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Abstract
Based on the Density Functional Theory (DFT) and Generalized Gradient Approximation (GGA), the structural,
electronic, and band alignment properties of the interface of FeCrP film with graphene-like BN (g-BN) were
studied. These properties have been investigated at three different distances between FeCrP film and g-BN. In
all three mentioned distances, the ground state point and the bulk modulus show that these compounds have the
necessary strength to form, and at the distance of 2.7628 Å, the compound is more stable than the other two
distances. At this interface, the bulk modulus is greater than its values for the pure FeCrP and also the g-BN
compounds. In addition, at the FeCrP-BN interface, the emergence of a large magnetic moment of 13.995 µB is
found. Based on the mBJ approximation, this interface has a half-metallic characteristic and in the minority spin,
it has a direct bandgap of 0.41 eV spin flip. At this interface, the Schottky height was obtained to be about 1.89
eV. It is found that the BN electronic structure is n-type and the ECNLs appearing in this band alignment are close
to the Fermi level as donor-like.
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1. Introduction

Half-Heusler compounds (F-43m space group) comprise a
relatively large family of materials with amazing physical
properties and applications including the thermoelectric [1–3],
piezoelectric [4], half-metallic [5], and topological proper-
ties [6, 7]. The half-metallic nature of NiMnSb half-Heusler
compound was first reported by de Groot et al, in 1983. They
showed that this case is metal at spin-up, and is semiconduc-
tor at another spin [8]. Since then, the computed electronic
structures have shown many half-Heusler compounds to be
half-metallic or nearly half-metallic, often with large band
gaps because they have 100% spin polarization at the Fermi
level and they can have relatively high Curie temperatures.
However, many of the half-Heusler compounds have been
predicted by half-metallic first-principles calculations [9–13],
systematic studies of the electronic and magnetic properties
of half-Heuslers are necessary to find which of them is sta-
ble. In addition, Half-Heusler (HH) alloys are one of the
most promising structures in the field of thermoelectric mate-
rials (TE) intended for power generation at medium to high
temperatures. The great advantage in the optimization of ther-
moelectric properties is the dimensionless figure of merit, the
peak of which is ZT=1 and is even more than one in n-type
materials [14]. The compatibility of thermoelectric materi-
als with industrial applications requires in-depth knowledge

of thermoelectric properties. In addition to efficient thermal
power plant production or refrigeration capability for com-
mercial use, mechanical strength can be mentioned as the
applications of half-Heusler compounds [15–18]. Hexagonal
boron nitride graphene (h-BN) has a crystalline structure with
a 5.9eV energy gap, while in carbon graphene the energy gap
is zero. Therefore, this two-dimensional structure has attrac-
tive electronic properties. Hexagonal boron nitride (h-BN) is
the only phase structure of this compound with hexagonal con-
figuration in all phases [19–22], which its structure is similar
to the graphene layer, known as ”white graphene”. Each layer
of this structure is made of a hexagonal lattice of B and N
atoms. Due to the electronic properties of this compound, the
BN Graphene has a great appeal in the electronics industry, as
an oxidizing additive for refractory materials, as an insulator
in the film of electronic devices, as a transparent insulator for
electroluminescence devices with transparency in X-rays and
visible areas, etc.
Band alignment of interfaces, defined by band offset of va-
lence and conduction at common heterointerfaces, is techni-
cally important for the design and development of electronic,
photovoltaic, photocatalytic devices, etc. [23–25]. These het-
erointerfaces include interfaces dipoles [26], which have a
much smaller effect than surface dipoles due to their partic-
ipation in interface chemical bonds. Among the three types
of heterojunctions, band alignment type-II is very suitable
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Figure 1. (a) The BN graphene cell, (b) the FeCrP [001] film,
(d-f) various form of FeCrP-BN supercell.

to be employed in electronic unipolar devices because this
type of band alignment creates a large offset on one side of
the gap (conduction or valence bands), leading to a strong

Figure 2. The energy-volume diagrams of (a) BN graphene
like, (b) FeCrP [001] film, (c) FeCrP-BN supercell.(In all
figures the ground state points are in red point).

constraint on charge carriers. InAs/AlSb-based type-II elec-
tronic high-mobility transistors are a great example of these
limitations [27]. These heterogeneous structures are also suit-
able for engineering the energy transfer from the conduction
to the valence band. This issue is very important in tunnel
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Figure 3. The DOS and bandstructure of (a) BN graphene
like, (b) FeCrP.

field-effect transistors (TFETs) to escalate the tunneling cur-
rent density [28]. They can also be used in sub-interband
lasers of the infrared super lattice and wavelength optical
detectors [29, 30].

2. Computational details
The Density Functional Theory (DFT) framework is employed
to perform the first-principles calculations [31], in which the
Kohn-Sham equations, one electron equations, can be ex-
tracted from the reduction many-body problem of interacting
nuclei and electrons [32]. The full-potential linearized aug-
mented plane wave (FP-LAPW) method [33] is applied to
solve the Kohn-Sham equations which are used in the Wien2K
package [34]. In addition, parameterization of the Perdew-
Burke-Ernzerhof generalized gradient approximation (PBE-
GGA) [35] is applied to calculate the exchange-correlation
potential. Both up and down spin states are considered to
carry out the spin-polarized calculations.
RMT=2.0 a.u is considered for all atoms as well as RKmax=8.0,

Lmax=10, and Gmax=12 (a.u)−1. Moreover, −8 Ry is con-
sidered for the cutoff energy which separates the core and
valence electrons, and a 12×12×2 grid is considered in the
irreducible Brillouin zone. The energy and charge conver-
gence tolerance are taken to be 10−4 Ry and10−4 electrons in
the self-consistent calculations, respectively. To calculate the
thermoelectric properties, the BoltzTraP code is used.

3. Results and discussions
As can be seen in Figure 1, BN armchair graphene has a
hexagonal geometry. In this figure, the selected BN graphene
cell is identified, which creates the graphene by expanding
it. Regarding the interface of BN graphene with any selected
substrate, the geometric consistency of the substrate with the
BN graphene structure is important. For this reason, the Fe-
CrP thin film in the [001] direction is chosen because the
cross-section of the FeCrP [001] supercell is also cubic, so it
has the highest compatibility with the selected cell with BN
armchair graphene. The presence of Cr atoms on the surface
and Fe in the layer below the surface of the FeCrP film in
panel (c) causes the presence of electrons of their half-filled d
orbitals on the substrate surface. Accordingly, these electrons
cause high activity in terms of finding new properties that can
be found between BN graphene and the substrate.
To start the calculations, it is necessary to optimize the crystal
structure of the substrate and the film. Thus, the volumes of
FeCrP film [001], g-BN cells, and FeCrP-BN supercell are
optimized and the equilibrium volume is determined accord-
ing to Figure 2 at the ground state point. As can be seen from
these figures, all three curves have a minimum point, so it is
possible to find an equilibrium volume for them, either in the
pure state or in the interface state, whose structural coordi-
nates include lattice constants, bulk modulus, bulk modulus
derivative, equilibrium volume, total energy and total mag-
netic moment are listed in Table 1. All energy-volume graphs
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Table 1. Lattice constants a, b, and c (Bohr), equilibrium volume of cell (a.u.3), bulk modulus B(GPa), derivative of bulk
modulus B, total energy (Ry), total magnetic moments of BN graphene like, FeCrP[001] film, and FeCrP-BN

Parameter abohr bbohr cbohr Volume[a.u.3] B(GPa) B Energy(Ry) Mtot (µB)

BN 4.75216 8.232537 28.3880 1110.6074 52.2927 3.6478 -318.809210 0.0
FeCrP[001] 7.401326 7.401326 41.87522 1986.5837 100.6582 4.2803 -24112.136394 4.9117
FeCrP-BN 10.23526 10.23526 41.09828 3729.1876 163.7159 3.2944 -48861.694470 13.9954

in Figure 2 are in ferromagnetic modes.
Calculations demonstrate that by adding the g-BN layer to
the FeCrP [001] thin film, the bulk modulus has increased
by about 63%, indicating that there is a strong tendency to
combine between the FeCrP [001] film and the g-BN layer.
In FeCrP films, the bulk modulus derivative is larger than the
bulk modulus derivative of FeCrP-BN. As can be seen from
the number, the bonds are ionic within the film while all bonds
have found a covalent tendency in the presence of the g-BN
layer and the formation of a Van der Waals bond between BN
and FeCrP. The interesting point in Table 1 is that the FeCrP
film has a magnetic moment of about 5 µB in the pure state.
On the other hand, the BN layer does not have a magnetic
moment in its pure state, but at the interface of these two
magnetic moments, FeCrP-BN is almost tripled, indicating
how much the magnetic charge of this interface increases the
magnetic moment of this interface due to this hexagonal BN
and the formation of Van der Waals bond. The presence of the
BN layer on this thin film leads to the formation of the Van der
Waals bonds. In order to find the optimized distance of FeCrP
film with BN graphene, the total energy of the FeCrP-BN su-
percell is calculated with a Van der Waals switch at different
distances of d1, d2, and d3 which are listed in Table 2. It is
observed that the total crystal energy of this heterojunction
at the d2 distance is lower and it has greater stability from an
energy point of view. Hence, the d2 distance is considered as
the optimal distance for the following calculations.

Table 2. The total energy of FeCrP-BN supercells for various
mentioned distances.

distance Energy(Ry)

d1=1.9818 Å -48861.74528401
d2=2.7628 Å -48862.11051859
d3=4.8118 Å -48862.0974272

4. Electronic properties

In this section, the electronic properties of the FeCrP-BN inter-
face are discussed. Understanding the electronic structure of
materials is essential in knowing the physical understanding
of materials. For this reason, two important tools are utilized

called density of states (DOS) and band structure. For this pur-
pose, the DOS and band curves in Figure 3 are first observed
on BN graphene which BN is a P-type semiconductor with an
indirect bandgap of 4.65 eV which is in good agreement with
other previous works. As it is clear, the presence of intersected
levels in the regions of valence and conduction, high density,
and the continuity of electron states in the DOS curve make
this graphene compound a very suitable option for electron
transport and band alignment applications. In Figures (b) and
(c), the DOS and band diagrams of the FeCrP [001] thin film
are plotted in two spins of up and down which these calcula-
tions are based on the GGA approximation. It is observed that
in the area of Fermi level, there is electron anisotropy express-
ing that this thin layer has half-metallic properties. The band
structure illustrates that the high gradients of levels above the
Fermi level in the first Brillouin zone make this film a good
choice for electron sources. In Figure 4, the DOS curve of
FeCrP-BN is plotted with two approximations of GGA and
mBJ. It is observed that the FeCrP properties have witnessed
significant changes in the interface of BN graphene with Fe-
CrP. Using the GGA approximation, 95% spin polarization
is observed and using the mBJ approximation, 100% spin
polarization is detected. In panels (a) and (b), there are large
spin polarization and strong half-metallic behavior. Applying
the mBJ approximation causes a spin-flip gap of about 0.6 eV
at the down spin. The high continuity of the DOS curves in
both approximations represents that very high electron con-
ductivity can be seen at this interface. In panel (c), the roles
of the d orbitals of the Fe and Cr atoms and to some extent
the p orbitals of the P atom are appeared to be in determining
the Fermi level anisotropy and the formation of the magnetic
moment of 13.66 µB, so the high-potential interface of the
half-metallic behavior can be detected for this compound. The
DOS diagrams in the conduction and valence regions, in both
approximations, indicate that the excited electrons and holes
participate well in the transport, and this interface can be a
good candidate for spin electron injection, due to the spin
polarization at the Fermi surface and the suitable spin-flip
gap.
In Figure 5, the band structure diagrams of this interface are
plotted in two spins of up and down with two approximations
of GGA and mBJ. The common point in both diagrams in the
down spin is the split of the levels at the Fermi level, which
the three levels touch each other in the GGA approximation,
but a direct gap of 0.41 eV is seen in the mBJ approximation.
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Figure 4. The DOS and bandstructure of FeCrP-BN interface
(a, b) and Partial DOS, by GGA, and mBJ approximations.

The very high density of states around the Fermi level in the
down spin makes this compound a good candidate for thermo-
electric purposes. In the conduction region, it can be seen that
the highest gradient of the bands occurs in the M direction.

Figure 5. The bandstructure of FeCrP-BN interface with
GGA and mBJ approximations in up and down spins.

The electron density of the FeCrP film [001] and the FeCrP-
BN interface are plotted in Figure 6 in the up and down spins.
In panels (a) and (b), it is obvious that P atoms are present at
the selected FeCrP surface, where there is a relatively large
high electron density near the surface, but no changes in elec-
trical polarization with the change in spin are observed in
these two spins. At the base, Fe and Cr atoms have the highest
electron density and the bond between them is ionic. It is
observed in panels (c) and (d) that with the addition of BN
graphene, a change in electrical polarization is witnessed at
the surface of the films. As it can be seen, the charge den-
sity of the BN graphene-like and the film, shown in green,
displays that the bond between the atoms is weaker than the
bonds between the atoms in the film which is of the Van der
Waals type. It is also clear that the emergence of a charge
density gradient and a change of those interface layers can be
detected by changing the direction of the magnetic field from
up to down. These changes occur mostly in the film region,
indicating that the main cause of magnetic anisotropy is the
Fe and Cr atoms, confirming the DOS and band curves. In
the following, the electrostatic potential figure is illustrated
in Figure 7, which is calculated for the film surface layer and
the graphene-like BN surface. The depth of this potential at
the film surface is almost twice that of the BN graphene-like
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Figure 6. The Electron Density of the FeCrP [001] film and
FeCrP-BN interface in up and down spins.

Figure 7. The electrostatic potential of the FeCrP-BN
interface.

surface, indicating that this interface is a good option for a
potential layer as well as a good candidate for injecting elec-
trons from the FeCrP-BN film.
Figure 7 shows the electrostatic potential of this interface

in the [001] direction. It can be seen the large electrostatic
potential at interface difference of an order of 160 between
these two layers. This large potential difference in electro-

Figure 8. Band alignment diagram based on DFT
calculations of BN-FeCrP heterojunction.

static potential causes a force to be applied to the surface of
graphene and film, and therefore the geometry of the density
of free electrons in their surfaces are disturbed, resulting in
electronic multipolarity and magnetic behavior. This potential
difference, as shown in Figure 7, has led to a greater tendency
of the film electrons towards the surface at the spin-dn, and
the effects of the presence of g-BN in the vicinity of the film
on the other level of the film are quite evident. This large po-
tential difference is also quite evident in the Band alignment
diagram of Figure 8 in the emergence of the work function
and the parameters ϕB, CBM, and VBM.

5. Band alignment

Band offset is a parameter affecting the transport of charge
carriers in electrical junctions and measuring the exact amount
of this deviation (VBO and CBO) which is essential in order
to understand the relationship between the physical structure
of the interface, its electronic structure, and charge transport.
One of these types of electrical junctions is a semiconduc-
tor/metal junction. According to the Schottky model [36],
when a semiconductor or insulator (dielectric) and a metal
form an interface, the charge transfer at this boundary will not
be possible due to the Schottky barrier (ϕB) over the electrons.
This barrier appears in the vacuum due to the difference be-
tween the working function of the metal (ϕm) and the electron
affinity (χe) of the semiconductor. Schottky height controls
electron transport at the boundary, so it is of great impor-
tance in the performance of semiconductor devices. The small
amount of Schottky height causes charge leakage, which is
considered undesirable for the performance of the devices.
Experience has shown that the Schottky model for measuring
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Figure 9. The thermoelectric coefficient of FeCrP-BN interface.

the height of a barrier is not very successful, so the model
proposed by Bardeen [37] replaced it. The Bardeen model
follows the Fermi-level pinning hypothesis. In this model,
a surface density of states is considered for the edge of the
conduction band, and it is assumed that these states pin the
Fermi surface. Of course, this model was not very successful

either, because for most metal/semiconductor boundaries this
density of states does not appear in the semiconductor gap, so
Heine [38] proposed a better hypothesis.
In the energy range that the bandgap of the semiconductor
and the metal conduction band overlap, the electron wave
functions in the metal pursue or fade into the semiconductor.
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Table 3. Calculated data on metal work function(φm), VBM, CBM, ECNL, electron affinity (χe) and barrier heights(φB) at
FeCrP–BN interface.

Heterojunction φB (eV) φm (eV) χe (eV) ECNL (eV) VBM-BN (eV) CBM-BN (eV)

FeCrP/BN 1.89 3.54 1.11 -0.7408 -2.66 2.15
Mg/Al2O3 [67] 2.6 3.6 — — — —

FeCrP/BN 1.9 4.7 — — — —

These states in the bandgap are known as metal-induced gap
states or intrinsic states [?, 39]. The presence of these metal-
induced gap states at the metal/semiconductor or metal/insulator
(dielectric) interface was also predicted by Louie and Co-
hen [40] using quasi-potential self-consistent calculations for
the electronic structure of the material interface. Experimen-
tally, these states were observed by Muller et al. with electron
energy dissipation spectroscopy [41]. These states usually
appear in the form of donor-like near the valence band or
acceptor-like in the vicinity of the conduction band. The en-
ergy levels of these states located in the band gap are known
as charge neutrality levels (ECNL) depending on whether they
are acceptor-like or donor-like [42, 43]. According to the
above, the value of Schottky height can be calculated from
the following equation:

φB = S(φm −ECNL)+(ECNL −χe) (1)

where S is the dimensionless factor of Schottky barrier pin-
ning, obtained from the following relation in terms of dielec-
tric constant [44]. Materials with S less than one tend to pin
the metal Fermi level to the ECNL level , while as this number
approaches one, i.e. the maximum value of S, no pinning
occurs for the Fermi level.

S =
1

1+0.1(ε∞ −1)2 (2)

In the present work, FP-LAPW self-compatible calculations
based on DFT is used to study the FeCrP-BN interface. The
results obtained for the band alignment of this interface in Fig-
ure 8 demonstrate that this is a type-I heterojunction [45–47].
The calculated values of the FeCrP work function, ECNL, for
BN are listed in Table 3. The Schottky height obtained at this
interface is about 1.89 eV. As can be seen, the BN electronic
structure is n-type and the ECNLs appearing in this band align-
ment are close to the Fermi level as donor-like.

6. Thermoelectric
The current production in a conductor owing to the tempera-
ture difference between two points is called the thermoelectric
effect. Thermoelectric effects are used to generate electricity,
measure temperature, and cool objects. This phenomenon
includes the Seebeck effect, which was first discovered by the
German scientist Thomas Johann Seebeck in 1811. Seebeck
performed experiments with different metals and concluded

that the temperature difference in a circuit causes the charge
carriers to move from hot to cold, so it creates an electric field
and potential difference [48]. The Seebeck coefficient of a
material is the magnitude of an induced thermoelectric voltage
that depends on the temperature and crystal structure. The
Seebeck coefficient sign expresses the type of charge carriers
in electrical transport. In the n-type semiconductor, in which
charge carriers are the electron, the Seebeck coefficient is neg-
ative, and in the p-type semiconductor, which charge carriers
are the holes, the Seebeck coefficient is positive. The large
Seebeck coefficient reveals that a small temperature difference
creates a large voltage on both sides of the material, so a large
Seebeck coefficient is necessary for a thermoelectric material.
The thermoelectric efficiency of materials can be measured
by calculating the dimensionless figure of merit, ZT , as well
as the power factor that can be calculated using the following
formula.

ZT =
s2σT

K
(3)

PF = S2
σ (4)

where T is the absolute temperature, S is the Seebeck coef-
ficient, σ is the electrical conductivity and K is the thermal
conductivity, including the lattice and electron contributions
(K = Kel +Klatt) [49–52].
In figure 9, some important thermoelectric parameters are
drawn for the FeCrP-BN interface. As it can be seen from the
DOS and band structure, this compound is a p-type semicon-
ductor in the down spin, so the sign of the Seebeck coefficient
in all temperature ranges is positive, indicating that the charge
carriers at this interface are of the holes. The highest amount
of Seebeck coefficient occurs at temperatures below 100 K,
which decreases by increasing temperature to 200 K and it
continues to decline with a slow slope, afterward. In panel (b),
this heterojunction is observed to have insignificant electrical
conductivity up to room temperature, but the electrons pass
through the bandgap from room temperature onwards, and
the electric current in this interface is established with a steep
slope. The same thing happens with thermal conductivity (see
panel (c)). In panel (d), the dimensionless figure of merit is
claimed to reach an amazing number of 1.8 at 50 K, indicating
that this compound can be a good option in this temperature
range for thermoelectric purposes such as cooling. By increas-
ing temperature up to 100 K, the value of ZT has decreased
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with a steep slope to reach an acceptable value of one. It is
noteworthy that this diagram experiences stable conditions as
the temperature rises and reaches room temperature to remain
in the range of 0.8, so this compound can be considered as a
thermoelectric candidate at room temperature. In panel (e),
the power factor curve is plotted. It is zero up to 200 K, but
the amount of power factor escalates with a steep slope by
increasing temperature. Therefore, it can be claimed that the
amount of power factor increases at high temperatures, so it
can be concluded that this compound is a very good option
for power generator applications.

7. Conclusion
The structural, electronic, band alignment and thermoelectric
properties of the interface FeCrP Heusler film with Graphene-
like BN was investigated based on density functional theory.
Calculations were performed at three distances of 1.9818Å,
d2=2.7628 Å and d3=4.8118 Å. Structural calculations showed
that distance d2 was more stable than other distances. The
crystal hardness of the FeCrP-BN interface compound is
higher than FeCrP, and Graphene-like BN compounds, and
this interface has made the crystal hardness.
According to the mBJ approximation, this interface has half-
metallic behavior with 100% spin polarization is at Fermi
level, and a 0.41 eV direct energy gap at down spin. The
proximity of the BN layer to the surface of the FeCrP film has
caused an increase in the electron density gradient at the inter-
face, which has led to the formation of electrical multi-polarity
and is effective in electron transfer. Also, The Schottky height
obtained at this interface is about 1.89 eV. As can be seen, the
BN electronic structure is n-type and the ECNLs appearing in
this band alignment are close to the Fermi level as donor-like.
Conflict of interest statement:
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