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ABSTRACT

Borophene, the lightest member of mono-elemental 2D materials family, has attracted much attention due to its intriguing polymorphism.
Among many polymorphs, digitally discovered 8-Pmmn stands out owing to its unique tilted-Dirac fermions. However, the property of
interfaces between 8-Pmmn and metal substrates has so far remained unexplored, which has critical importance of its application in any
electronic devices. Here, with the help of density functional theory, we show that the unique tilted-Dirac property is completely lost when
8-Pmmn borophene is interfaced with common electrode materials such as Au, Ag, and Ti. This is attributed to the high chemical reactivity
of borophene as observed from crystal orbital Hamilton population and electron localization function analysis. In an effort to restore the
Dirac property, we insert a graphene/hexagonal-boron-nitride (hBN) layer between 8-Pmmn and metal, a technique used in recent experi-
ments for other 2D materials. We show that while the insertion of graphene successfully restores the Dirac nature for all three metals, hBN
fails to do so while interfacing with Ti. The quantum chemical insights presented in this work may aid in to access the Dirac properties of
8-Pmmn in experiments.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0144328

I. INTRODUCTION

Two-dimensional boron, commonly known as borophene, has
attracted tremendous attention since its first synthesis in 2015.1

Borophene is then widely studied for its promising properties such
as anisotropic electron structure, high thermal conductance,
mechanical compliance, and optical transparency.2–5 Unlike gra-
phene, in these experimental efforts, 2D networks of boron atoms
are found in various polymorphs, which are metallic in nature.
Parallel to these experimental investigations, a number of stable
phases of boron have been computationally predicted over the
years. These phases contain various arrangements of two-
dimensional layers made of boron as well as clusters and symme-
tries. In order to increase the stability of these predicted phases,
various deformations and vacancies have been proposed, and an
inert surface is generally used as a substrate for stability and
extended layer growth.6 The experimental growth of borophene is
initially guided by the investigation of stable 2D boron sheets.7–9

The monolayer of 2D boron was proposed by Wang’s group10,11

after the discovery of the planar hexagonal B36 cluster. Subsequently,
other phases of borophene such as α, β12, δ6, and χ3 have been

studied with a combination of hollow hexagons and triangular lattice
of borophene.12,13 Borophene sheets with different phases have been
grown on Cu,14 Au,15 Ag,16 and Al17 substrates.

It is important to note that while bulk boron is naturally semi-
conducting, the computationally predicted borophene phases
appear in different varieties, including metallic, semiconducting,
and even magnetic.18–20 Among these, the most unique polymorph
is the 8-Pmmn Borophene structure, which exhibits tilted Dirac fer-
mions.21 The unit cell of 8-Pmmn borophene contains eight atoms
belonging to the space group Pmmn, which is highly anisotropic
with two sub-lattices exhibiting ionic features. The orthorhombic
8-Pmmn borophene is one of the energetically stable structures,
having ground state energy lower than that of the α-sheet structures
and its analogs.22 The ionic nature of this phase of borophene has
a significant impact on electronic bandgap, infrared adsorption,
and dielectric constants. The possibility of Dirac cones in boro-
phene opens door to novel opportunities in atomic scale engineer-
ing and leads to interesting electronic and transport properties such
as anisotropic Friedel oscillation, Weiss oscillation in magnetocon-
ductivity, undamped plasmon mode at high energies, oblique Klein
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tunneling, and direction-dependent optical conductivity.22–24 By
varying the intensity of circularly polarized light, the semi-metallic
8-Pmmn borophene phase can be transformed into an insulator
and the topology of the band structure deviates from the usual π
berry phase opening up possibilities to realize photoinduced hall
effect,25 making 8-Pmmn borophene a promising candidate for
applications in optoelectronic devices. The structure also exhibits a
large pseudo-magnetic field and scalar potential under strain,
which can be detected through Landau quantization, Faraday
effect, and quantum valley hall effect and can be applied to valley-
tronics device development.26

Dirac cones are singularities in the spectrum of Hamiltonians
with linear dispersion around discrete points.27 In order to make
the existence of Dirac cones possible, the Hamiltonian should meet
a set of conditions (referred to as von-Neumann Wigner
theorem28) for energy degeneracy. Time-space inversion symmetry
provides an effective constraint on Hamiltonian to match the
number of independent variables to the number of equations. Due
to constraints on symmetry and Hamiltonian parameters, Dirac
materials are rare in nature. Originally, Dirac cones were first
observed and synthesized in graphene’s two-dimensional honey-
comb lattice.29–31 Symmetry properties of this structure lead to
gapless points in the band structure where conduction and valence
bands meet in a cone shape, which induces electronic excitations
called massless Dirac fermions. This leads to fractal quantum hall
effects,32–34 ballistic charge transport,35 ultrahigh carrier mobility,36

and other interesting properties.37,38 Subsequently, Dirac nature
was identified in several materials such as silicene, germanene,39

some kinds of graphyne,40,41 and other composite systems.21,42,43

However, interfacing borophene with metals is a prerequisite
for practical device applications. Due to the atomic scale thickness of
2D materials, the metal–2D interface may significantly influence the
device’s performance. Therefore, understanding borophene–metal
interactions are essential for fabricating borophene-based devices.
Since the experimental realization of single-layer graphene, several
works have been reported on the study of interactions between gra-
phene and different metal surfaces.44–50 It was shown that graphene
forms physisorption interfaces with some metals (Au, Cu, and Ir) in
which the Dirac properties of graphene remains preserved.51 In con-
trast, graphene is chemisorbed on some metals (Ni, Co, Ru, Pd, or
Ti), resulting in the loss of its Dirac nature.51 Such studies on gra-
phene–metal interfaces helped facilitate possible ways to control the
interface interactions in graphene-based devices. However, the inter-
facial properties of metal–borophene still remain elusive.

In this work, we use first principles-based simulations to under-
stand the geometrical and electronic properties of 8-Pmmn boro-
phene contacted with some metals (Au, Ag, and Ti) and 2D
materials (graphene, hBN, and MoS2). We found that borophene is
physisorbed on the 2D materials; hence, its Dirac nature remains
preserved. However, unlike graphene, borophene forms chemisorbed
interfaces with all three metals, disrupting Dirac nature. From crystal
orbital Hamilton population (COHP) and electron localization func-
tion (ELF) studies, we found that 8-Pmmn borophene is more reac-
tive than graphene, resulting in strong chemical reactions with the
metal surfaces. Such chemical interactions between metal and boro-
phene layers can be shielded by inserting single-layer graphene or
hBN, leading to the restoration of Dirac nature.

II. COMPUTATIONAL METHODS

The initial guess geometries of the interfaces were created
using the interface builder module of QuantumATK.52,53 To build
the metal–borophene heterostructures, six layers of <111> cleaved
surfaces of Au, Ag, and <0001> cleaved surface of Ti were used.
To create an interface of borophene with metals and other 2D
materials, the nonstrained supercells of the two surfaces were first
created. Then, the borophene supercell was rotated to align the
Bravais lattice vectors of the two surfaces and, finally, strain was
applied on borophene to match the aligned supercells. The super-
cell size should be increased to reduce the strain. In experiments,
when one material is deposited onto a substrate, by default, it
aligns in the direction containing least strain with the substrate.
As the experimental structures consist of thousands of atoms, the
strain between the interfaces is usually below 0.5%. However, due
to the huge computational cost, it is difficult to achieve the experi-
mental strain. In this work, the applied strain was maintained
near 2% so that there is no significant alternation of electronic
properties and also the number of atoms remains below 200, which
is feasible for further computations. To build buffer-inserted heter-
ostructures, the interfaces between metal and buffer layers were
first created and the borophene structure was then interfaced with
the formed buffer (graphene/hBN)–metal surfaces. All the details
regarding the interface building, including the supercell size,
surface rotation angle, applied strain, and total number of atoms
are given in Table S1 in the supplementary material. A vacuum
layer of 20 Å was added to eliminate interaction between two peri-
odic replicas. Ground state geometries of the formed heterostruc-
tures were then obtained by minimizing their energies using
density functional theory (DFT). DFT calculations were performed
using the projected augmented wave method54 implemented in
Vienna Ab initio Simulation Package (VASP).55,56 Generalized gra-
dient approximation with Perdew–Burke–Ernzerhof57 functional
and van der Waals correction proposed by the Grimme DFT-D3
method with Becke–Johnson damping58,59 have been used.
Geometric relaxations were performed at the gamma point, and for
electronic density of states calculations, 60a � 60

b � 1 k-mesh is used,
where a, b, and c are lattice dimensions. A cut-off energy of 520 eV
was used. The Gaussian smearing method with a smearing width
of 0.05 eV was used. As self-convergence criteria, the energy differ-
ence in successive iterations was set to 10−6 eV. The geometry was
optimized until the force on every atom fell below 0.05 eV/Å.
Dipole correction was applied to eliminate the pseudo-interaction
of dipole moments due to the periodicity in the z-direction. During
geometry relaxations, the atoms in the three layers of metal toward
the borophene or buffer layer were allowed to change positions,
whereas the three metal layers toward the vacuum side were fixed.
For the structural visualization and charge isosurface plot, VESTA
is used.60

III. RESULTS AND DISCUSSIONS

A. 8-Pmmn borophene vs graphene

The crystal structure of 8-Pmmn borophene contains two sub-
lattices with four boron atoms each. These sublattices comprise two
types of non-equivalent boron atoms within the orthorhombic unit
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cell referred to as ridge and inner atoms.6 The two sublattices could
contain different physical and chemical properties as indicated by
their local environment. The top view and side view images of the
structure are shown in Fig. 1(a) with different coloration for two
sublattices. The lattice parameters are mentioned in the figure
caption. From previous studies,6 we know that there is a charge
transfer from inner to ridge atoms making 8-Pmmn borophene a
single-element-based 2D material that, being covalent, exhibits
ionic nature. The inner atoms of 8-Pmmn borophene form an
underlying hexagonal structure, which is topologically equivalent to
uniaxially strained graphene, characterized by the π berry phase. It
has been further reported that these inner atoms in the buckled
geometry, which form the hexagonal network, directly contribute
to the Dirac cones in the band structure. The orbital contributions
to the band structure of 8-Pmmn pristine borophene are shown in
Fig. S1 in the supplementary material, and it can be seen that s and
p orbitals are completely hybridized. The ionic bonding between
inner and ridge atoms forms anisotropic triangular lattice and
induces out-of-plane buckling.25,61 The coupling and buckling
between two sublattices and the vacancy give rise to the energetic
and structural stability as well as tilted anisotropic Dirac cones.

As graphene is a well-known and originally identified Dirac
material with several potential applications, we compare the proper-
ties of 8-Pmmn borophene with graphene in terms of COHP62 and
ELF.63 COHP analysis partitions the band structure energy in terms
of orbital-pair contributions based on the tight binding approach
into bonding, non-bonding, and anti-bonding contributions. The
interaction between two orbitals is described by the corresponding

Hamiltonian matrix element. The product of this term with the
density of states gives bonding strength as the product lowers, indi-
cating bonding, or raises, indicating anti-bonding energy. Bonding
and anti-bonding interactions are represented by negative and posi-
tive values of the COHP, while the non-bonding interactions are
indicated by zero values of the COHP. In order to perform the
chemical bonding analysis, the Hamilton and overlap matrix ele-
ments have to be reconstructed using auxiliary atomic orbitals. This
information is projected from plane waves using projected COHP
analysis.64 This pCOHP technique is implemented in the Local
Orbital Basis Suite Towards Electronic-Structure Reconstruction
(LOBSTER) program.65 The projected COHP analysis shown in
Fig. 1(b) is plotted with Fermi level as the reference (EF = 0 eV). It
can be seen that there are more anti-bonding states near the Fermi
level for borophene compared to graphene, which indicates weaker
bonds in borophene. This makes borophene more reactive than gra-
phene considering the COHP as a metric for comparison.

ELF plots for graphene and borophene are shown in Fig. 1(c).
ELF is an intuitive tool that allows for visualization of lone pairs
and bonding pairs that are usually localized in certain regions of
the molecule. It gives an insight into chemical bonding based on
the topological analysis of local quantum mechanical functions
related to the Pauli exclusion principle.66 ELF can have several
maxima. The positions of these maxima are called acceptors. These
acceptor positions indicate where the electrons are localized. The
value of ELF lies between 0 and 1. ELF = 1 indicates perfect locali-
zation, and ELF = 0.5 indicates homogeneous free electron gas. It
can be observed from Fig. 1(c) that graphene has two peaks at
0.724; however, borophene has a peak at 0.68. The lower value of
the electron localization peak indicates that borophene is more
reactive compared to graphene, corroborating with the results of
the COHP.

B. Metal–borophene interface

To evaluate the electronic properties of 8-Pmmn borophene-
metal systems, borophene is interfaced with three metals Au, Ag,
and Ti that are most commonly used as electrode materials. Due to

FIG. 1. (a) Top and side views of 3 × 3 × 1 supercell of 8-Pmmn borophene.
The lattice parameters are a = 3.26 Å, b = 4.52 Å, and h = 2.19 Å. The inner and
ridge atoms are denoted by blue and green atoms, respectively. (b) Crystal
orbital Hamilton population (COHP) analysis and (c) electron localization func-
tion (ELF) plot for graphene and 8-Pmmn borophene.

FIG. 2. Top and side view images of crystal structures of interfaces of 8-Pmmn
borophene with metals (Au, Ag, and Ti), graphene, hexagonal boron nitride
(hBN), and MoS2.
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partially filled d-orbitals, Ti is more reactive compared to Au and
Ag. Most of the 2D materials are usually physiosorbed on Au and
Ag, while chemisorbed on Ti. The relaxed geometries of the metal–
borophene interfaces are shown in Fig. 2. The structure of

borophene slightly distorts while interfacing with Au and Ag.
However, for Ti, there is a strong distortion in the borophene struc-
ture. The average vertical distance (d1) between the top layers of
borophene and the bottom layers of metals and binding energies
are listed in Table I. The average interlayer distances are compara-
ble with the sum of covalent radii of the metal and borophene
atoms, implying the formation of chemical bonds between them.
The average binding energy is defined as follows:

EB�M
b ¼ EB�M � EB � EM½ ��N , (1)

where EB�M , EB, and EM denote the total energies of borophene–
metal systems, pure boron, and pure metal surfaces, respectively.
N is the number of atoms in the top layer of borophene in
direct contact with metal atoms. Table I shows that among the
metal–borophene interfaces, the binding energy for Ti is the most
negative and the interlayer distance is the shortest for Ti, making
it the most reactive to borophene. The projected band structures
of borophene on the three metal interfaces are depicted in Fig. 3.
The corresponding Brillouin zones and projected density of states
for borophene are shown in Fig. S2 in the supplementary mate-
rial. The Dirac nature of borophene is entirely destroyed on all

TABLE I. Interlayer properties of 8-Pmmn borophene–metal (Au, Ag, and Ti); boro-
phene–2D materials (graphene/hBN/MoS2); borophene–graphene–metal (Au/Ag/Ti)
and borophene–hBN–metal heterostructures. d1, d2, and d3 are the average vertical
distances between metal (/2D materials)–borophene (Fig. 2), metal–graphene(/hBN)
(Fig. 4), and graphene(/hBN)–borophene (Fig. 4), respectively. Eb is the average
binding energy calculated using Eqs. (1)–(3).

B interface C–B interface hBN–B interface

d1
(Å)

Eb
(eV)

d2
(Å)

d3
(Å)

Eb
(eV)

d2
(Å)

d3
(Å)

Eb
(eV)

Au 2.29 −0.76 3.23 3.18 −0.34 3.12 3.06 −0.34
Ag 2.2 −0.63 3.18 3.29 −0.34 3.16 3.18 −0.35
Ti 2.11 −2.8 2.07 3.19 −1.34 2.11 2.68 −1.57
C 3.29 −0.114 … … … … … …
hBN 3.28 −0.105 … … … … … …
MoS2 3.08 −0.14 … … … … … …

FIG. 3. Projected band structure of borophene interfaced with metal (Au, Ag, and Ti), graphene, hBN, and MoS2. The Fermi level is at 0 eV. Energy is plotted with respect
to kA. kB and kC values are 0 for interfaces with Au, Ag, Ti, and graphene. kB = 0.375, kC = 0 for borophene–hBN interface and kB = 0.292, kC = 0 for borophene–MoS2
interface.
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three metals implying the chemisorption of borophene on all the
metal surfaces. However, it was reported that graphene’s Dirac
nature is preserved on Au and Ag due to physisorption. This dif-
ference can be explained by the higher chemical reactivity of bor-
ophene obtained from COHP and ELF analysis.

C. Interface with 2D materials

We further extended the study to evaluate borophene’s geo-
metrical and electronic properties with commonly used 2D materi-
als such as graphene, hBN, and MoS2. The relaxed geometries of
these interfaces are shown in Fig. 2. Unlike metal–borophene inter-
faces, no such structural deformations are observed in the boro-
phene layer in 2D heterostructures. The interlayer distances (d1)
between borophene and other 2D materials are 3.0–3.5 Å (Table I),
which are much higher than borophene–metal distances. The
binding energies are also significantly lower compared to metal–
borophene interfaces. These large interlayer distances, structural
uniformity, and lower binding energies indicate the van der Waals
interaction between borophene and graphene (/hBN/MoS2), result-
ing in physisorption.

Projected band analysis shows that borophene’s Dirac nature
is preserved on the surfaces of all three 2D materials (Fig. 3). While
calculating the band structures, we found that in some cases, the

FIG. 4. Top and side view images of crystal structures of 8-Pmmn borophene–
graphene–metal (Au/Ag/Ti) and 8-Pmmn borophene–hBN–metal (Au/Ag/Ti) interfaces.

FIG. 5. Projected band structure of borophene for 8-Pmmn borophene–graphene–metal (Au/Ag/Ti) and 8-Pmmn borophene–hBN–metal (Au/Ag/Ti) structures. The Fermi
level is at 0 eV. Energy is plotted with respect to kA. kB = 0.125, kC = 0 for Au–hBN–borophene structure and kB =0, kC = 0 for all other structures.
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Dirac points of borophene did not appear along the k-paths contain-
ing high symmetry points. Therefore, first, we have calculated the
projected density of states to check the presence of the Dirac point in
borophene and find out the k-paths containing Dirac points. The
projected energy bands are then evaluated along the k-path. For hBN
and MoS2-based heterostructures, the Dirac points appear along
the path joining the k-points having fractional coordinates
(−0.2,0.375,0)→ (0.5,0.375,0) and (0,0.292,0)→ (0.25,0.292,0). Along
these paths, the coordinates of k-points along kB and kC directions
remain the same. Therefore, the band structures are plotted with
respect to one direction of the Brillouin zone (kA), whereas the other
two directions (kB and kC) have constant coordinates in each case.
The corresponding Brillouin zones and projected density of states for
borophene are shown in Fig. S3 in the supplementary material.

D. Buffer layer insertion

Due to the physisorption of borophene on the graphene and
hBN surfaces, sandwiching a graphene or hBN layer between the
metal and borophene may screen the strong chemical interactions
and restore the semi-metallic nature of borophene. Graphene and
hBN have already been used as buffer layers in metal–2D semicon-
ductor interfaces due to their atomic thickness, easy deposition,
and van der Waals interactions with most 2D materials.67–69

Several theoretical and experimental studies demonstrated the
reduction in the Schottky barrier heights and Fermi-level depinning
in graphene-inserted MoS2–metal interfaces.70–72 Recently, gra-
phene and hBN insertion in the metal interfaces of emerging semi-
conducting 2D materials other than MoS2 have also been
explored.73,74 It was reported that graphene and hBN could prevent
the metallization of the metal-contacted 2D semiconductors and
create vertical Schottky barriers whose heights can be varied by
changing the metal electrodes. Inspired by these studies, we have
attempted to determine the consequence of graphene and hBN
insertion between borophene and the three metal (Au, Ag, and Ti)
surfaces.

The relaxed geometries of these interfaces are shown in Fig. 4.
No structural deformation is observed in the borophene layer for
all the three-graphene inserted heterostructures. The interlayer dis-
tances between the graphene and borophene layers for these heter-
ostructures are comparable to van der Waals distances implying
weak chemical interactions between these two layers. In the case of
the Ti–graphene–borophene structure, the interlayer distance
between Ti and graphene is much lower and the binding energy is
more negative compared to the corresponding graphene-inserted
Au and Ag based heterostructures (Table I). The binding energies
are evaluated as follows:

EB�C�M
b ¼ EB�C�M � EB � EC � EM½ ��N , (2)

EB�hBN�M
b ¼ EB�hBN�M � EB � EhBN � EM½ ��N , (3)

where EB�C�M , EB�hBN�M , EB, EC , and EM denote the total energies
of borophene–graphene–metal systems, borophene–hBN–metal
systems, pure boron, pure graphene, and pure metal surfaces,
respectively. N is the number of atoms in the top layer of boro-
phene in direct contact with graphene or hBN atoms.

Due to the high chemical reactivity of Ti, graphene is chemi-
sorbed on Ti while physisorbed on Au and Ag. However, the chem-
isorption of graphene does not significantly impact the geometry
and electronic properties of borophene. Projected bands (Fig. 5)
show that for all three graphene inserted heterostructures, the Dirac
nature of the 8-Pmmn borophene is preserved, indicating that gra-
phene can successfully shield the chemical reaction between the
metal and borophene. Due to the loss of symmetry, while making
the interface, we observed multiple Dirac-like points along the BZ
(Fig. 5). However, it is difficult to identify the exact Dirac point

FIG. 6. Top and side views of structures showing charge density difference
for metal (Au/Ag/Ti)–borophene, metal (Au/Ag/Ti)–graphene–borophene, and
metal (Au/Ag/Ti)–hBN–borophene structures. The blue regions represent the
electron depletion, and yellow regions represent the electron accumulation.
The isosurface values for Au, Ag, and Ti structures are 0.09, 0.065, and 0.05,
respectively.
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corresponding to the pristine 8-Pmmn phase borophene. The Dirac
points, however, are shifted with respect to the Fermi level. Even if
the strong chemical reactions of borophene and metal are screened
by graphene, some charge transfers are between borophene and gra-
phene layers, resulting in the shifting of Dirac points. As graphene is
chemisorbed on Ti, the Dirac property of graphene is lost, and

graphene is completely metalized. The projected band structures of
graphene for these three metals (Au/Ag/Ti)–graphene–borophene
structures are given in Fig. S4 in the supplementary material.

Now, we use hexagonal boron nitride (hBN) as a buffer layer
between the metal–borophene interface to analyze how borophene’s
Dirac behavior is affected. These crystal structures are shown in

FIG. 7. Average effective potential vs z-axis position for (a) borophene–Ag interface and (b) borophene–graphene–Ag interface. Effective tunnel barrier height is calculated
as wTB ¼ Vgap � EFermi . (c) Tunnel barrier heights for different interfaces. The black squares represent wTB in borophene–metal (Au/Ag/Ti) structures. The blue circles,
red triangles, and green rhombuses represent wTB in borophene–graphene–metal, borophene–hBN–metal, and borophene–2D material (graphene/hBN/MoS2) structures,
respectively.
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Fig. 4. Table I shows that the interlayer distances between metal–
hBN and hBN–borophene layers are between 3.0 and 3.5 Å in the
case of Au and Ag. The large interlayer distances and structural
uniformity (Fig. 4) indicate van der Waals interactions between
Au/Ag–hBN and hBN–borophene. Interlayer distances and binding
energies suggest that, like graphene, hBN is chemisorbed on Ti.
However, unlike graphene, the chemisorption of hBN results in a
strong chemical interaction with borophene. Figure 4 shows that
the borophene structure is distorted in the Ti–hBN–borophene het-
erostructure. The interlayer distance between hBN and the boro-
phene layer is also reduced to 2.68 Å, much lower than the van der
Waals distance. Interestingly, the Ti–hBN and borophene interface
results in boron (hBN)–boron (borophene) bonding. The projected
band structures (Fig. 5) show that the Dirac nature of borophene is
preserved in the case of Au–hBN–borophene and Ag–hBN–boro-
phene heterostructures. However, multiple Dirac-like points are
observed for these structures similar to the graphene-inserted het-
erostructures explained earlier (Fig. 5). For Ti–hBN–borophene,
the Dirac point is lost and borophene becomes completely metal-
ized. The density of states plots projected on borophene and the
corresponding Brillouin zones for metal (Au/Ag/Ti)–graphene–
borophene and metal (Au/Ag/Ti)–hBN–borophene structures are
shown in Figs. S5 and S6 in the supplementary material.

E. Charge transfer analysis

The chemical reactions across the interfaces are further evalu-
ated by the charge transfer analysis. The isosurface plots of the
charge density in metal–borophene, metal–graphene–borophene,
and metal–hBN–borophene heterostructures are shown in Fig. 6.
Isosurface values are kept constant for each metal, which are men-
tioned in the figure caption. When borophene is directly contacted
with metals, significant charge transfer takes place between the two
layers, resulting in the loss of the Dirac nature of borophene.
However, when the buffer layer is inserted, the charge transfers
across the interfaces reduce significantly. In Au- and Ag-based heter-
ostructures, only minor charge transfer takes place between the
layers. As a result, borophene Dirac is preserved. However, due to
minor charge transfer between borophene and the buffer material,
borophene is lightly doped, resulting in the shifting of Dirac with
respect to the Fermi level. In Ti-based heterostructures, significant
charge transfer occurs between Ti and buffer layers (graphene/hBN).
However, the charge transfer between hBN and borophene is more
substantial compared to that of graphene and borophene, corroborat-
ing the loss of Dirac in the Ti–hBN–borophene structure.

F. Tunnel barrier analysis

We further investigated the electrostatic potentials at metal–
borophene and metal–graphene(/hBN)–borophene interfaces to
evaluate the tunneling barrier [Figs. 7(a) and 7(b)]. The tunnel
barrier is described by its height and width. Barrier height (ΔV) is
calculated as the difference between the average gap potential
(Vgap) and Fermi level (EFermi) as shown in Figs. 7(a) and 7(b).
The width of the barrier (wB) is defined as the full width at
half maximum of ΔV . The calculated tunnel barrier heights of
the structures are shown in Fig. 7(c). The strong chemical
reaction results in very low barrier heights and widths for

metal–borophene interfaces. The insertion of the buffer layer
between metal and borophene increases the barrier height, indi-
cating reduced chemical bonding strength. Among the metals, Ti
has less barrier height and width than Au and Ag for both direct
and buffer–layer inserted interfaces with borophene, making it
the most reactive among the metals chosen. The barrier heights
for borophene–hBN–metal interfaces are slightly lower than those
for borophene–graphene–metal interfaces [Fig. 7(c)], indicating
that the hBN buffer layer is more reactive to borophene than gra-
phene. The carrier tunneling probabilities (TB)

75,76 from metal
and metal–graphene (/hBN) to borophene are estimated using a
square potential barrier model as

TB ¼ exp �2�
ffiffiffiffiffiffiffiffiffiffiffiffiffi
2mΔV

p

�h
� wB

� �
, (4)

where m is the free electron mass and �h is the reduced Planck
constant. The values of TB for different interfaces are listed in
Table II. The tunneling probability is directly related to the
contact resistance.77,78 A higher efficiency carrier injection leads
to lower contact resistance. The strong chemical bonding between
Ti and borophene leads to inject electrons from metal to boro-
phene freely, resulting in 100% tunneling efficiency and, hence,
ultra-low contact resistance. As the chemical bonding becomes
weak, the tunneling probability reduces. For metal–graphene
(/hBN)–borophene and 2D (graphene/hBN/MoS2)–borophene
interfaces, the tunneling efficiencies are significantly low com-
pared to pure metal–borophene interfaces. We started this study
by inserting a buffer layer between the metal and borophene to
preserve the Dirac nature of borophene. However, this comes at
the cost of increasing the tunneling barrier, reducing the carrier
injection efficiency and, subsequently, contact resistivity of the
interface.

IV. CONCLUSIONS

In this work, we have used DFT calculations to evaluate the
geometric and electronic properties of the 8-Pmmn borophene

TABLE II. Carrier tunneling probabilities from metal, metal–graphene (/hBN), and
graphene (/hBN/MoS2) to borophene.

Interface ΔV (eV) wB (Å) TB (%)

Au–borophene 1.144 0.781 42.51
Ag–borophene 0.708 0.664 56.43
Ti–borophene 0.000 0.000 100.00
Au–graphene–borophene 4.084 1.640 3.36
Ag–graphene–borophene 3.930 1.720 3.05
Ti–graphene–borophene 3.812 1.374 6.41
Au–hBN–borophene 3.895 1.608 3.88
Ag–hBN–borophene 3.763 1.685 3.52
Ti–hBN–borophene 2.645 0.789 26.88
Graphene–borophene 4.373 1.480 4.20
hBN–borophene 4.580 1.440 4.26
MoS2–borophene 4.400 1.398 4.96
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interfaced with metals (Au, Ag, and Ti) and some 2D materials
(graphene, hBN, and MoS2). The Dirac nature of borophene is pre-
served on these 2D materials as they are physisorbed on 8-Pmmn
borophene. However, borophene is chemisorbed on all three
metals, resulting in the loss of semi-metallic behavior. Inserting 2D
buffer layers (graphene/hBN) shields chemical interactions between
borophene–metal and restores the Dirac nature 8-Pmmn borophene
in the case of Au and Ag. In the case of Ti–graphene–borophene,
titanium is chemisorbed on graphene, destroying its Dirac nature.
However, graphene successfully shields the chemical interaction
between Ti and borophene, restoring borophene’s Dirac nature.
When hBN is used as a buffer layer between Ti and 8-Pmmn boro-
phene, hBN reacts with borophene, resulting in boron–boron
bonds, and the Dirac nature of borophene is completely lost. This
work can form a basis for further research into the combination of
metals and buffer layers that affect the Dirac nature of 8-Pmmn
borophene, inspiring investigation into other innovative properties
of 2D monolayer boron, which can be used in the design of
systems in fields varying from optics, electromagnetics, and valley-
tronics, among others.

SUPPLEMENTARY MATERIAL

See the supplementary material for interface formation details,
projected density of states, projected band structures of 8-Pmmn
borophene, and corresponding Brillouin zones for metal–boro-
phene, metal–graphene–borophene, and metal–hBN–borophene
heterostructures. Band structures projected on graphene for metal–
graphene–borophene heterostructures.
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