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Abstract

Monolayer indium triphosphide (m-InP3), predicted theoretically as a new 2D semiconducting
material, exhibit promising opportunity for applications in electronic and optoelectronic
devices. [J. Am. Chem. Soc. 2017, 139, 11125—-11131]. For these applications, excellent
contacting performance between m-InP; and electrodes is vital. In this work, by first
principles calculations, electronic structures of m-InP; in contact with graphene (G) and Ni
are investigated and the contacting characters are further tuned by inserting a buffer layer,
e.g., G or BN monolayer (m-BN) along with introducing intrinsic P- and In-vacancy defects.
For the m-InP; in contact with G, inserting an m-BN can alter the contacting character from
an n-type to a p-type Schottky contact. This is consistent with the prediction of Schottky-Mott
rule, indicating that Fermi level pinning is removed in the interface. However, for the contact
with Ni, if an m-BN or G is inserted into the interface, an n-type Ohmic contact is obtained,
rather than the p-type Schottky one based on Schottky-Mott rule. We attribute this
inconsistency to the effect of electron transfer from m-BN or G to Ni, which leads to
decreased work function of Ni. Additionally, introducing In- and P-vacancy defects can
reduce Schottky barrier in the interfaces between m-InP; and G or Ni. Moreover, if m-BN is
inserted into these defect-containing interfaces, an n-type Ohmic contact could be achieved
and dominate the contacting character. Our results offer deeper insights into the factors such
as the Fermi level pinning on the band alignment of the interfaces between m-InP; and G or
Ni, and how the contacting characters are improved by inserting a buffer layer along with

introducing In- and P-vacancy defects.

Keywords: monolayer indium triphosphide; Schottky barrier; Ohmic contact; work function

match; Fermi level pinning
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Introduction

With approaching the integration limit of silicon-based devices, two-dimensional (2D)
atomically thin materials, such as graphene (G)!3, silicene*¢, transition metal
dichalcogenides’, hexagonal arsenene!®-'2, black phosphorus!® '* and VA/VIA topological
insulators with few quintuple layers'>-!7 have received considerable attention. The devices
based on some of these 2D materials show small short channel effects, excellent electrostatic
modulations, and high integration due to their ultrathin thickness'® '°. Hence, much effort has
been made to explore 2D materials with suitable band gap, excellent electron mobility and
high ambient stability?% 2!,

Recently, monolayer indium triphosphide (m-InP;) was theoretically predicted by Miao et
al.?%2. They showed that this 2D semiconducting material possesses high stability, a suitable
band gap of 1.14 ¢V, and a high carrier mobility of 1919 cm?V-!s!. Moreover, through doping,
m-InP; exhibits tunable magnetism and half-metallicity. Extraordinary optical absorption is
also predicted over the entire visible light range??. As such, m-InP; appears to be a promising
candidate for device applications. It is known that low contacting resistance in interface
between 2D semiconductor and metal electrodes is a key requirement for high performance of
the devices?*-?°. However, non-negligible contact resistance due to the Schottky barrier in
interface can substantially lower carrier injection efficiency, and thus limit the performance of
the devices?*23. Therefore, it is necessary to understand contacting properties between m-InP;
and metallic materials for the potential device applications. To date, determination of the
contacting performance between 2D semiconductors and metallic electrodes through
exploration of the factors such as the Fermi level pinning is still an open topic?*?7.

According to the Schottky—Mott rule, it is generally accepted that metallic materials with
low or high work functions can be utilized to obtain n-type or p-type Schottky contacts with
2D semiconductors, and the Ohmic contacts may be achieved by choosing metallic materials
with suitable work function?’. However, previous experimental and theoretical studies showed
that Schottky barrier height in the interfaces between 2D semiconductors and metals generally
deviates from the predictions of the Schottky-Mott rule, and the factors that cause the
deviation are quite complex?326- 28 29 A match of the work function is insufficient to

determine the contact characteristic?3-2% 2% 29, One of the major factors is Fermi level pinning,
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which would induce inflexible Schottky barrier, resulting in weak dependence of Schottky
barrier height (SBH) on the work function, and thereby preventing the Ohmic contact
formation in interfaces®*2% 28, While doping methods have been proposed to reduce SBH,
limitations arise in the fabrication of devices, based on 2D semiconductors. For example,
chloride doping in MoS, effectively lowers SBH but significantly shifts threshold voltage of
the device. This shift is undesirable in the application of field effect transistor (FET)3® 31,
Recent experimental studies also showed that inserting a buffer layer, such as hexagonal
boron nitride (BN), into the interface can reduce contacting resistance between 2D
semiconductors and metals®?35. But the number studies are scarce, and the mechanism
responsible for the decreased contacting resistance still needs further investigation. If the
deviation from the Schottky-Mott rule is removed, it would be straightforward to achieve the
lowest contacting resistance by choosing suitable metals as electrodes, according to the work
function match, for the devices based on 2D semiconductors32-3,

In this work, our focus is placed on investigation of the contacting characters between
m-InP; and metallic materials, and exploration of effective way to reduce contacting
resistance. By using first principles calculations, we have computed electronic structures of
the interfaces between m-InP; and G and nickel (Ni), as both are commonly employed as
electrodes in nano devices’**!. Moreover, both G and Ni not only show slight lattice
mismatch with m-InP; but also possess different work functions that can be compared
regarding the influence of Fermi level pinning on the contacting characters of the interfaces.
Consistent with previous studies, we found that G displays tunable Fermi level and low
resistance, which can facilitate to tune contacting character in the experiments3®3% 42, To
reduce the influence of Fermi level pinning, G and monolayer BN (m-BN) are used as the
inserting layer for Ni and G electrode, respectively. The effects of interface bonding, electron
transfer and electrostatic potential on the contacting character of the interfaces are also

investigated.

2. Computational Method
The first-principles calculations are carried out based on density functional theory (DFT)
within the projector augmented wave (PAW) method, implemented in the Vienna ab initio
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simulation package (VASP 5.4)%-%, The generalized gradient approximation (GGA) of the
Perdew, Burke and Ernzerhof (PBE) are employed to describe the exchange and correlation
functional with the partial core correction included*. Structures of all six combined systems
are presented in Fig. 1. A vacuum region of 20 A normal to the 2D surface is added so that
the interaction between adjacent slabs is negligible. To account for the van der Waals (vdW)
interaction, the DFT-D3 method with Becke-Jonson damping is used in all calculations*’. The
(111) surfaces of Ni is chosen as it is shown to be the most stable in the previous
experiments*® 49, To simulate the surfaces, the Ni slab is extended to the fourth atomic layer.
It is known that the GGA-PBE functional generally underestimates the band gaps of
semiconductors. Several more accurate theoretical methods, such as HSE06 functional and
GW method, can be used to accurately predict electronic structures for small systems*® 3!, For
large systems considered in this study, however, the GGA-PBE functional is only practical
with our computing resources, and yet it can still predict reliable trend of electronic
structures.

For DFT computations, geometric structures are relaxed until the force on each atom is less
than 0.01 eV/A. The convergence criteria are 10 eV for energy. During the ionic relaxation,
the shape and size of the supercell are fixed, while all atoms are fully relaxed except that the
Ni atoms in the two bottom atomic layers are fixed at their bulk positions. The
Monkhorst-Pack k-point sampling in Brillouin zone is I'-centered with 9x9x1 and 15x15x1
meshes in ionic and electronic optimization, respectively. A cutoff energy of 450 eV is
chosen for the plane-wave basis set.

To evaluate the stability of all combined systems, the binding energy between m-InP; and
G, m-BN or Ni is calculated by the following formula

Er = E — (B, + Ey) (1)
where E;, E, and E; denote the energy of isolated system 1, isolated system 2, and the
corresponding combined system, respectively. The electron density difference between the
two-isolated systems and the combined system is performed according to the following
formula

Ap = p— (o1 + po) )
where the electron densities of p;, o, and p, are averaged over the planes parallel to the

4
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interface. Through the electron density difference analysis, the electron transfer and
redistribution along the Z-direction normal to the interface is obtained.

The SBH between m-InP; and metallic G or Ni is calculated according to the
Schottky—Mott rule to evaluate the contacting characters of the interfaces. The SBH for
electrons (®,) is defined as

b, = Ecpm — Ef (3)
and that for holes (@) is defined as

D, = Er — Evpu 4)
where Ef is the Fermi level, and Ecgy and Eygy are the conduction band minimum and the

valence band maximum of the semiconductor, respectively.

Table 1 Equilibrium interface distance (d/A) and formation energy per unit cell (E¢/eV) for the

six systems, by combining m-InP; with G, m-BN or Ni.

m-InP;@ m-InP;@m- m-InP;@ m-InP;@m-B m-InP;@m-B m-InP;@G@
G BN Ni N@G N@Ni Ni
d 3.31 3.25 1.77 3.18 3.06 3.12
dy 3.54 2.08 2.07
Egq -0.70 -0.76 -7.98 -0.84 -1.18 -1.11
Ep -0.83 -3.38 -2.39

3. Results and discussion

The stacking configurations of m-InP; in direct contact with G, m-BN or Ni are shown in Fig.
1, as well as those with a buffer layer of G or m-BN in between. We denote these
configurations as m-InP;@G, m-InP;@m-BN, m-InP;@Ni, m-InP;@m-BN@G,
m-InP;@G@Ni and m-InP;@m-BN@Ni, respectively. The separations of interface are
denoted by d; and d,. For m-InP;, the optimized lattice constant is 7.56 A, consistent with
previous theoretical result?>. For all six systems, the lattice constant of m-InP; is constantly
kept to be 7.56 A, while the 3x3x1 supercells of m-BN, G, and (111) surface slab of Ni are

slightly extended to match the 1x1x1 primitive cell of m-InP;. As a result, the mismatch is
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less than 1%. To investigate effects of defects on the contacting character, intrinsic P- and

In-vacancy are introduced in 2x2%1 supercell of m-InP;.

(c) m-InP;@Ni

(f) m-InP;(@m-BN@Ni

Fig. 1 Schematics of the m-InP; combined with (a) G, (b) m-BN, (c) Ni, (d) m-BN and G, (e)

G and Ni, and (f) m-BN and Ni. The separations of interface are denoted by d, and d,.

3.1. m-InP;@G, m-InP;@m-BN and m-InP;@Ni

As listed in Table 1, for the m-InP;@G, m-InP;@m-BN and m-InP;@Ni systems, the
optimized interfacial distances are 3.31 A, 3.25 A, and 1.77 A, with the corresponding
formation energies being —0.70 , —0.76 and —7.98 eV, respectively. These results suggest
weak interaction between m-InP; and G or m-BN, but strong bonding interaction between
m-InP; and Ni. Also, the interfacial interaction in the m-InP;@G system is slightly weaker

than that in m-InP;@m-BN.
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Fig. 2 Spin-polarized band structures of m-InP;@G, m-InP;@m-BN and m-InP;@Ni. Blue
dash lines indicate Fermi level, and red dots represent the band structures projected on m-InP;,

while the dot size denotes the weight.

Computed spin-polarized band structures of m-InP;@G, m-InP;@m-BN and m-InP;@Ni
are shown in Fig. 2. The red dots represent the band structures projected on m-InP;. From Fig.
2(a)—~(d) one can see that in the m-InP;@G and m-InP;@m-BN systems, m-InP; and m-BN
retain semiconducting character, and G keeps semimetallic character with the Fermi level
through the Dirac point. In m-InP;@G, according to the Egs. (3) and (4), the SBH of 0.38 and
0.23 eV for electrons and holes are obtained from the band alignments, respectively, as shown
in Fig. 2(a) and (b). In the m-InP;@Ni system, the band structure projected on Ni is
spin-polarized. Due to strong interaction with Ni, m-InP; is metalized and its band structure
shows partial spin-polarized character (see Fig. 2(e)—(f)). Due to different coupling intensity,

the interface between m-InP; and G is p-type Schottky contact, whereas the contact between
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m-InP; and Ni is generally Ohmic. The difference in the coupling intensity is consistent with
the different interfacial distances and formation energies for the three interfaces discussed
above. Fig. 2(e) and 2(f) show that near the Fermi level, the electronic states of spin-up
channel are mainly contributed from m-InP;, while those of spin-down channel are dominated
by Ni. Thus, although the direct contact between m-InP; and Ni leads to the metallization of

m-InP;, the conducting character of the interface is still weak.

2 A — 2 —
(a) m-InP3@G withdi =15.0 A (b) m-InP3@G with di =3.31 A
‘ | M«,\ ‘
[72)
@
a (o]
y W
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Fig. 3 Computed spin-polarized PDOS, for m-InP; being in contact with G, m-BN or Ni with
interfacial distance of 15 A and with optimized interfacial distance, respectively. In panels (a)
and (b) the marked SBH are extracted from the band structure alignments of Fig. 2(a), 2(b)
and Fig. S1 (ESI) by Egs. (3) and (4).

In order to comparatively investigate the effects of contacts on electronic structures,

especially on band alignment and the Fermi level pinning, the spin-polarized partial density of
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states (PDOS) of m-InP;@G, m-InP;@m-BN and m-InP;@Ni at the optimized interfacial
distances are presented in Fig. 3, together with those at the interfacial distance of 15 A. This
distance is long enough to neglect the interfacial interaction. To show the quantitative
changes of contacting characters with the interface distances, in the PDOS of Fig. 3(a) and
3(b), we marked the SBH extracted from Fig. 2(a), 2(b) and Fig. S1 (ESI) by Egs. (3) and (4).
It can be seen from Fig. 3(a) and S1 (ESI) that when the interfacial distance is about 15 A, the
band alignment between m-InP; and G exhibits an n-type Schottky contact, with a barrier
height about 0.23 eV. The interfacial interaction can be neglected, and according to the
Schottky-Mott rule the contacting character is determined by the work-function match.
Nevertheless, with m-InP; contacting with G, the interface becomes p-type Schottky contact
with a barrier about 0.23 eV (Fig. 3(b)). It is worth noting that when m-InP; is in direct
contact with G, the Fermi level shifts toward the valence band of m-InP;. This character
differs from the case of semiconductors in direct contact with typical metals, where the Fermi
level is generally pinned near the conducting band of semiconductors.? 23

In the m-InP;@m-BN system, the band gap of both monolayers also decreases, as shown in
Fig. 3(c)—(d). The optimized interfacial distances listed in Table 1 show that the interfacial
coupling in the m-InP;@G or m-InP;@m-BN is vdW interaction in nature. From the PDOS,
one can see that the effects of the interfacial interaction on the electronic structures are
important. The band gap of the m-InP;, when in contact with m-BN, decreases notably than
that in the contact with G, due to stronger interaction in the former. According to the
work-function match, when m-InP; is in contact with Ni, considering spin-polarized character
of Ni, the spin-up and spin-down channels should be p-type Ohmic and weak p-type Schottky,
respectively. When m-InP; is in direct contact with Ni, m-InP; is metalized, and the n-type
Ohmic contact arises for both spin channels (see Fig. 3(e) and (f)).

To understand the contacting characters from the perspective of electron transfer and
electrostatic potential distribution, the plane averaged electron density difference along
Z-direction (normal to interface) is plotted in Fig. S2 (ESI), together with the plane averaged
electrostatic potential for m-InP;@G, m-InP;@m-BN and m-InP;@Ni, respectively. As shown
in Fig. S2(a) and (b) (ESI), when m-InP; is in contact with G or m-BN, minor electron transfer
occurs from two sides of G or m-BN to the interfacial region near m-InP;. As a result, a weak

9
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dipole layer forms in the interface. In the G and m-BN layers minor electron accumulation
appears. When Ni is in contact with m-InP;, major electron transfer from Ni to m-InP; results
in the substantial interface bonding, while a strong dipole layer forms in the interface, as
shown in Fig. S2(c) (ESI). The 3D charge density difference (Fig. S4 of ESI) gives more
detailed electron transfer redistribution as the interface forms. The plane averaged
electrostatic potential in Fig. S2(d)—(f) (ESI) indicates that the Fermi levels of the three
systems are higher than the maximum of electrostatic potentials in the interfaces, suggesting
no electrostatic-potential barrier for electron tunneling through the interface.

From above description one can see that when m-InP; is in contact with G, m-BN and Ni,
the contacting characters at the interface are determined not merely by work-function match.
Electron transfer and the associated dipole layer and interlayer bonding at the interface also
play important roles on the contacting characters. In particular, according to the work function
match, it is expected that the m-InP; in contact with G should be n-type Schottky interface.
However, the strong interfacial dipole results in a p-type Schottky contact. This unexpected
result leads to complexity and uncertainty in selecting and design of electrode materials. In
order to make the contacting characters more sensitive to work function, either m-BN or G is

examined as an inserting layer to greatly weaken the influence of interfacial interaction.

3.2. Effects of inserting a buffer layer: m-InP;@m-BN@G, m-InP;@m-BN@Ni and
m-InP;@G@Ni
Spin-polarized band structures and PDOS of m-InP;@m-BN@G, m-InP;@G@Ni and
m-InP;@m-BN@Ni are presented in Fig. 4. Clearly, in the m-InP;@m-BN@G system, m-InP;
and m-BN retains semiconducting character and G keeps semi-metallic quantity. The
interface between m-InP; and G is n-type Schottky contact with a barrier about 0.21 eV. This
conducting character is quantitatively consistent with that predicted from the work function
match (Fig. 3(a) and Fig. S1 of ESI), indicating that m-BN, a vdW inserting layer, can
effectively remove the interfacial coupling between m-InP; and G.

As discussed in Section 3.1, chemical bonding leads to the metallization of m-InP; in the
system of m-InP;@Ni. In general, despite of metallization, the Schottky barrier would transfer
to the interface between the metalized complex of m-InP;@Ni and the m-InP; in the channel

10
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of device?®?. To remove interfacial bonding and avoid the transfer of Schottky barrier, buffer
layer like G or m-BN can be inserted into the interface between m-InP; and Ni. Different from
the direct contact with Ni, in both m-InP;@m-BN@Ni and m-InP;@G@Ni systems, m-InP;
retains semiconducting character, as shown in Fig. 4(b) and (c). Due to the interaction
induced by the direct contact with Ni, both m-BN and G are now metallized in various
degrees. Therefore, in these two systems, the contacting characters of the interfaces are
determined not only by the work function, but also by interfacial coupling between Ni and the
inserting layer, differing from the case of m-InP;@m-BN@G. As such, n-type Ohmic contacts
are achieved in spin-up and spin-down channels, as shown in Fig. 4(b) and (c). However, near
the Fermi level in spin-up channel, the PDOS contributed from Ni is little. Therefore, the
contacting characters of the m-InP;@m-BN@Ni and m-InP;@G@Ni systems are dominated

by n-type Ohmic contacts in spin-down channel.

Energy (eV)

e
P3@G@Ni »
AR .

gy (eV)

Ener

Energy (eV)
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Fig. 4 Spin-polarized band structures and PDOS for (a) m-InP;@m-BN@G, (b)
m-InP;@G@Ni and (c¢) m-InP;@m-BN@Ni. In the band structures, red dots represent the
band projected on m-InP; and the dot size denotes the weight. In PDOS, the black, blue and
red lines denote the contribution from G or Ni, the inserted layer m-BN or G, and m-InP;,
respectively.

The effects of inserting a buffer layer on the contacting characters of the
m-InP;@m-BN@G, m-InP;@m-BN@Ni, and m-InP;@G@Ni systems can be understood by
analyzing their plane averaged electron density difference and plane averaged electrostatic
potential. For the m-InP;@m-BN@G system, a dipole layer forms in the interface between
m-InP; and m-BN, as in the case of m-InP;@G or m-InP;@m-BN system. An obvious
difference from the m-InP;@m-BN@G system is that minor electron accumulation appears
near G in the m-InP;@m-BN@G system, as shown in Figs. S3(a) and S4(d). Thus, the G layer
in m-InP;@m-BN@G almost keeps the same electronic structure, and the band alignment in
the interface can be determined by the work-function match between m-InP; and G. For the
m-InP;@m-BN@Ni system, two regions of electron accumulation arise in the interface
between m-InP; and m-BN. Between the two regions, an electron-depletion region appears.
Consequently, two dipole layers with opposite dipole direction are formed and their
influences are substantially offset by one another®?-3. In the interface between m-BN and Ni,
there is a notable electron-depletion region next to m-BN, and two notable accumulation
regions are close to the Ni layer. This major electron transfer to Ni layer leads to notable
decrease of the work function of the Ni layer. The electron transfer character in the
m-InP;@G@Ni system is similar to that in the m-InP;@m-BN@Ni system, as shown in Fig.
S3 and S4 (ESI).

From the above discussion one can conclude that in m-InP;@m-BN@G, inserting an m-BN
layer can keep electronic structures of G and m-InP; as their pristine ones, and electron
transfer between G and m-BN can be negligible. Therefore, the Fermi level pinning between
m-InP; and G is removed, and the band alignment between them is only determined by their
work-function match. In the m-InP;@m-BN@Ni and m-InP;@G@Ni systems, the
introduction of m-BN or G layer makes electronic structures of m-InP; as the pristine one, but
the electron transfer from m-BN or G to Ni clearly reduces the work function of Ni. Thus, the

12
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band alignment between m-InP; and Ni depends weakly on their work-function match.
Despite of this weak dependence, we find that the contacting performance of the interface

between m-InP; and Ni is markedly improved by inserting a buffer layer of m-BN or G.
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Fig. 5 Spin-polarized band structures of m-InP;@G, m-InP;@Ni, m-InP;@m-BN@G and
m-InP;@m-BN@Ni with P-vacancy defect (VP). The red dots represent the projected band on

m-InP; and the dot size denotes the weight.

3.3. Effects of P- and In-vacancy defects for m-InP; @G, m-InP;@Ni, m-InP;@m-BN@G
and m-InP;@m-BN@Ni
As is known, intrinsic vacancy defects are ubiquitous during the material preparation and
device assembly?’- *2, Formation energies of 1x1, 2x2 and 3x3 supercells of m-InP; with
P-vacancy and In-vacancy defects (denoted as VP and VIn, respectively) are listed in Table
S1, and the evolution of the band structures is presented in Fig. S5 (ESI). Here, effects of P-
and In-vacancy defects on the electronic structures and contacting characters of the interfaces
in the four systems, m-InP; @G, m-InP3;@Ni, m-InP;@m-BN@G and m-InP;@m-BN@Ni, are
investigated. Considering the changes of electronic structures with different supercell sizes,
only the 2x2 supercell of m-InP; with VP and VIn is employed in the four systems. Their
spin-polarized band structures and PDOS are presented in Figs. 5 and S6, respectively.

Fig. 5(a), (b), (e) and (f) show that the interface of the m-InP;@G system with VP is n-type

13
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Schottky contact with a barrier of ~0.08 eV. When m-BN is inserted into the interface, the
contact turns into an n-type Ohmic one. Thus, compared to the system without the defect,
introducing P-vacancy is favorable to electron injection from G to m-InP; in m-InP;@G and
m-InP;@m-BN@G.

Fig. 5(c) and (g) indicate that in m-InP;@Ni and m-InP;@m-BN@Ni with VP, although the
spin-up channels are Ohmic, electron injection efficiency should be low due to the weak
electronic states of Ni near the Fermi level, which can be clearly seen from PDOS in Fig.
S6(d) (ESI). Fig. 5(d) and (h) show that spin-down channels of m-InP;@Ni and
m-InP;@m-BN@Ni with VP are also Ohmic. However, it is noted that the contribution from
spin-down state of m-InP; in the former system is weak near the Fermi level, and thus the
carrier injection efficiency is low. Considering the essential contribution of m-InP; and Ni to
spin-down state near the Fermi level in the m-InP;@m-BN@Ni system with VP, we can draw
a conclusion that introduction of the P-vacancy defect and inserting m-BN sheet can facilitate

electron injection from Ni to m-InP; in the spin-down channel.
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Fig. 6 Spin-polarized band structures of m-InP;@G, m-InP;@Ni, m-InP;@m-BN@G and
m-InP;@m-BN@Ni with In-vacancy defect (VIn). The red dots represent the projected band

on m-InP; and the dot size denotes the weight.

Here we discuss the difference in the band structures contributed from m-InP; in both
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m-InP;@m-BN@G and m-InP;@m-BN@Ni systems with VP. In both systems, the band
alignments are similar to each other. However, in m-InP;@m-BN@Ni, although there is an
inserting buffer layer of m-BN, the projected band structures on m-InP; differ from those in
m-InP;@m-BN@G. This difference can be attributed to the indirect effect of Ni. As disclosed
by PDOS in Fig. S6 (ESI), in m-InP3;@m-BN@Ni with VP, due to the interaction with Ni, the
electronic structure of m-BN is clearly changed. This further induces changes of electronic
structures of m-InP; in m-InP;@m-BN@Ni. Thus the m-InP; with VP in m-InP;@m-BN@Ni
exhibits different band structures from that in m-InP;@m-BN@G.

Fig. 6 and S7 present the spin-polarized band structures and the corresponding PDOS of
m-InP;@G, m-InP;@Ni, m-InP;@m-BN@G and m-InP;@m-BN@Ni with In-vacancy
defects, respectively. The contacting character in the interface of m-InP;@G is an n-type
Schottky contact with a barrier about 0.01 eV. It transfers to an Ohmic contact with a buffer
layer of m-BN, as shown in Fig. 6(a), (b), (¢) and (f). When m-InP; is in direct contact with
Ni, m-InP; is metallized in various degrees in spin-up and spin-down states. Near the Fermi
level, for spin-up states, the contribution from Ni is very weak while for spin-down state the
contribution from m-InP; is weak, as shown in Fig. 6(c), (d) and S7(b). Therefore, the
interface of m-InP;@Ni with In-vacancy defect should exhibit weak conducting character,
similar to the case of m-InP;@Ni with P-vacancy defect. When m-BN is inserted into the
interface of m-InP;@Ni with In-vacancy defect, the effect of Ni on the electronic structure of
m-InP; can be neglected, as shown in Fig. 6(g) and (h). Because the contribution from spin-up
states of Ni near the Fermi level is weak, electron injection through the interface is dominated
by spin-down channel in m-InP;@m-BN@Ni with In-vacancy defect. In addition, the
contacting performance of the interfaces in the m-InP;@G, m-InP;@Ni, m-InP;@m-BN@G
and m-InP;@m-BN@Ni systems with VP and VIn can be further evaluated by analyzing
electron density difference and electrostatic potential distribution, as shown in Figs. S8 and

S9.

4. Conclusions
In this work, we have studied electronic structures of m-InP; in direct contact with G, m-BN
or Ni by using first principles calculations. Our focus is placed on tuning the contacting

15



Physical Chemistry Chemical Physics

characters (including band alignment) by inserting buffer layers and by introducing intrinsic
vacancy defects in the interfaces. Consistent with many previous studies, we find that the
contacting characters of the m-InP; in direct contact with G or Ni cannot be described by the
Schottky-Mott rule. In direct contact with G, a p-type Schottky contact occurs, but not an
n-type contact as predicted by the Schottky-Mott rule. In direct contact with Ni, the
contacting character is n-type Ohmic due to the metallization of m-InP; through the interfacial
bonding. Nevertheless, the low overlap of electronic states of Ni and m-InP; near the Fermi
level in spin-up and spin-down channels may lead to low electron-injection efficiency from
Ni to m-InP;.

To remove the Fermi level pinning and interfacial bonding, either m-BN or G is employed
as the inserting buffer layer. When m-BN is inserted into the interface between m-InP; and G,
a transition from p-type to n-type Schottky contact occurs and the barrier height is consistent
with the prediction of the Schottky-Mott rule, i.e., the Fermi level pining is removed.
However, with inserting m-BN or G into the interface between m-InP; and Ni, an n-type
Ohmic contact arises in spin-down channel, rather than the p-type Schottky contact as
predicted by Schottky-Mott rule. This inconsistency can be attributed to the fact that obvious
electron transfer from the inserting layer of m-BN or G to Ni leads to a decrease of work
function of Ni. Thus, the band alignment between m-InP; and Ni cannot be described by the
work-function match.

To further tune the contacting character of the interface between m-InP; and G or Ni, the
In- and P-vacancy defects along with the buffer layer are introduced to the interface. It is
found that the vacancy defects can induce gap states and obviously lower SBH. Inserting the
buffer layer can weaken the interfacial interaction. Combining both approaches can tune the
band alignment, and the transition from n-type Schottky to Ohmic contacts can be achieved
for m-InP;@G and m-InP;@Ni with In- and P-vacancy defects. Thus, the contacting
characters of the interfaces can be improved substantially.

Our results provide deeper insights into the factors such as Fermi level pinning to
determine the band alignment of the interfaces between m-InP; and G or Ni, and the
contacting characters can be improved appreciably by inserting a buffer layer and by
introducing vacancy defects. Knowledge obtained from this study may be used as a guide for
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selecting more effective electrode materials based on 2D m-InP;.
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Ohmic contact in m-InP; and G or Ni interface is achieved by introducing intrinsic defects and
inserting a buffer layer.



