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Abstract

In this work, the interfacial structures and electronic properties of diamond and cubic
boron nitride heterostructures are investigated using first principles calculation. It is found that
the two-dimensional electron (hole) gas appears in diamond surface for structures with
interface C-N (C-B) bonds, while the doping type is not related to the crystal orientation and
surface fictionalization. The areal electron (hole) density values are 6.57 x 103-1.57 x 10
cm™? (2.24 x 10'-3.72 x 10" cm™), which is slightly larger than the areal hole density in
hydrogen-terminated diamond. This work is helpful for promoting diamond applied in

electronic and opto-electronic devices.
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1. Introduction

As an ultra-wide band gap semiconductor, diamond has attracted extensive attention due
to its exciting properties in physics, devices and applications.[1] Although the p-type and n-
type diamonds have been obtained by the conventional doping method, the foreign atoms
incorporate into diamond to form the electrically active dopants are limited.[2,3] Besides, the
diamond surface with hydrogen (H) termination shows the two-dimensional hole gas, which is
explained by the surface charge transfer doping mechanism,[4] and the field effect transistors
based on the H-terminated diamond have been realized.[5]

The cubic boron nitride (c-BN) has high thermal and chemical stabilities, and it is
promising for high-power electronic devices.[6] Since the lattice parameter of c-BN is good
matched with diamond, it is selected as a substrate to grow the c-BN single crystal, using a
temperature gradient method at high temperature and high pressure,[7] the dual ion-beam
sputtering,[8,9] ion-beam-assisted molecular beam epitaxy[10-12] and ion-beam-assisted
deposition methods.[9] The epitaxial (111)[7,10] diamond and ¢c-BN (D/BN) heterojunction
was obtained. However, the poor crystal quality of heterojunction makes it difficult to directly
image the interface structures and measure the electronic properties, which is fundamental to
designing optimal synthesis routes, and it is also essential for applications in nanodevices.

The previous theoretical works were devoted to calculate the band edge
discontinuities[13,14] and the valence band offset[15,16] of D/BN interfaces. In order to
provide more fundamental information, herein, we systemically investigate the interface
structures and electronic properties of (100), (110) and (111) D/BN heterointerfaces using first
principles calculation. It is found the two-dimensional electron (hole) gas for heterostructures

with interface C-N (C-B) bonds.

2. Calculation details

The geometrical optimizations and electronic property calculations were carried out using
the density functional theory (DFT) as implemented in the Vienna ab initio simulation package
(VASP).[17,18] The exchange-correlation potential was treated by means of Perdew-Burke-
Ernzerh (PBE) under the framework of generalized gradient approximation (GGA).[19] The

projector augmented wave (PAW) method was used to describe the electron-ion interaction.[20]



A plane wave kinetic energy cut-off was set as 600 eV. In the geometrical optimizations and
density of state (DOS) calculations, the k-point meshes were 5 x 5 x 1 and 10 x 10 x 1,
respectively. The geometrical optimizations using the conjugate gradient method were
completed until the convergence tolerance of energy was smaller than 10~ eV, and the force
was smaller than 0.03 eV/A. A large vacuum of 30 A in the z-direction was used to eliminate

the interaction between the periodic images.

3. Results and discussion

The lattice constants of bulk diamond and c-BN are calculated as 3.572 A and 3.626 A,
respectively, being similar with the experimental results of 3.567 A[21] and 3.615 A.[22] To
build the heterostructure, lattice constant of c-BN is shrunken by 1.51% to match that of
diamond. Based on the previous results,[23] the smooth interface is built for D/BN
heterostructures.

The (111) and (100) D/BN heterostructures are first studied. The H-terminated c-BN
surface can be accessibly obtained by the microwave H-plasma treatment,[24] thus both
pristine and hydrogenated c-BN surfaces are considered. Four kinds of stable c-BN (111)
surfaces are reported in our previous work,[25] including the pristine and hydrogenated (2x1)
c-BN, hydrogenated (1x1) c-BN surface with B-termination and N-termination. The (111)
D/BN heterostructures are shown in FIG. 1(a)-1(d), which are named from (111)-I to (111)-1V
structures, respectively. For c-BN (100) surface, the (2x1) reconstructed surfaces with B-B and
N-N dimers are stable.[26] Then, the pristine and hydrogenated c-BN (100) surfaces with
dimers are considered. The (100) D/BN heterostructures are presented in FIG. 1(e)-1(h), being
defined as (100)-I to (100)-IV structures, respectively. To avoid the appearance of irrelevant
surface states in band structure for polar semiconductor surface,[27,28] the B and N atoms on
the hydrogenated c-BN surface are saturated by appropriate fractionally charged H atoms.

Also, two types of atoms in c-BN offer the possibility of forming the structures with
interface C-N bonds (group 1: (111)-I, (111)-II, (111)-II1, (100)-I, (100)-II structures) and
interface C-B bonds (group 2: (111)-1V, (100)-11I, (100)-IV structures). Although the
experimental works reported the formation of C-B bonds at the interface for the diamond and

c-BN heterostructure in the transmission electron microscopy studies.[7,10] Another work



suggested a C-N interface after the comparison with offsets predicted by theoretical
calculations.[29] Also, both C-N and C-B bonds appear in carbon and BN
heteronanotubes[30,31] and hydrogenated graphene and BN heterostructures.[32] Thus, the

heterostructures with interface C-N and C-B bonds are investigated in this work.

FIG. 1. The side views of (111) and (100) D/BN heterostructures after geometrical optimization
for (a) (111)-1, (b) (111)-11, (¢) (111)-11IL, (d) (111)-IV, (e) (100)-1, (f) (100)-11, (g) (100)-II1, (h)
(100)-1V structures. The interface and partial surface bond lengths are labeled. The brown,

green, grey and pink balls are C, B, N and H atoms, respectively.



The surface B-N and B-B bond lengths for the (111)-I and (111)-1I heterostructures are
similar with those in the reconstructed c-BN (111) surface.[25] For (100) D/BN
heterointerfaces, the surface B-B and N-N bonds length (/s.5 and /x.n) are 1.625 A and 1.398
A for the pristine (2x1) structures, and 1.739 A and 1.572 A for hydrogenated surfaces. The
former values are approaching to those (1.63 A and 1.55 A) in pristine c-BN (100)
surface.[26,33] After geometrical optimization, the structural parameters are list in Table 1, it
is found that the slight structural distortion occurs in the diamond and c-BN interface. The
interface C-N bond lengths (Ic.n) of (111)-I, (111)-I1, (111)-III structures are 1.516-1.523 A,
and those for (100)-I, (100)-II structures are 1.547 A. The interface C-B bond lengths (Ic.p) are
1.653 A for (111)-1V structure, and 1.657—1.658 A for (100)-I11, (100)-IV structures. It denotes
the formation of strong covalent bonds in the interface between diamond and c-BN. The
interface /c.N and /c.g values for (111)-III and (111)-IV structures are approaching to those
(1.524 A and 1.650 A) in a previous work.[14]

The band structures of (111) and (100) D/BN heterostructures are presented in FIG. 2. For
structures in group 1 those with interface C-N bonds, there are several conductance bands
crossing the Fermi level, suggesting that the surface n-type conductivity appears. For structures
(group 2) with interface C-B bonds, the valence bands cross the Fermi level, denoting the p-
type doping characteristic. The similar electronic feature for (111)-IIT and (111)-IV structures
has been observed in previous theoretical predictions.[7,14] Due to the strong interface
interaction between the diamond and c-BN, it is naturally supposed that the surface
conductivity in D/BN heterointerface should be thermally stable up to a higher temperature
compared with the H-terminated diamond.[4,34]

We plot the charge density figures for the bands near the Fermi energy for each structure
in FIG. S1. There are several flat bands near the Fermi energy for the heterostructures with
pristine surface (conductance bands for (111)-I structure, and valence bands for (100)-I and
(100)-I1I structures). The flat bands are mainly contributed by the surface atoms, and the
surface states disappear after surface functionalization ((111)-II, (100)-II and (100)-IV
structures). Comparing the conductance bands crossing the Fermi energy for (111)-I, (111)-II,

(111)-III, (100)-I and (100)-II structures, except the bands contributed by the surface atoms in



c-BN surface, the conductance bands are contributed by the diamond and c-BN interface. This
phenomenon is also observed in the valence bands crossing the Fermi energy for (111)-1V,
(100)-III and (100)-IV structures. It is concluded that the surface functionalization has little

effect on the doping characteristic, while it is determined by the interface between diamond
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FIG. 2. The band structures of D/BN heterostructures for (a) (111)-I, (b) (111)-I1, (c) (111)-11I,
(d) (111)-1V, (e) (100)-1, () (100)-11, (g) (100)-I11, (h) (100)-IV structures. The Fermi energy is

set at zero.

The DOS of (111) and (100) D/BN heterostructures in FIG. 3 confirm the # (p) type doping
feature for group 1 (2) structures with interface C-N (C-B) bonds. For group 1, we integrate
the partial DOS of conductance band for diamond to obtain the areal electron densities of 6.57
x 10 em™, 7.94 x 10" cm™, 9.45 x 103 ecm™, 1.57 x 10" ecm™, 1.55 x 10" ecm™ for (111)-1,
(111)-IL, (111)-I1L, (100)-I, (100)-II structures, respectively. For group 2, we integrate the partial
DOS of valence band for diamond to get the areal hole densities of 2.24 x 10'* cm™, 3.33 x
10" em, 3.72 x 10'* ecm for (111)-1V, (100)-111, (100)-I1V structures. The areal hole density

for D/BN heterostructure is slightly larger than that for H-terminated diamond (~10'3 cm™2).[4]
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FIG. 3. The DOS of D/BN heterostructures for (a) (111)-I, (b) (111)-I1, (c) (111)-111, (d) (111)-
IV, (e) (100)-1, (f) (100)-1I1, (g) (100)-I1L, (h) (100)-1V structures. The Fermi energy is set at

Z€ro.

We further plot the charge density difference plots for D/BN heterostructures in FIG. 4,
which is defined as Ap = protal — Pdiamond — PBN (Ptotal, Pdiamond and pen are the charge density of
heterostructure, diamond and c-BN, respectively). There are evidently charge transfer in
interface between diamond and c-BN. For group 1 structures, the C atoms in diamond lose
electron from N atoms in ¢c-BN, which makes the electron accumulation in the diamond surface.
For group 2 structures, the C atoms in diamond surface get electron from interface B atoms in
c-BN, then the hole accumulates in diamond surface. Namely, the two-dimensional electron
(hole) gas appears in diamond surface for group 1 (2) structures with interface C-N (C-B) bonds.
The charge density difference feature is consistent with the Bader charge analysis (Q). The
electron of 0.983 e, 0.985 ¢, 1.085 e, 1.580 e, 1.589 e is lost in diamond surface for group 1
structures, and electron of 1.823 ¢, 3.426 ¢, 3.424 e is transferred from c-BN to diamond surface

for group 2 structures.



FIG. 4. The charge density difference of D/BN heterostructures for (a) (111)-I, (b) (111)-11, (¢)
(111)-111, (d) (111)-IV, (e) (100)-1, (f) (100)-11, (g) (100)-I1I, (h) (100)-1V structures. The yellow

(cyan) color represents electron accumulation (depletion). The isosurface value is 0.00036 e/A3.

We also build the structural model of (110) D/BN heterointerface, and calculate the band
structure. As shown in FIG. 5, the interface of (110) D/BN heterostructure has both C-N and
C-B bonds, and the numbers of C-N and C-B bonds in the interface are equal. We find the
semiconducting characteristic without doping for (110) D/BN heterostructure. Consequently,
the doping type of diamond is not related with the crystal orientation, while it is determined by

the interface C-N or C-B bonds.
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FIG. 5. (a) Side view and (b) band structure of (110) D/BN heterointerface. The green, grey,
brown and pink balls represent B, N, C and H atoms, respectively. The Fermi energy is set as

Z€ro.

Finally, we calculate the formation energies (£F) with respect to bulk diamond, c-BN and

free H> molecule using the following equation:
Er = (Ec/BN — nCHc — NBNUBN — HHUH)/Mbond, (1
Where Ec/pn is the total energy of the heterostructure, pic and pgn is the energy of individual C
atoms and BN units in the bulk material, py is half of the total energy of a single H> molecule.
nc, npN and ny is the number of C atoms, BN units and H atoms, and 7vong 1S the number of
interface bonds. As shown in Table 1, the group 2 structures have smaller formation energy
than the group 1 structures, suggesting that the formation of group 2 structures with interface

C-B bonds is easier.

Table 1 The structural parameters and electronic properties of (100) and (111) D/BN
heterostructures. The interface C-N or C-B bond length (/), charge carried by diamond (Q),

areal electron density, areal hole density, and formation energy (EF).



Structure | /(A) | Q(e) | Areal electron density (cm?) | Areal hole density (cm?) | Er (eV)

(111)-I | 1.516 | 0.983 6.57 x 1013 / 2.959
Group 1 | (111)-II | 1.519 | 0.985 7.94 x 1013 / 3.300

(111)-1IT | 1.523 | 1.085 9.45 %1013 / 1.119
Group 2 | (111)-IV | 1.653 | 1.823 / 2.24 x 10" 0.682

(100)-1 | 1.547 | 1.580 1.57 x 10 / 2.639
Group 1

(100)-1I | 1.547 | 1.589 1.55 < 10" / 1.972

(100)-1I1 | 1.657 | 3.426 / 3.33 x 10" 1.570
Group 2

(100)-IV | 1.658 | 3.424 / 3.72 x 101 1.587

4. Conclusion

In summary, the interface structures and electronic properties of (100), (110) and (111)
D/BN heterointerface are systemically investigated using first principles calculation. The
electronic structures of D/BN heterostructure show the interface donor (acceptor) feature, being
ascribed to the C-N (C-B) bonds in the interface, while it is not related to the crystal orientation
and surface functionalization. The areal electron densities are 6.57 x 10'°~1.57 x 10'* cm™ for
structures with interface C-N bonds, and the areal hole densities are 2.24 x 10'4-3.72 x 10
cm™ for structures with interface C-B bonds. The areal carrier density value is slightly larger
than the areal hole density of H-terminated diamond. The charge density difference and Bader
charge calculations denote the interfacial charge transfer. The electronic state could be

manipulated for advanced electronic device applications.
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