance will cause inter-
layer charge transfer and redistribution, thus changing the

—a&— pure BP
12 —eo— Al-terminated
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S o8
I
Q.
©
()]
>
>
Q
g o4
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Fig. 5 The band gaps of few-layer BP adsorbed on Al-terminated and
hydroxylated Al,O3 surfaces.
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band gap. The situation is quite different for bilayer BP/Al,O3,
in which case we note that the band gaps of BP on Al-terminated
and hydroxylated Al,O; surfaces under a negative E., are nearly
the same, both monotonically decreasing upon an increasing

13782 | RSC Aadv., 2017, 7, 13777-13783

Distance (A)

(d) four layer BP adsorbed on an Al-terminated Al,Os surface.

E.x value. Under a positive E.y, the band-gap variations for BP
on an Al-terminated Al,O; surface show an increasing and then
decreasing trend. For BP on a hydroxylated Al,O; surface, the
band-gap modulations are analogous to those under a negative
Eex, decreasing but with a more smooth trend. Therefore, the
electronic properties of BP rely on the substrate interface, as
modulated by the external electric field. Though the non-
bonding model of the BP/Al,O; hybrid system in our work is
not precise enough for a thorough description of the interac-
tions between BP and the Al,O; surface under practical experi-
ment, which may include defects, adsorbates, oxides in the
interface and the formation of bond states, it still gives useful
information on how the electronic properties of the BP layer are
affected by an Al,O3 dielectric, which we think may contribute
to practical device design.

Conclusions

In summary, first principles calculations have been performed
to systematically study the electronic properties of BP on Al-
terminated and hydroxylated Al,O; surfaces. We found that
the Al-terminated Al,O; surface would induce a shift of the
conduction band minimum of BP, while a hydroxylated Al,O;
surface could maintain well the intrinsic band nature of BP. The

This journal is © The Royal Society of Chemistry 2017
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band gaps of BP on the two surfaces are both enlarged, due to
interlayer charge transfer between BP and Al,O;. However, the
band gaps of few-layer BP (2-4 layers) were decreased compared
with isolated BP in both the Al-terminated and hydroxylated
case. The band offset of a monolayer BP/Al,O; system was pre-
dicted to be 0.4 eV, which was probably not ideal for practical
FET devices, however, increased band offsets were found in few-
layer BP, making it more suitable for creating an injection
barrier. Moreover, the band gaps of a BP/Al,O; system could be
modulated using an external electric field for practical
applications.
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