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We report first-principles theoretical investigations of possible metal contacts to monolayer black phosphorus
(BP). By analyzing lattice geometry, five metal surfaces are found to have minimal lattice mismatch with
BP: Cu(111), Zn(0001), In(110), Ta(110), and Nb(110). Further studies indicate Ta and Nb bond strongly with
monolayer BP causing substantial bond distortions, but the combined Ta-BP and Nb-BP form good metal surfaces
to contact a second layer BP. By analyzing the geometry, bonding, electronic structure, charge transfer, potential,
and band bending, it is concluded that Cu(111) is the best candidate to form excellent Ohmic contact to monolayer
BP. The other four metal surfaces or combined surfaces also provide viable structures to form metal/BP contacts,
but they have Schottky character. Finally, the band bending property in the current-in-plane (CIP) structure where
metal/BP is connected to a freestanding monolayer BP, is investigated. By both work function estimates and

direct calculations of the two-probe CIP structure, we find that the freestanding BP channel is n type.
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I. INTRODUCTION

Two-dimensional (2D) layered materials such as graphene
and transition-metal dichalcogenides (TMDC) have attracted
great attention [1-6] as emerging device materials for na-
noelectronics due to their novel mechanical, electrical, and
optical properties. Most recently, layered black phosphorus
(BP), a new and apparently stable elementary 2D material, has
been successfully fabricated experimentally [7-11]. BP is an
allotrope of phosphorus and can be mechanically exfoliated
since the layers of BP are held together by van der Waals
(vdW) interaction [12]. Different from graphene, the atoms
in a single layer BP are not sitting in a flatland: Instead they
form a buckled hexagonal structure by covalence bonds [8], as
shown in Fig. 1(a). Few-layer BP has been predicted as an ideal
direct band-gap material at the I' point [13], a property that
is very important for electronic and optical applications. From
the point of view of switching devices, a major advantage of
monolayer BP over graphene is that BP has an intrinsic band
gap and graphene does not. The material processes in order
to create a band gap in graphene are typically detrimental
to the properties. Few-layer BP field-effect transistors (FET)
having high mobility at around 1000 cm?> V~! s~!, has been
reported experimentally [7,9-11]. However, a large Schottky
barrier for n-doped multilayer BP FET was found to seriously
and detrimentally affect the current-voltage characteristics at
small bias [7] in the experimental device. Indeed, in both the
traditional microelectronics as well as the emerging nanoelec-
tronics, designing proper metal-semiconductor contacts is a
crucial problem of device physics [14—16]. A large potential
barrier or Schottky barrier at the metal-semiconductor contact
has a significant negative influence on charge transport in
FETs.

For emerging nanomaterials such as carbon nanotubes
[17,18], graphene [19-21], and TMDC [22-26], tremendous

“zhanglei @physics.mcgill.ca

1098-0121/2014/90(12)/125441(6)

125441-1

PACS number(s): 73.40.Ns, 73.20.At, 73.22.—f, 81.05.Hd

theoretical and experimental efforts have been devoted to
understand the metal contacts. On the other hand, the metal-BP
contacts have not received systematic investigation so far, and
it is the purpose of this work to fill the void. In particular, we
aim to determine metal-BP contacts that are Ohmic in order
for BP to realize its full potential as a new and emerging
electronics material.

Using the density functional theory (DFT) total energy
approach, we have systematically investigated atomic struc-
tures of monolayer BP on several important metal substrates
including Ta(110), Nb(110), Cu(111), Zn(0001), and In(110).
These metal surfaces cover a substantial range of work
functions and have relatively minimal lattice mismatch with
BP, therefore one expects them to serve as possible contact
material for BP. We find that monolayer BP are stable on
pristine Cu, Zn, and In substrates. For Ta and Nb, the strong
interaction between BP and Ta/Nb induces substantial P-P
bond distortions in the BP; as such these metals do not make
good contacts to monolayer BP. On the other hand, we found
that a bilayer BP makes excellent contact to Ta/Nb substrates.
For the materials we investigated, it is predicted that the
Cu/BP contact has a very good Ohmic character. Finally, the
band bending property in the current-in-plane (CIP) structure
where metal/BP is connected to a freestanding monolayer BP,
is investigated. By both work function estimates and direct
calculations of the two-probe CIP structure, we find that the
freestanding BP channel of the CIP device is n type without
further doping.

The rest of the paper is organized as follows. In Secs. II
and II1, structural relaxations of freestanding BP and metal/BP
contacts are presented, respectively. From the atomic structure,
in Sec. IV the electronic properties of the metal/BP contacts are
determined. To confirm the band bending properties, Sec. V
presents a different band bending analysis—this time based
on the current-in-plane open structure using DFT carried out
within the Green’s function formalism. Finally, the paper is
summarized in Sec. VL.
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FIG. 1. (Color online) (a) Top and side view of monolayer BP.
The shadowed area with four P atoms is a unit cell of monolayer
BP. In the side view, atoms in monolayer BP are classified as A/B

sublayers. (b) The calculated band structure of monolayer BP and its
Brillouin zone with high symmetry points.

II. COMPUTATION METHOD AND STRUCTURAL
RELAXATION OF BP

Our DFT calculations are carried out with the projector
augmented wave [27,28] and the optB88-vdW method [29,30],
where van der Waals interaction was considered at the vdW-DF
level with optB88 for the exchange functional, as implemented
in the Vienna ab initio simulation package (VASP) [31]. The
lattice constants of metals are directly taken from experimental
values while the lattice constants of freestanding monolayer
and bilayer BP are obtained by structure relaxation. To
investigate the metal/BP contact, we have chosen a supercell
that contains a slab of five layers of metal atoms, a few layers
of BP sheets absorbed on the metal slab, and a vacuum region
15 A thick. The dipole correction has been included to avoid
spurious interactions between periodic images of the slab. For
structure relaxation, we fixed the atoms in the two bottom
metal layers at their respective bulk position, while all other
atoms are fully relaxed until the residual force on each atom
is smaller than 0.01 eV//QX. A fine k-mesh density at 0.08 //OX
and energy cutoff at 500 eV were used to ensure numerical
accuracy. The relaxed monolayer BP is shown in Fig. 1(a) and
we found the lattice constanttobe a = 4.58 A and b = 3.32 A,
in agreement with Ref. [13]. For simplicity of discussion, in
the following we shall call the two sublayers in Fig. 1(a) A and
B (see side view). Figure 1(b) plots the Brillouin zone and the
calculated band structure showing a direct gap of 0.89 eV.

III. STRUCTURES OF METAL/BP CONTACTS

Having determined the structure of freestanding monolayer
BP, we now calculate the structure of the metal/BP contact as
schematically shown in Fig. 2(a). As a first design rule of the
metal/BP contact, we consider metals having a lattice plane
that can match the BP structure because a large mismatch
induces strain to distort BP. As monolayer BP is not a perfect
honeycomb structure, only a few metals were found to nicely
lattice match BP. Next, we note that the puckered structure
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FIG. 2. (Color online) (a) Schematic plot of the monolayer BP
and metal contact region. (b) Side view of monolayer BP absorbed on
Cu(111), Zn(0001), and In(110) metal surfaces at the contact region.
(c) Side view of monolayer BP absorbed on TaP or NbP electrode at
the contact region. The dashed line in panels (b) and (c) indicates the
supercell in the xz plane.

© cu/zn/In

of BP has smaller elastic modulus along the x direction [13]
[see Fig. 1(a)], indicating that structure deformation can easily
occur along x which is not good for our purpose. Indeed, we
found that monolayer BP adsorbed on Al(111) and Sc(0001)
surfaces have three and four BP unit cells per supercell
along the x direction, and the relaxed metal/BP structure has
significant P-P bond distortions. Therefore, a second design
rule is to search metal/BP structures that have one or two
BP unit cells per supercell along the x direction. After going
through the periodic table, we choose metals Ta(110), Nb(110),
Cu(111),Zn(0001), and In(110) as candidates for the metal/BP
contacts which cover a wide range of work functions and have
relatively minimal lattice mismatch with BP.

For each possible candidate of metal/BP contacts, there
are a total of seven different initial configurations to be
investigated: three for (111) and two for either (110) or (0001)
surfaces. From these initial configurations, the most stable
metal/BP structures are found by DFT total energy relaxation,
shown in Figs. 2(b) and 2(c). We find that monolayer BP can
only perfectly match with In(110), Cu(111), and Zn(0001)
surfaces without significant P-P bond distortion, in the form of
(1 x 3), (1 x 3), and (1 x 4) unit cells, respectively, as shown
in Fig. 2(b). For Ta(110) (1 x 1)and Nb(110) (1 x 1) surfaces,
it turns out the interaction between P atoms and Ta/Nb atoms is
very strong and, as a result, the absorbed monolayer BP is
no longer intact due to the presence of broken P-P bonds.
Nevertheless, because these two metal surfaces have a very
small mismatch with the BP atomic structure, i.e., (1 x 1) cell,
it is still possible to design good metal/BP contacts. Namely,
and as shown in Fig. 2(c), when a bilayer BP is in contact
with Ta or Nb surfaces, the lower BP layer plus the metal
form a combined substrate to contact the upper BP layer. The
combined substrates are denoted by TaP and NbP in the rest
of this paper. We found that a monolayer BP forms very good
contact to TaP and NbP.

The calculated equilibrium bonding lengths, binding en-
ergies, and work functions for all the metal/BP contacts
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TABLE 1. Supercell representing the super structure of BP
matching with metal substrates. (n x m) denotes that there are n and
m BP unit cells along the x and y directions, respectively. The average
distance d, is the equilibrium separation in the z direction between
the monolayer BP and the topmost substrate layer after structure
relaxation. For simplicity of notation, the interlayer distance for bulk
BP is also denoted as d; in the table. d,, is the shortest bond length
between the monolayer BP atoms and the topmost atoms of substrate
as shown in Figs. 2(b) and 2(c). E}, is the binding energy per BP
unit cell between the monolayer BP and a given substrate. W is
work functions of absorbed monolayer BP including the freestanding
one (the first column), respectively. AE is the Fermi level shift of
freestanding BP at the band bending region.
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——P3p,
- --P3pa+3p,

monolayer BP

PDOS (arb.units)

TaP / BP system

N .

BP Ta Cu Zn In TaP NbP
(Ix1) (I1x3) (Ix4) (1x3) (Ix1) (Ix1)

Supercell

d. (A) 320 1.76 231 287 3.00 3.04 3.04

d, (A) 2.44 236 276 311 355 3.19
Ey (eV) 4.89 130 064 052 050 0.50
W (eV) 5.16* 4.68 451 393 434 441
AEFp (eV) —048 —-0.65 —123 -0.82 -0.75

45.04 for HSE functional.

are summarized in Table I. The average distance between
the substrate and the BP layer along the z axis is d;; the
shortest bond between the P atoms and the substrate atoms is
dy, (see Fig. 2). We characterize the contact strength using
the metal/BP binding energy per BP unit cell defined by
E, = (Egp + Esup — EBpsub)/n, Where Eppgy is the total
energy of BP absorbed on substrate, and Egp, Egyp, are the
total energies of BP and substrate, respectively (obtained from
the relaxed structure). Here n gives out the number of BP
unit cells in the superstructure. Among the pure metal/BP
contacts (Cu,Zn,In), Cu/BP has the smallest d, = 2.31 A and
d, =2.36 A, and the largest binding energy E, = 1.30 eV.
Three other contacts, In/BP, TaP/BP, and NbP/BP, have almost
the same d, and E;, suggesting that they have similar contact
properties. For Ta/BP, E, = 4.89 eV which is much larger
than other metal/BP contacts and its d, = 1.7 A which is much
smaller than others: This is because each P atoms is bonded to
two or more Ta atoms in Ta/BP. A Similar situation is found for
the Nb substrate (not listed in Table I). Such a strong bonding
in Ta/BP and Nb/BP induces P-P distortions, making them
unsuitable for metal/BP contacts. On the other hand, for the
combined contacts TaP/BP and NbP/BP, d, = 3.04 A which
is large enough such that P-P bonds in the upper BP [see
Fig. 2(c)] are not broken and, at the same time, this value is
smaller than d, = 3.20 A of the bulk BP, strongly indicate that
the combined substrates can make good metal/BP contacts. In
the following we quantify properties of the metal/BP contacts
using partial density of states (PDOS), charge density, and
electronic potential using Cu, Zn, and TaP substrates as other
contacts have similar properties.

IV. ELECTRONIC STRUCTURE OF
METAL/BP CONTACTS

Having obtained the atomic structures of the metal/BP con-
tacts, we now investigate their electronic properties. Figure 3

-1 -0.8 -06 -04 -02 0 0.2 0.4 0.6 0.8 1
E-E; (eV)

FIG. 3. (Color online) PDOS of P atoms, in (a) the monolayer
BP, (b) the Cu/BP system, (c) the Zn/BP system, and (d) the TaP/BP
system (the P atoms in the top layer). The blue solid line, red dashed
line, and black dotted line represent the 3 p, orbital, 3p, + 3 p, orbital,
and 3s orbital of top layer P atoms as indicated by the legend in (a).
The vertical green dashed line indicates the Fermi level.

plots the calculated PDOS projected on selected orbitals of
the P atoms for monolayer BP, Cu/BP, Zn/BP, and TaP/BP.
The PDOS of freestanding monolayer BP [Fig. 3(a)] has a
gap around the Fermi level: Consistent with its band structure
[Fig. 1(b)], the valence state is dominated by the 3p, state
while the bottom conduction PDOS is contributed by all types
of 3 p orbitals. The PDOS of Cu/BP, Zn/BP, and TaP/BP has a
metallic character as shown in Figs. 3(b)-3(d). From observing
the peak of 3p, + 3P, PDOS, we know the Fermi level of
Cu/BP and Zn/BP moves upward by about 0.1 and 0.2 eV with
respect to the bottom conduction band of the freestanding BP,
respectively. The PDOS of Cu/BP [Fig. 3(b)] near the Fermi
level is much lager than that of Zn/BP [Fig. 3(c)] due to a
significant increase of contribution from the 3 p, states. Since
the Cu-BP bonding distance [d,; see Fig. 2(b) and Table I)
is significantly smaller than that of Zn-BP, the 3p, states of
P atoms have much stronger interaction with the 3d states of
Cu than with Zn. As a result, Cu/BP is a better contact than
Zn/BP since good device contacts should maximize overlap
between states at either side of the contact interface. As for
the combined contact TaP/BP [Fig. 3(d)], the in-plane states
3px,3py play a more important role than the 3p, state in
comparison to Cu and Zn. This is because of Bernal stacking
of the top BP layer and the TaP [13], and as a result the overlap
of in-plane 3 p,,, between the two BP layers is much stronger
than that of the 3 p, states.

The interaction between BP and metal is quantified by
calculating the charge density. To compare different contacts,
we integrate the density along the y direction [see Fig. 1(a)]
and normalize it per unit cell of BP. The corresponding results
for Cu/BP and Zn/BP are presented in the left panels of
Figs. 4(a) and 4(e), respectively. Here we clearly observe
that the normalized charge density p at the interface of
Cu/BP is much larger than that of the Zn/BP interface (by
the color coding). As usual, interface dipoles are formed
due to interaction of charge carriers at the interface which
is visualized from the electron rearrangement defined as
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FIG. 4. (Color online) Electronic structure at the interface of the
contact region: (a)—(d) for Cu substrate, (e)—(h) for Zn substrate, and
(i)—(1) for TaP substrate. The left side contour plots represent charge
density o which is integrated in the y direction and normalized to
one BP unit cell. The unit is number of electrons per area (denoted as
el./8%) The middle panels (b), (f), and (j) are charge density difference
Ap(z), which is integrated over the x and ydirections and normalized
to one BP unit cell. The middle panels (c), (g), and (k) are contour
plots of the electron localization function (ELF) in a slice along the y
axis that crosses both P atoms and metal atoms. The panels (d), (h),
and (1) are average local potential V. The average potential barriers
at the BP and metal interface are also indicated. § is the length of the
real-space grid, equal to 0.065 A. The green dashed lines represent
the position of each average P atom layer and the pink dashed lines
represent the position of the average metal surface after structure
relaxation.

Ap(z) = [sub-BP(2) — Psub(z) — pBR(2)]/1, Where pgup(z) and
pep(z) are densities of substrate and monolayer BP. Here,
negative (positive) Ap(z) stands for charge depletion (accu-
mulation) in the x-y plane, and plotted in Figs. 4(b) and 4(f).
The large net charge accumulation between the B sublayer of
BP [lower P atoms in BP; see Fig. 1(a)] and the topmost layer
of metal suggests that covalence bonds have been formed. In
addition, the magnitude of Ap(z) in Cu/BP is twice as large
as that of Zn/BP, indicating that the strength of the covalence
bond of Cu/BP is significantly larger than that in Zn/BP.

A vivid physical picture of the chemical bonds at the
metal/BP interface can be established by investigating the
electron localization function (ELF) for the slice that crosses
both P atoms and metal atoms in the y direction, shown in
Figs. 4(c), 4(g), adn 4(k). Physically, ELF measures the extent
of spatial localization of a reference electron, with upper limit
ELF(r) = 1 corresponding to perfect localization (lone pairs)
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and ELF(r) = 1/2 corresponding to electron-gas-like pairs
[32]. Clearly, from Fig. 4(c) the upper P atom [A layer in
Fig. 1(a)] has a significantly larger ELF than the lower P atom
[B layer in Fig. 1(a)]; this is reasonable because the lower P
atom is closer to Cu contact, which makes their electrons more
delocalized. A similar conclusion is true for the Zn/BP contact,
but the ELF of Zn/BP is larger than that of Cu/BP—again
indicating a weaker covalent bond between Zn-BP than Cu-BP.
As for the combined contact TaP/BP whose ELF is shown in
Fig. 4(k), there is a delocalized region (dark blue) between
the top BP layer and TaP, indicating that the chemical bond
between the two BP layers is very weak and the dominating
interaction at the TaP/BP interface is largely via the vdW
force. This is why the dipoles between the two BP layers in
Fig. 4(j) is three to six times smaller than that between BP and
Zn or Cu.

From the calculated electronic structure, we obtain a most
important parameter for charge injection from metal to BP,
namely, the potential barrier at the metal/BP interface. The
electronic potential (ionic and Hartree contributions) averaged
over the x-y plane across the lower P atoms of the BP which
are in direct contact to the metal [e.g., the B sublayer; see
Fig. 1(a)], is shown in Figs. 4(d) and 4(h) for Cu/BP and
Zn/BP. For TaP/BP, the potential is averaged over the P atoms
in direct contact to the TaP substrate as shown in Fig. 4(1).
Since ionic contribution is included, the highest averaged
potential appears at the middle of each two neighboring atomic
layers. We define a quantity AV to be the difference between
highest averaged potential at the contact interface and the
highest averaged potential at the metal surface, as indicated
by the black arrows. It comes as a pleasant surprise that
AV = —0.12 eV is negative for Cu/BP [Fig. 4(d)], indicating
electrons can be easily injected from Cu to the BP without any
potential barrier. On the other hand, Zn/BP and TaP/BP all have
positive AV at 1.27 and 2.45 eV, respectively. We conclude
that Cu/BP is an excellent Ohmic contact and the other contacts
have large potential barriers but electron injection into BP is
still possible due to nonzero PDOS at the Fermi level.

V. BAND BENDING IN CURRENT-IN-PLANE
STRUCTURES

In the previous sections, we determined the electronic
structures of several metal/BP contacts and concluded that
Cu/BP is the best in the sense that Cu forms Ohmic contact to
BP. Moving forward and anticipating Cu/BP to be used as the
contact (electrode) to form two-probe BP transport junctions,
an important issue is the band bending between Cu/BP (and
other metal/BP) and a freestanding BP. In this section we
qualitatively and quantitatively determine the band bending
using the CIP device model schematically plotted in Fig. 5(a).
Here, the metal/BP extends to z = —oo and the free BP to
7z = 400, with an interface in the middle where band bending
occurs due to charge transfer.

First, the band bending can be estimated by the Fermi level
difference [20] between the metal/BP and the freestanding BP:
AEr = W — Wgp where W and Wgp are the work functions of
metal/BP and freestanding BP, respectively. Note that the work
function of BP is defined from just above the valence band. If
AEp > 0, electrons transfer from the freestanding BP to the
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FIG. 5. (Color online) (a) Schematic plot of a CIP device where
the metal/BP contact is connected to a freestanding BP channel
extending to the right. W and Wgp denote work functions of the
metal/BP and the freestanding BP, respectively. The black lines
qualitatively indicate the band bending. (b) and (c) plot the calculated
local density of states (LDOS) in color coding for CIP devices with
Cu/BP and Zn/BP electrodes, respectively. The red line indicates
the boundary of metal/BP and the freestanding monolayer BP. In
the LDOS plot, only the contributions from BP atoms are plotted in
the metal/BP region for clarity purposes.

metal/BP and the channel is p type. When AEr < 0, the BP
channel is n type. As tabulated in Table I, we found AEr < 0
for all five viable metal/BP contacts, hence these contacts
tend to produce n-type CIP devices without further doping.
The Cu/BP contact has the smallest band bending, AEy =
—0.48 eV. Interestingly, TaP/BP and NbP/BP contacts also
have rather small bending, AEF =~ —0.7 to — 0.8 eV. From
the CIP point of view, the smaller the shift the better the
contact.

The above values were obtained by optB88-vdW [29,30]
which tends to under estimate the band gap of semiconductors.
We have also used the Heyd-Scuseria-Ernzerhof (HSE) hybrid
functional [33] to calculate freestanding monolayer BP and
obtained a work function Wgp = 5.04 eV. This is to be
compared with the optB88-vdW resultof 5.16 eV (see Table I).
For the metal/BP, HSE calculation becomes very expensive.
Hence, using the optB88-vdW value for Cu/BP, W = 4.68 eV
(Table I) and HSE value for BP, we estimate AEyp =
W — Wgp = —0.36 eV which is still negative and small.
We conclude that the band bending picture is qualitatively
consistent between the optB88-vdW estimate and the partially
HSE estimate.

The above estimate was done by calculating the metal/BP
and freestanding BP separately. A better approach is to
determine the band bending directly for the CIP geometry
as a whole, i.e., by a two-probe transport analysis. To this end
we carry out DFT analysis within the Keldysh nonequilibrium
Green’s function (NEGF) formalism [34], as implemented in
the quantum transport package NANODCAL [34-36]. Since the
CIP device is actually an infinitely large system, we divide
it into three regions: the left electrode which is the semi-
infinite metal/BP, the right electrode which is the freestanding
monolayer BP, and the central region consisting of the interface
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region between the metal/BP and free BP where band bending
occurs. For technical details of the NEGF-DFT theory, we
refer interested readers to Ref. [34]. In our NEGF-DFT
self-consistent calculations, a linear combination of atomic
orbital basis at the double-¢ polarization level is used to expand
physical quantities; the standard norm-conserving nonlocal
pseudopotentials [37] are used to define the atomic core;
the local density approximation is used for the exchange-
correlation potential [38].

We apply the NEGF-DFT formalism to self-consistently
calculate the electronic structure of the CIP two-probe model
with Cu/BP and Zn/BP as examples. Note that the CIP
geometry has no translational symmetry along the transport
direction [from left to right, Fig. 5(a)], the concept of band
structure is not well defined. Therefore we investigate band
bending by visualizing the local density of states (LDOS)
versus the coordinate along transport direction (z), shown in
Figs. 5(b) and 5(c) by color coding. The band gap in the free BP
region (to the right of the red vertical line) is clearly visible.
Interestingly, the LDOS corresponding to the valence bend
up for both Cu/BP and Zn/BP indicating that the free BP is
n type, in agreement with the above band bending estimates
using the work functions. In comparison with the Cu/BP CIP
device, the curvature of band bending in Zn/BP is much larger.
Correspondingly, electron injection from Zn/BP to the free BP
will encounter a lager potential barrier. Finally, we note that
there exist some interfacial states inside the BP gap but above
the Fermi energy.

VI. SUMMARY

In summary, by atomistic calculations we have systemati-
cally investigated the possible metal/BP contacts which allows
us to design viable structures for future device applications.
Our design rule starts from selecting metals that have a lattice
plane matching the BP structure so that strain at the metal/BP
interface is minimized. Of the five metals that satisfy this
condition, Ta and Nb are found to form strong bonds with
monolayer BP to generate substantial P-P bond distortions
in the BP; for this reason we further considered TaP and
NbP as combined metal substrates. We predict that monolayer
BP absorbed on Cu(111), Zn(0001), In(110), TaP(110), and
NbP(110) form viable metal/BP contacts. From the calculated
geometry, bonding structure, density of states, charge transfer,
and potential barriers at the metal/BP interface, we predict that
Cu/BP is an excellent Ohmic contact and the rest are Schottky
contacts where the electronic potential barrier increases with
the averaged distance between monolayer BP and the metal
substrate. For the CIP device model where a freestanding
monolayer BP is the channel material, the estimated band
bending property suggests an intrinsically n-type device for
all the contacts and, in particular, the Cu/BP is the most ideal
contact to the freestanding BP channel. Therefore we conclude
that Cu(111) is the best choice as an electrode metal for
monolayer BP electronic device applications. The theoretical
predictions of this work should be experimentally testable.
Note that in this work, we focused on metal/BP contacts where
the metal is nonmagnetic. Magnetic metal such as fcc Ni has
lattice constants close to that of Cu, and thus would be very
interesting to investigate for spin injection into BP.
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