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Clarifying the electronic states and structures of the c-BN/diamond interface is of extreme importance for

bundling these two different wide-band gap materials in order to synthesize hybrid structures with new

functional properties. In this work, the structural optimization and property determinations were carried

out on (100) and (111) c-BN/diamond hetero-interface by using first principles total energy calculations.

A 12-layers c-BN above the diamond was found to be energetically reasonable for the calculations of

the properties of the hetero-interface. Based on the calculation of the chemical potentials for the c-BN/

diamond interface, the hetero-interface with the C–B configuration is the most energetically favorable

structure under the (111) and (100) surfaces of diamond, respectively. The calculations of band structure

and density of states for C–N bond configuration indicate that the main contribution to the density of

the interface states near the EF is from the N 2s 2p, B 2p and C 2p orbitals while that for C–B bond

configuration is mainly from the B 2p, N 2p and C 2p orbitals. The electron density difference, binding

energy and band offset were also calculated, demonstrating that the C–B bond was found to be

remarkably stronger than other adjacent bonds. Furthermore, a band offset of 0.587 eV for the (111) c-

BN/diamond hetero-interface with the C–N bond configuration has been obtained, which is in good

agreement with the previous experimental result (0.8 eV), suggestting that the C–N bond may exist in

synthesized c-BN/diamond epitaxy using different growth methods. This should allow the design of

a hybrid structure of c-BN/diamond thereby opening a new pathway towards high temperature

electronics, UV photonics and (bio-) sensor applications.

1 Introduction

Diamond and cubic boron nitride (c-BN) are the top two super-

hard materials with many outstanding properties. Beside their

potentials as super-hard coatings for cutting tools, diamond

and c-BN have been considered as promising candidates for

high-temperature electronics, ultraviolet (UV) detectors and UV

light emitting diodes due to their wide-band gap, high thermal

conductivity and chemical stability.1–4 For decades, extensive

effort has been devoted to the synthesis of c-BN lms and

single-crystal diamond lms with high quality and novel

applications.5–8 However, the majority of these works have

focused on either c-BN or diamond individually. Thus, it still

remains at the starting stage to bundle the two materials

together in order to enhance their properties for versatile elec-

tronic and mechanical applications.

Signicant progress on the hetero-epitaxial growth of c-BN

on single-crystal diamond has been achieved via physical

vapor deposition (PVD)9 and on polycrystalline diamond via

plasma-enhanced chemical vapor deposition (PECVD) employ-

ing uorine chemistry.10,11 Unfortunately, c-BN lms have

mostly been of poor structural quality due to the necessity of

applied energetic ion bombardment during deposition, making

electronic applications practically impossible. Few theoretical

calculations have been performed on the stability, electronic

structure, density of state and band offsets of the (100) and (110)

c-BN/diamond hetero-interfaces. The total energy calculations

of various reconstructed congurations of c-BN (100) surfaces

by conducting the local density functional approach with

ultraso pseudopotentials showed that the electron counting

(EC) rule holds very well within the models that contain at most

one layer with defects and no interlayer with N–N and B–B

bonds, and that the electrostatic energy also played important

role in determining the most stable structures.12 The previous

results of valence-band discontinuity were 1.42 � 0.04 eV for

(110) c-BN/diamond hetero-interface with C–N bonding

conguration within 5 layers of c-BN.13 Besides, the calculations

of band offsets were performed on (100) and (110) c-BN/

diamond hetero-interface, resulting in 1.9 eV and 0.13 eV for
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(100) interface with C–B and C–N bonds, respectively, and

0.71 eV for (110) interface with one mixed C–B and C–N

layer.14,15 The studies are mainly focused on the energetically

favorable structures, lacking in the impact of charge transfer on

the stabilized structures and their associated properties as well

as the necessary cross-check with those experimental results.

Consequently, any attempts towards their practical synthesis of

hybrid structure of c-BN/diamond with new functional proper-

ties are based on unstable ground since it remains unclear at

the actual joined interface and the electronic states of these two

different materials.

Therefore, how to understand the nucleation and subse-

quent epitaxial growth of c-BN lms on top of diamond with

respect to the interfacial congurations within atomic level and

their associated impacts on properties of materials is funda-

mentally critical for combining these two materials in order to

fully realize the electronic properties. Here in this paper, we

systematically investigate the interfacial characteristics of the c-

BN/diamond hetero-structures with respect to (100) and (111)

surfaces by using the rst-principles calculation, which are the

most oen used single-crystal diamond surfaces for hetero-

epitaxial growth of c-BN. Actually, the C–B interface could be

spread for a wider range, such as boron doping on the carbon

support. It has been reported that boron doping could be an

effective way to promote the chemical interaction between

different components in composite materials.16 Based on the

calculations, we reveal that the C–B for (111) c-BN/diamond

hetero-interface are the energetically favorable structure, the

band offsets for C–B and C–N bond congurations in (111) c-

BN/diamond hetero-interface are 0.045 eV and 0.587 eV, and

the density of the interface states near the EF of C–N bond is

composed of the contribution of mainly s-orbital compared

with the C–B bond congurations.

2 Computational methods

In the present work, the experimental lattice constant of c-BN

and diamond were assumed to be 0.365 nm and 0.357 nm

respectively.17,18 An initial diamond (111) slab model was

composed of 12C atomic layers with 24 atoms in total. The

initial c-BN (111) slab model was consisted of 2 cycles, 12 layers

of B or N atom with 24 atoms altogether. The initial (100)

surface models of c-BN and diamond were cut out using the

same method, both of which were composed of 3 cycles, 12

atomic layers with 27 atoms in total. All the initial models of c-

BN and diamond were thick enough to recover the bulk

behavior far from the interface. Besides, all the initial slab

models were optimized for the following calculations. Mean-

while, we conrmed the calculation parameters by convergence

tests during the process of optimization. The hetero-structure

was established directly without the cell expanding and coor-

dinate transformation, owing to their low lattice mismatch of

4.6%. A-20 Å-thick vacuum layer was added to separate the

surfaces in adjacent cells in the z-direction to eliminate the

interactions between them. As shown in Fig. 1, four kinds of

atomic bonding congurations of C–B (111) for c-BN/diamond

Fig. 1 Slab models of (111) c-BN/diamond hetero-interface with C–B (a) and C–N (b) bonding configuration and (100) c-BN/diamond hetero-

interface with C–B (c) and C–N (d) bonding configuration, respectively.
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hetero-interface, C–N (111) for c-BN/diamond hetero-interface,

C–B (100) for c-BN/diamond hetero-interface and C–N (100)

for c-BN/diamond hetero-interface were calculated. The Carte-

sian and fractional position of the bottom cycle of diamond

were xed in order to simulate the condition of substrate while

other atoms moved freely. The surface atomic relaxations have

little effect on the interface atomic structure. Hydrogen atoms

are used to passivate the bottom surface C atoms of the dia-

mond crystal.19

The total-energy and physical properties were calculated

based on the density functional theory (DFT) within the

generalized gradient approximation (GGA) as implemented in

the commercial CASTEP code.20–22 In order to avoid the diffi-

culties on performance of the calculations with high accuracy,

the pseudo-potentials adopted in the calculations were plane-

wave ultraso pseudo-potential (USPP), suggested by Vander-

bilt.23 Valence electron congurations for the elements were 2s2

2p2 for C, 2s2 2p1 for B, and 2s2 2p3 for N. For the energy

minimization, the bottom cycle of C atoms and the layer of H

atoms in diamond slabs were xed to simulate a thick diamond

substrate. In order to ensure a sufficient sampling density,

convergence tests were performed to obtain reasonable values

of k-points and cut-off energy.24 Thus, the plane wave basis set

was included and truncated with a cut-off energy of 800 eV. The

Monkhorst–Pack scheme was used for the Brillouin zone inte-

gration with an 8 � 8 � 1 k-point mesh, resulting in the elec-

tronic total energy well converged to 10�4 eV per cell. The

relaxation of the atomic structure of the c-BN/diamond hetero-

structure was carried out by calculating the Hellmann–Feyn-

man forces until the force tolerance was 0.05 eV Å�1, the

maximum displacement tolerance was 2 � 10�3 and the max.

stress was 0.1 GPa.

3 Results and discussion
3.1. Optimized structure and stability

Prior to the total energy calculation, the bond length has been

simulated as an increasing layer number of c-BN slabs to obtain

a reasonable model. The calculated values of bond length are

shown in Table 1. As the layer number is increased from 6 to 12,

the initial bond length of C–B or C–N (1.517 Å) are gradually

increased for (111) congurations, while it remains stale aer

the layer number exceeds 12. Contrarily, the bond length of C–B

or C–N slightly uctuates around the initial value of 1.663 Å for

(100) conguration. Thus, the bond length of C–B or C–N at

(111) c-BN/diamond hetero-interface converges with the

Table 1 The bond length (Å) of (111) and (100) c-BN/diamond hetero-interface with the increase of slab from 6 to 16

Hetero-interface Interface-bonding 6 8 10 12 14 16

(111) C–B — — 1.646 1.648 1.650 1.650
(111) C–N 1.517 1.522 1.523 1.524 1.524 1.524

(100) C–B 1.672 1.679 1.677 1.672 1.675 1.673

(100) C–N 1.633 1.635 1.642 1.638 1.640 1.639

Table 2 The binding energy of different hetero-interface

Hetero-interface Interface-bonding EC (eV) EBN (eV) EBN/C (eV) E (eV)

(111) C–B �1869.34811 �2097.34592 �3973.88694 1.11133
(111) C–N �1869.92156 �2097.65491 �3972.15663 0.70033

(100) C–B �1264.90022 �2087.67366 �3358.30235 0.86070

(100) C–N �1264.89892 �2087.67333 �3356.39852 0.58042

Fig. 2 Calculated TDOSs of (111) c-BN/diamond and (100) c-BN/

diamond hetero-structures with C–B bonding configuration, (111) c-

BN/diamond and (100) c-BN/diamond hetero-structures with C–N

bonding configuration, with a vertical dashed line indicating Fermi

level.
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increase of slab until 12 or 14, while the values for (100) hetero-

interface are irregular. Particularly, it is worth mentioning that

the c-BN exhibits theoretically a at layered structure similar to

the sp2-hexagonal phase when the layer of c-BN slab used in the

calculations is less than 8 for C–B bonding in (100) c-BN/

diamond model. This is clearly coincident with the experi-

mental observations that the h-BN interfacial layer forms pref-

erentially before the c-BN nucleates at the initial stage.25,26

Obviously, the resultant values of bond lengths of B–N are

slightly larger than the experimental ones, whichmay due to the

fact that GGA always expects a large electron density gradients

in the system.22 For B–C (111) hetero-interface, the variety

between 12 and 14 layers models were relatively small and the

12 layers model have a better periodicity for calculation and

analysis. Nevertheless, the model composed of 12-layers of c-BN

and 12-layers of diamond is reasonable enough to calculate

their associated properties subsequently. To compare with the

models of (111) hetero-interface, the layers of the c-BN on (100)

hetero-interface were also used 12. Thus, the hetero-structures

consisting of 48 atoms and 54 atoms have been used in the

following calculations with the respect to the system of (111)

and (100) c-BN/diamond, individually.

To gain insights into optimized structure of the interface and

offer a deeper understanding of their stability, we performed

density functional theory calculations, taking into account both

the C–B and C–N bonding congurations for (100) and (111) c-

BN/diamond hetero-structures, as illustrated in Fig. 1 In order

to investigate the thermodynamic stability of these four types of

hetero-structures, the interface formation energy is calculated

according to the following relationship:27

E ¼ (EBN + EC � EBN/C)/A

where EBN/C, EC and EBN represent the total energies of c-BN/

diamond hetero-structure, the corresponding part of the c-BN

and diamond slab, respectively, A represent the interface

area.28 The total energies of c-BN and diamond slabs are

calculated with the same unit cell size, number of k-points and

cutoff energy as those of the hetero-interface. As listed in Table

2, the calculated interface formation energies are 1.11, 0.70,

Fig. 3 The PDOSs for (111) c-BN/diamond (a) and (100) c-BN/diamond (b) hetero-structures with C–B bonding configuration, (111) c-BN/

diamond (c) and (100) c-BN/diamond (d) with C–N bonding configuration. Layer number is counted from the interface to the surface. The

dashed vertical line indicates the Fermi energy.
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0.86, 0.58 eV corresponding to the C–B (111) c-BN/diamond,

C–N (111) c-BN/diamond, C–B (100) c-BN/diamond and C–N

(100) c-BN/diamond hetero-structures, respectively. Moreover,

all the electronic properties have been calculated without the

van der Waals (vdW) correction since vDW interaction does not

alter the interface formation energy too much in the hetero-

structures.29 According to the denition, the interface formation

energy should be positive. The more stable, the calculated

formation energy values should be larger. Therefore, in the

present calculations, the (111) c-BN/diamond hetero-structures

are more energetically favorable than (100) hetero-structures.

Furthermore, c-BN/diamond hetero-structures with C–B

conguration are more energetically favorable than the hetero-

structures with C–N conguration for both (111) and (100)

interface in general. The calculations reveal that C–B bond

might be the most possible energetically favored bonding

conguration in c-BN/diamond epitaxy, consistent with the

previous experimental observations.30

3.2. Band structure and density of states

In order to predict the origin of the interface states, the elec-

tronic states at Fermi level (EF) have been calculated. The band

structures are plotted along high symmetry k-points as shown in

Fig. S1(a)–(d) in ESI.† We nd the band structures of (100)

hetero-interface have indirect band gaps. Thus, we discuss the

PDOSs of (100) hetero-interface while the following analysis is

mainly focused on the (111) hetero-structures. The calculated

total densities of states (TDOSs) of the interfaces of C–B (111) c-

BN/diamond, C–B (100) c-BN/diamond, C–N (111) c-BN/

diamond and C–N (100) c-BN/diamond hetero-structures are

shown in Fig. 2 Interestingly, the calculations of TDOSs predict

that the electronic states at EF emerge at the interfaces of all the

four cases, indicating that the interfaces show a full metallic

character. Especially, dramatic increase of the TDOSs can be

observed near the Fermi level for the (111) c-BN/diamond

hetero-interfaces with both C–B and C–N congurations.

To further understand the spatial evolution of the electronic

structure of the hetero-structures from the epitaxy interface to

the bulk, the formation of interface states and the change of the

density of the interface states for all the spins near EF are further

studied by the layer-projected partial density of states (LPDOSs)

as shown in Fig. 3(a)–(d) corresponding to the C–B (111) c-BN/

diamond, C–B (100) c-BN/diamond, C–N (111) c-BN/diamond

and C–N (100) c-BN/diamond hetero-interface, respectively.

The PDOSs are calculated by averaging the total DOSs per layer

for each atom in the layer. To clearly identify the electronic

Fig. 4 Charges distribution near the Fermi level of (111) hetero-interface with C–B (a) and C–N (c) bonding configurations, in which (b) and (d)

show the partial enlarged details of (a) and (c).
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states, the PDOSs of the hetero-structures are calculated by

starting from the interface region extending to the bulk c-BN

and diamond regions. The L denotes the number of the

atomic layers and increases with increasing separation from the

interface. Fig. 3(a) shows the PDOSs of the (111) c-BN/diamond

hetero-structure with C–B bonding conguration in which the

interface states mainly result from B 2p at the rst layer and

third layer and N 2p at the second layer and fourth layer of the c-

BN slab near the interface. Such tendency in the PDOSs varying

with increasing atomic layer (L) is similar to those for the (100)

c-BN/diamond with C–B conguration as well (Fig. 3(b)).

Besides, according to the diamond's LPDOSs, it is revealed that

the most contribution to the density of the interface states near

EF is from C 2p orbital within three C atomic layers at the

interface of both (111) and (100) c-BN/diamond hetero-

structures. In comparison, the LPDOSs results of c-BN/

diamond hetero-structure (111) (Fig. 3(c)) and (100) (Fig. 3(d))

with C–N bonding conguration indicate that the main

contribution to the density of the interface states near the EF is

from the rst layer of N 2s, N 2p and the second layer of B 2p

orbital of c-BN slabs and the rst layer of C 2s 2p and the second

layer of C 2p orbital of diamond slabs. Thus, unlike the C–B

bonding conguration of which the density of interface states

are all from p-orbital, for the C–N bonding conguration of c-

BN/diamond hetero-interface, a large number of electronic

states from s-orbital appear lying near the Fermi level due to the

strong interaction through the interfacial C and N.

Furthermore, in order to dig the impacts of C–B and C–N

congurations on the electronic states, the spatial charge

distributions in electronic wavefunction paralleled to bonding

directions in the (111) and (100) c-BN/diamond hetero-

structures have been compared directly as shown in Fig. 4(a)

and (b). One can clearly notice that the electron charges have

been conned more approaching to the C atoms in the C–B

bonds other than to the N atoms in the C–N bonds. Neverthe-

less, the electronic states for all the current four models of c-BN/

diamond hetero-interface near Fermi level mainly come from

the interfacial C sp orbital and are conned to the interface,

which has been observed in a (111) diamond/c-BN system

previously.30

3.3. Charge transfer

To clarify the bonding mechanism and the transfer of electrons

between the adjacent layers at the interface of the (111) c-BN/

diamond hetero-structure, electron density difference along

the direction perpendicular to the interface is calculated.

Fig. 5 Charge density difference for interfaces of (111) c-BN/diamond hetero-structure with C–B (a) and C–N (b) bonding configurations,

respectively. The parts marked by real line in top view (c) and side view (d) for the C–B bond interface layer were enlarged for a clear observation.
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Fig. 5(a) and (b) shows the contour plots of charge density

differences for the interfaces of c-BN/diamond with C–B and C–

N, respectively. The plane was selected as it sliced through the

C–B bond and C–N bond which makes it clear to observe the

bonding strength on this interface. Fig. 5(c) and (d) shows the

top view and side view for the interface layer of C–B bond. The

parts marked by real line were enlarged as is shown in Fig. 5(a)

and (b). The charge distribution on each atom is severely dis-

torted to their adjacent atoms, implying the strong covalent

characteristics in both bonding congurations.30 It is obvious

that the C–B bonds (Fig. 5(a)) are stronger than the C–C bonds,

while the C–N bonds (Fig. 5(b)) are far weaker than the C–C

bonds. The majority of charges of C–B bond in the interface are

localized on C and B, other than that in the adjacent C–C bond

and B–N bond. Furthermore it is clearly seen that charge is

depleted in the region of B plane, meanwhile, the charge is

accumulated in the region of C plane near the interface.

Comparing both bonding congurations, it strongly shows that

the C–B bond exhibits more strong covalent character than the

C–N bond, which agrees with the above results of interface

formation energy calculations. According to Fig. 3(c) and (d),

the hybridization takes place between C 2p, N 2s 2p and B 2p

from the PDOS for the (111) c-BN/diamond hetero-structure

with C–N interface conguration, meanwhile, that with C–B

interface conguration hybridizes by C 2p, B 2p and N 2p

orbital. The sp2-like bond hybridized by 3 orbital are vulnerable

to rupture than the sp3-like bond hybridized by 4 orbital, thus,

the introduction of s-orbital may weaken the charge transfer

near the hetero-interface and hindering the formation of

bonding.31 Therefore, in context of the results of total energy

calculation and charge density difference, the C–B bonds are

most stable constructions, which may possibly occur in the

heteroepitaxially growth of c-BN on diamond. On the other

hand, it has been reported that the deposition of N should be

following B as it is difficult to form a monolayer of N on dia-

mond surface because of the desorption of N addimers.32

3.4. Band offsets

The energy band offsets or band discontinuities at the (111)

hetero-interface of both C–B and C–N bonding congurations

were carried out. The band offsets can be determined directly

from the partial density of states (PDOSs) calculations, in which

the valence band offset at the interface is the energy difference

between the tops of the valence bands of the c-BN layer and the

diamond layer.32–34 Although this method can determine the

band offset directly, the results are usually sensitive to the

computational condition such as the number of k-points, cut-off

energy, size of a supercell, etc. It is known that the band gap is

usually underestimated by the DFT method, resulting in the

lowered lying conduction band (see Table S1(a)–(d) in ESI†).

Therefore, we focus on the alignment of the valence-band edge

(EV) and Fermi level (EF). The band gap values of 6.4 eV and

5.5 eV of c-BN and diamond are used to determine the

conduction-band edge, respectively.14

The band offsets of both C–B bond and C–N bond at the (111)

hetero-interfaces have been both calculated and the results are

summarized in Table 3. As is shown, for the C–B bond structure,

the VBM of c-BN is positioned at 0.56989 eV, while the VBM of

diamond is positioned at 0.61523 eV, resulting in a VBO of

about 0.045 eV. For the C–N bond structure, the VBM of c-BN is

positioned at �2.35441 eV, while the VBM of diamond is posi-

tioned at �2.94104 eV, giving a VBO of about 0.587 eV.

Table 3 The calculated values of the valance band for C–B and C–N

at (111) c-BN/diamond hetero-interface

Interface-bonding c-BN (eV) Diamond (eV) VBO (eV)

C–B 0.56989 0.61523 �0.04534

C–N �2.35441 �2.94104 0.58663

Fig. 6 Schematic representation of the relative position of the valence band and conduction band edges of (111) c-BN/diamond hetero-

structure with C–B (a) and C–N (b) bonding configurations.

This journal is © The Royal Society of Chemistry 2019 RSC Adv., 2019, 9, 8435–8443 | 8441
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Based on the calculation results, the band offsets are sche-

matically illustrated in Fig. 6(a) and (b) The VBM of c-BN is

positioned at 0.045 eV below that of diamond for C–B bonding

conguration, with the CBM of c-BN at 0.855 eV above that of

diamond for the C–B interface conguration (Fig. 6(a)). The

VBM of c-BN is positioned at 0.587 eV above that of diamond,

with the CBM of c-BN at 1.487 eV above that of diamond for the

C–N interface conguration (Fig. 6(b)). The latter is accordance

to a recent report in which VBM of c-BN was inferred to be 0.8 eV

above that of diamond for C–N interfacial bonding.36 However,

the previous theoretical calculations demonstrated that the c-

BN VBM positioned at least 1.9 eV below the diamond VBM in

the (100) surface for C–B bondings and 0.13 eV for C–N bond-

ings.35 In addition, the c-BN VBM was found to be 0.71 eV lower

than that of diamond as to the (110) hetero-interface with one

mixed C–B and C–N layer.15 The differences in these calculated

and experimental band offset values strongly suggest that the

interface bonding conguration should be considered.

4 Conclusions

In this work, we establish and optimize four kinds of hetero-

structures on (100) and (111) surface with different atomic

bonding congurations by the rst-principle calculations. 12-

layers of c-BN and 12 layers of diamond hetero-structures are

found reasonable enough for the calculations of properties

according to the convergence of band length and band gap. The

hetero-interface with C–B conguration is the most energeti-

cally favorable structure under (111) and (100) surface of dia-

mond. The results of LPDOSs reveal that the contribution to the

densities of the interface states neat EF is mainly from C 2p, B 2p

and N 2p for C–B bonding conguration and C 2p, B 2p, and N

2s 2p for C– N bonding conguration in both (100) and (111)

hetero-interface. The band offsets are also calculated, resulting

in a VBO of about 0.045 eV for C–N bond and about 0.587 eV for

C–B bond on (111) hetero-interface.
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