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The structural and electronic properties of (100), (110), and (111) diamond/cubic boron nitride (c-BN) heterostruc-
tures are systematically investigated by first principles calculation. The interface between diamond and c-BN shows the
weak van der Waals interactions, which is confirmed by the interface distance and interface binding energy. The diamond/c-
BN structures are the direct bandgap semiconductors with moderate bandgap values ranging from 0.647 eV to 2.948 eV.
This work helps to promote the application of diamond in electronic and optoelectronic devices.
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1. Introduction

As an ultra-wide band gap semiconductor, diamond has
attracted considerable research interest as a favorable can-
didate for high-temperature and high-power electronic de-
vices, due to the outstanding physical and chemical properties,
such as high carrier mobility, high thermal conductivity, high
break down electric field, exceptional hardness, and chemi-
cal stability.[!?] The cubic boron nitride (c-BN) is the second
hardest material, and it has been widely used as a coating ma-
terial. Also, it is potential to apply c-BN to future electronic
devices, due to its excellent electron transport properties and a
variety of material parameters. [*/

The lattice mismatch between diamond and c-BN is only
1.36%.) Tt has been reported that c-BN is epitaxially grown
on single-crystal diamond substrate by using ion beam as-
sisted molecular beam epitaxy,>~7! on seed crystals of dia-
mond by a temperature gradient method,® and on polycrys-
talline diamond via plasma-enhanced chemical vapor depo-
sition method.!>1% Several theoretical studies of diamond/c-
BN heterostructures with interfacial chemical bonds have been

HLI2Z1 Ag is well known, the reconstruction or

performed.
functionalization in diamond is essential for stabilizing the
structures.[!3l The H-terminated diamond samples are gen-
erally obtained in hydrogen plasma environment through the
chemical vapor deposition method,!'*! and the c¢-BN films
could be treated by microwave hydrogen-plasma to obtain the
hydrogenated c-BN surfaces.!!>] Thus, it is naturally spec-
ulated that the c-BN would grow on the H-terminated dia-

mond surface. The experimental and theoretical researches
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have found that constructing van der Waals heterostructures
would purposefully get the novel properties, and the intrinsic
properties are mostly preserved.[!®-1%1 Meanwhile, the van der
Waals integration offers an alternative bond-free integration
strategy for building heterostructures without lattice and pro-
cessing limitations.?”) However, the related researches about
diamond/c-BN heterostructures with weak van der Waals in-
teractions at the interface have not been reported.

In this work, we systematically investigate the struc-
tures and electronic properties of (100), (110), and (111)
diamond/c-BN van der Waals heterointerfaces. Unlike the in-
direct and wide bandgaps for both bulk diamond and c-BN, all
the heterostructures are direct bandgap semiconductors.

2. Computational method

The structural optimizations and electronic properties
were calculated by using the density functional theory
(DFT) implemented in the Viener ab initio simulation pack-
age (VASP).[>!22] The exchange—correlation potential was
Perdew—Burke-Ernzerh (PBE) within the generalized gra-
dient approximation (GGA).[*3! The projector augmented
wave (PAW) method was used to describe the electron—ion

s.[241' As shown in Fig. S1 in supporting informa-

interaction:
tion, the plane wave energy was selected as 600 eV after con-
vergence test. The k-point grids were 5 x5 x 1 and 10 x 10 x 1
in geometrical optimizations and electronic properties calcu-
lations, respectively. Geometrical optimizations were finished
by using the conjugate gradient method, until the energy con-

vergence tolerance was less than 107> eV and the force was
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less than 0.03 eV/A. A large vacuum of 30 A was used to elim-
inate interactions between periodic images.

3. Results and discussion

The optimized structures of (100), (110), and (111)
diamond/c-BN heterointerfaces are presented in Fig. 1. For the
bulk diamond surface and c-BN (100) surface, the stable struc-
tures have the dimers,®! then we build (100) diamond/c-BN
heterointerfaces with interface B-B and N-N dimers, which
are defined as (100)-I structure and (100)-II structure, respec-
tively. For (110) diamond/c-BN heterostructure, one structure
is built, which is named (110)-I structure. The (1 x 1) and
(2 x 1) reconstructed surfaces are possible for diamond (111)
surface, 2% then we consider four (111) diamond/c-BN struc-
tures, designated as (111)-I to (111)-IV structures. Thus, in
this work, seven kinds of diamond/c-BN heterostructures are
considered, and the diamond and c-BN surface atoms are satu-
rated by H atoms. Based on previous results,'?’-?8! the 9-layer
thick diamond (100) and c-BN (111) slabs are used for build-
ing the models. The layer thickness of diamond (110), (111)
slabs and c-BN (100), (110) slabs are chosen based on the test
results in Fig. S2 in supporting information.

When a slab model is used to study the polar semicon-
ductor surfaces, the charge transfer and interaction would ap-
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1. Oi(

pear between the two surfaces through the slab, which results
in the irrelevant surface states in band structures.*”! To avoid
the problem, Shirashi proposed a new slab model, in which
fictitious H atoms were introduced to passivate the surface
atoms.?% Therefore, in this work, the B and N atoms on c-
BN surfaces are saturated by the fractionally charged H atoms.
Based on a simple chemical consideration of a covalent bond,
the charge of virtual H atoms is set to 1.25 e (0.75 e) for the
B (N) dangling bonds of the c-BN (111)[?8] surface and (110)
surface. For c-BN (100) structure with reconstruct dimers, the
surface B-B (N-N) bonds are terminated with 1.5 e (0.5 ¢) of
virtual H atoms.[?>31]

For the (100)-I ((100)-II)) structure, the B-B and N-N
bond length in dimers are 1.742 A (1.741 A) and 1.572 A
(1.573 A), respectively, which are close to those in hydro-
genated c-BN (100) surface (1.75 A and 1.58 A).[25) The C-C
bond length in dimer for diamond is 1.619 A, approaching to
previous results (1.61 A).[2632] The B-H (N-H) bond lengths
of (111)-I, (111)-1I, (111)-III, (111)-IV structures are 1.204,
1.201, 1.204, and 1.198 A (1.056, 1.056, 1.056, 1.057 A),
which are similar to those of c-BN (111) structures reported
previously.[?®! The interface distance between diamond and
c-BN for the heterostructures are 1.915, 1.958, 2.093, 1.902,
1.949, 1.796, and 1.797 A, respectively.
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Fig. 1. Side views of diamond/c-BN heterostructures for (a) (100)-1, (b) (100)-I1, (c) (110)-I, (d) (111)-I, (e) (111)-II, (f) (111)-III, and (g)
(111)-1V structures, with partial surface bond lengths marked and brown, green, grey, and pink balls denoting C, B, N, and H atoms, respectively.

The stability of the heterointerfaces is evaluated by the in-
terface binding energy (%y) from the following formula:!!7-33]

Yint = (Ediamond + Ec-BN — Egiamond/c-BN) /S (1)

where Egiamonds Ec-BN» and Egjamond/c-N are the total energy
of diamond, c-BN surface, and diamond/c-BN heterostruc-
tures, respectively, and S is the area of the interface between

diamond and c-BN. The corresponding interface binding en-
ergy values for the heterostructures are 60.40, 60.46, 26.55,
48.60, 41.60, 43.64, and 58.76 meV/A?2, respectively. The or-
der of interface binding energy values for diamond/c-BN het-
erostructures is (100) > (111) > (110). We suggest that the
diamond (100) surface is a promising plane for c-BN growth.

The large interface distance and moderate interface binding

077301-2


http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/acac10

Chin. Phys. B 32, 077301 (2023)

energy suggest the weak physisorption interactions between
diamond and c-BN interface, which is consistent with the fact
that both diamond and c-BN surfaces are fully functionalized
with H atoms.

The band structures in Fig. 2 show that the diamond/c-
BN structures are direct band gap semiconductors with both
valence band maximum (VBM) and conduction band mini-
mum (CBM) at the I point, which is different from the indi-
rect bandgap for bulk diamond and c-BN. The band gap val-
ues of (100)-1, (100)-II, (110)-I, (111)-I, (111)-11, (111)-11,
and (111)-IV structures are 2.948, 2.660, 2.078, 2.731, 0.922,
2.872, and 0.647 eV, respectively, which are much smaller than
those for bulk diamond and c-BN. Thus, the band gaps are
modulated by heterostructure constructing. Apparently, there
is no major difference between the electronic band structures
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(111)-IV structures, with the Fermi energy setting to zero.

of (100)-1, (100)-II, (110)-1, (111)-I, and (111)-IIT structures.
While the band structures of (111)-II and (111)-IV structures
are similar.

To analyze the electronic properties more clearly, density
of states (DOS) for diamond/c-BN heterostructures is shown
in Fig. 3. The CBM of the (100)-I, (100)-II, (111)-II, and
(111)-IV structures are contributed by c-BN, while the CBM
of the (110)-1, (111)-1, and (111)-III structures are contributed
by both the c-BN and diamond. For the VBM of the (100)-I,
(100)-I1, (110)-1, (111)-11, and (111)-IV structures, the contri-
bution is mainly from the diamond part. While the VBMs of
the (111)-I and (111)-IIT structures are mainly contributed by
the c-BN part. The DOS features are similar for the (100)-
I and (100)-II, (111)-T and (111)-III, (111)-IT and (111)-1V
structures.
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Fig. 2. Band structures of diamond/c-BN heterostructures for (a) (100)-1, (b) (100)-I1, (c) (110)-I, (d) (111)-L, (e) (111)-II, (f) (111)-11I, (g)

M K r

HCH R g [@ ] : o

20t ‘ Z20t w % 20 ‘ 720 !

1) | 1) | LS | 1) |

= | z | = | = |

| | | |

(SN} 1 1 SIN) 1 5 0 L I L (S L I
—4-20 2 4 6 —4 72 0 2 4 6 —4-20 2 4 6 —-4-20 2 4 6

Energy (eV) Energy (eV) Energy (eV) Energy (eV)

£ M@ £ o] £ e | —— Total

% 2 | % 2 | k7 2 | c-BN

< 0 | = 0 | w5 Of | —— Diamond

B 1 B 1 B 1

i | @ | i |

jod \ Jo} | o} \

A &) 0 A

0
—4 —2 0 2
Energy (eV)

—4-20
Energy (eV)

0
—4 —2 0 2
Energy (eV)

Fig. 3. The density of states (DOS) of diamond/c-BN heterostructures for (a) (100)-L, (b) (100)-1L, (c) (110)-I, (d) (111)-1, (e) (111)-11, (f)
(111)-II1, and (g) (111)-IV structures, with the Fermi energy setting to zero.

The differences in charge density between the diamond/c-BN heterostructures are presented in Fig. 4. The charge density
difference Ap is defined as Ap = Pgiamond/c-BN — Pdiamond — PBN (Pdiamond/c-BN» Pdiamond> and pc-pN are the charge densities of
diamond/c-BN heterostructure, isolated diamond, and c-BN, respectively), to visualize the electron redistribution upon formation
of heterointerface. We find the evident charge redistribution at the interface between the diamond and c-BN. The electron
depletion is shown in diamond surface for (100)-1, (111)-I, and (111)-IIT structures, and electrons are accumulated in diamond
surface for (100)-1II, (111)-11, and (111)-IV structures. It is consistent with the Bader charge analysis that the electrons of 0.013,
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0.004 and 0.016 e are transferred from diamond surface to c-BN for (100)-I, (111)-I, and (111)-III structures, and electrons of
0.012, 0.009, and 0.004 e are obtained in diamond surface for (100)-II, (111)-II, and (111)-IV structures. It is caused by the
electronegativity relation of B < C < N. For (110)-I structure, the electron accumulation appears in one C atom of the diamond

surface, and the electron depletion happens in another C atom in the diamond surface.
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Fig. 4. Charge density difference of diamond/c-BN heterostructures for (a) (100)-1, (b) (100)-11, (c) (110)-1, (d) (111)-L, (e) (111)-I1I, (f) (111)-111,
(g) (111)-IV structures, with yellow (cyan) color representing electron accumulation (depletion), and isosurface value being 5.277 x 1079 ¢/A3.

4. Conclusions 2]

In summary, we systematically investigated the interface [3]
structures and electronic properties of (100), (110), and (111)

diamond/c-BN heterointerfaces by first principles calculation. 41

According to the interface distance and interface binding en-

ergy, the interaction between diamond and c-BN is weak van (51

der Waals force, which is consistent with the fact that the (6]
atoms in both diamond surface and c-BN surface are fully sat-
urated by H atoms. The heterostructures show that the char- (71
acteristics of the direct band gap with the band gap values of
0.647 eV-2.948 eV are different from those of the indirect and

wide band gaps for bulk diamond and c-BN. The charge redis-

[8]

[9]

tribution is found at the interface between diamond and c-BN. (10]

The electronic states can be manipulated for advanced elec-
tronic device applications. (i
[12]
[13]
[14]
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