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a  b  s  t  r  a  c  t

The  electronic  structure  and  impurity  states  of  S-doped  cBN  were  investigated  by first-principle
approaches.  Our calculation  shows  that S substituted  for  an N atom  creates  shallow  donor  levels  merged
to the  states  at  the  conduction  band  edge,  S substituted  for a  B  atom  creates  deep  donor  levels  within  the
band  gap,  both  forming  n-type  cBN,  and  band  gap  of  S-doped  cBN  decreases  with  the  increase  of dopant
concentration.  Moreover,  from  the  view  of  energy,  S is  more  likely  to be substituted  for  a  B  atom  than  an
eywords:
ubic boron nitride
ulfur
oping
andgap

N atom.
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irst-principle study

. Introduction

Cubic boron nitride (cBN) is currently attracting considerable
nterest for applications in the fields of high-temperature and high-
ower electronic devices because of its excellent chemical stability,
igh thermal conductivity, wide bandgap with both n- and p-type
opability and a large breakdown electric field [1].  However, due
o the difficulty of growing high quality cBN films and large size
BN single crystals, there are still few groups in number that can
ake high quality cubic phase boron nitride [2–9], let alone high

uality n- or p-type doped cBN that can be used to fabricate excel-
ent performance electronic devices. In the experimental aspect,
aniguchi et al. [10–13],  one of the famous groups that have syn-
hesized large size cBN single crystals successfully, reported various
haracteristics of n- and p-type cBN single crystal doped with S, Be,
u and Tb. Electrical properties of Be-implanted polycrystalline cBN
lms were also studied by He et al. [14]. Yoshida and Nose et al.,
eported semiconducting properties of Mg-  and Zn-doped cBN thin
lms [15–17].  Recently, electrical transport properties of Si-doped
BN thin films were reported by Ying et al. [18]. In the theoretical
spect, vacancies of boron (B) and nitrogen (N), impurity of Be, Mg
nd Si in cBN have been studied by Gubanov et al. [19,20]. A system-

tic review of first-principle calculations for defect and impurities
o III-nitrides but mainly to GaN was presented by Van de Walle
nd Neugebauer [21]. As we can see, the characteristics of S-doped

∗ Corresponding author. Tel.: +86 571 87951404; fax: +86 571 87951411.
E-mail address: hsyang@zju.edu.cn (H.S. Yang).

925-8388/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
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cBN still remain a rare studied problem that is worth investigating
in both theory and experiment.

In this work, we  present first-principle investigations on the
electronic structure and impurity states of substitutional S-doped
cBN. The results of S substituting a nitrogen atom are compared
with those of substituting a boron atom. Effects of different doping
concentrations on the electronic structure are also discussed. Our
calculations suggest that S is easier to substitute a B atom than an
N atom, and S substitution at an N atom will induce shallow level
near the bottom of conduction band minimum, while S substitution
at a B atom will induce deep levels within the band gap.

2. Method of calculations

To find the sulfur impurity states and its influence on the intrin-
sic host cBN crystal, total energy and electronic structure of S-doped
cBN were investigated within density functional theory (DFT) as
implemented in the Cambridge Sequential Total Energy Package
(CASTEP) code [22], using exchange-correlation functional in the
CA-PZ form [23,24] of local density approximation (LDA). A plane
wave basis set expanded to an energy cutoff of 100 Ry and ultrasoft
pseudopotential depicting the interactions between valence elec-
trons and the ionic core were used to describe the electronic wave
functions with integration over the Brillouin zone by summation
over a 20 × 20 × 20 Monkhorst-Pack k-point mesh. In addition, the

valence atomic configurations were used as 2s22p1, 2s22p3, and
3s23p4 for B, N and S, respectively. In order to study the effects
of different concentrations of impurity on the properties of cBN,
32-, 64-, 96- and 128-atom supercell models were used with one

dx.doi.org/10.1016/j.jallcom.2012.04.002
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:hsyang@zju.edu.cn
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Fig. 2. (a) Total energy of varying cBN supercell size and energy difference between
S  substitution at the B and N site. The total energy of S substitution at the B site is
about 190 eV less than that of S substitution at the N site with the same supercell

T
G

ig. 1. 64-Atom supercell structure (a) S substitution at the B site; (b) S substitution
t  the N site. Pink ball: B; blue ball: N; yellow ball: S.

ulfur atom substitution at the center or near center of each
upercell, yielding an effective impurity concentration of 3.13%,
.56%, 1.04% and 0.78%, respectively. All atomic coordinates were
elaxed and the structure optimization was performed until the
nergy change of per atom was less than 1.0 × 10−5 eV, the
ellmann–Feynman forces on atoms were less than 0.03 eV/Å, and

he maximum displacement of per atom was 1.0 × 10−3 Å. Note that
he scissor operation of 1.9 eV [25,26],  a linear shift of the calculated
and structure, has been used to correct the theoretical bandgap
ompared with the widely admitted experimental value, due to the
ell-known underestimation to all of the LDA calculations in which

he correlation energy of excited electrons is ignored. Another the-
retical investigation using the general gradient approximation
GGA) was also performed to check the accuracy, and the lattice
arameters and band gap of pure cBN agree well with each other
shown in Table 1) and previous experimental results [27].

. Results and discussion

Supercell structure of sulfur impurity substitutions at a B atom
nd an N atom (taking a 64-atom supercell as an example) are
hown in Fig. 1. Total energy values of different supercell sizes are
hown in Fig. 2a, and we can see that the total energy of S substitu-
ion at the B site is less than that of S substitution at the N site, which

eans that S substituting at the B site is easier and structural stable.
his calculation result is consistent with our previous experiment
28]. As shown in Fig. 2b, for a cBN film prepared by PECVD with
he introduction of H2S into the deposition system, the increase
f S second ion intensity measured from the depth profile second
ons mass spectroscopy (SIMS) of the S-doped cBN was accompa-
ied with a decrease of B second ion intensity, suggesting that S

s mainly substituted for B atom. Fig. 2a also shows that the total
nergy difference between S atom substitution at the N site and at
he B site is independent on the supercell sizes, remaining about

90 eV. This mainly results from that the difference of formation
nergy between S substitution at the B and N site with same cell
ize is a constant where influence of supercell size is minimized.

able 1
eometry optimized structural parameters and band gap of pure cBN comparing with GG

This work 

LDA/CA-PZ 

a (Å) 3.588 

B  N bond length (Å) 1.554 

Band gap (eV) (scissor = 1.9 eV) 4.39 + 1.9 = 6.29 
size. (b) Second ions intensity of S and B in an S-doped cBN film measured by depth
profile SIMS. S-doped cBN films were prepared by PECVD.

The calculation of energy band structure of ideal intrinsic cBN
indicates that pure cBN is indirect bandgap semiconductor mate-
rial with a minimum bandgap of ∼6.29 eV between G and X in the
reciprocal space (shown in the inset of Fig. 3a and Table 1), con-
sistent with previous results [27,29].  The energy band of S-doped
cBN is much complicated, mainly due to impurity atoms induc-
ing energy levels of hybrid orbitals when forming S B bonds or
S N bonds. Total electron density of states (DOS) for cBN with dif-
ferent S-doping levels presented in Fig. 3 indicates the details of
band structure variation with sulfur concentration. We  note that
the bandgap decreases as the impurity concentration increases. The
calculated bandgap is 5.41, 5.35, 5.25 and 4.95 eV for S substitu-

tion at the N site with doping concentration of 0.78%, 1.04%, 1.56%
and 3.13%, respectively. For S substitution at the B site, the calcu-
lated bandgap is 5.62, 5.55, 5.03 and 4.63 eV (shown in the inset

A approach and experimental results.

Literature [27]

GGA/PBE

3.638 3.615
1.575 1.570
4.44 + 1.9 = 6.34 6.1–6.4
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ig. 3. Density of states of different S-doping level cBN. (a) S substitution at the B 

ite  (inset is the relationship between band gap and supercell size).

f Fig. 3b). As analyzed in the following section, this might result
rom that one of the S 3p orbitals which is near the conduction band
ybridizes with B 2p orbital.

To further investigate contributions of different atom species to
he energy level, partial density of states (PDOS) of S-doped cBN
s displayed in Fig. 4. When S substituted at the B site, S 3s orbital
verlap with its neighboring nitrogen 2s and 2p orbital, forming

ne peak at the bottom of upper valance band (about −14.7 eV),
nd two of the S 3p orbitals hybridize with N 2p orbital, resulting
n deep energy levels within the band gap (about −1.3 eV and 0 eV);
nother S 3p orbital hybridizes with its neighboring N 2p orbital,

ig. 4. Partial density of states of S-doped cBN with different doping levels (a) contribu
ifferent elements where S substitution at the N site, (c) PDOS of S atom and its neigh
eighboring B atom where S substitutes at the N site.
set is the calculated energy band scheme of pure cBN). (b) S substitution at the N

forming peaks at the conduction band (shown in Fig. 4a and c).
While for S substitutes at the N site, S 3s orbital hybridizes with its
neighboring B 2s and 2p orbital forming peak at the top of lower
valance band; two  of the S 3p orbitals forming bond with B 2p,
forming peaks at the bottom of upper valance band, and another
S 3p orbital hybridizes with its neighboring B 2p orbitals, form-
ing peaks at the conduction band (shown in Fig. 4b and d). The

PDOS analysis shows that the substitutional S atom induces certain
impurity states within the bandgap and near band edge of pure cBN
bulk, resulting in the bandgap reduction from 6.3 eV of pure cBN to
4.6 eV and 5.0 eV (3.13% impurity concentration) of S doped at the

tions of different elements where S substitutes at the B site, (b) contributions of
boring N atom where S substitutes at the B site, and (d) PDOS of S atom and its
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 and N site, respectively. Particularly, when S substitutes at the B
ite with a doping level of 3.13%, the PDOS of S atom shows that
lectron states have almost occupied within the whole bandgap,
hich is different from the PDOS of the other three doping levels.

n the three less S-content levels, S induced discrete energy levels
n the bandgap. The reason might be that 3.13% S-doping level is
igh that the doped cBN crystal has become degenerate. As a result,
he S atom substitution at the B site induces deep impurity level,
hile the S atom substitution at the N site induces shallow level
ithin the band gap. The greater negative total energy in the case

f S substitution for B (S → B) than for N (S → N) shown in Fig. 2
uggests that bond energy of S(S → B) N is stronger and more sta-
le than that of S(S → N) B. This can be explained by the number
f valance electrons of an S atom. That is, S(S → N) and S(S → B)
ave one or three more valance electrons than the original N or B
toms in the unperturbed lattice, respectively. On the other hand,
lectron state of S(S → B) is less localized than that of S(S → N) due
o closer electron affinity between S and N than the case between S
nd B bonds. It means that higher transition probability for carriers
s expected in the case of S substitution at a B atom. The calcula-
ions discussed above suggest that S substitutional impurities can
reate electron states near the bottom of the conduction band and
ithin the band gap, which can result in n-type conductivity in

-doped cBN.

. Conclusions

In summary, we have performed first principle calculations to
nvestigate the electronic structure and impurity states of S-doped
BN with different doping concentration. Bandgap of S-doped cBN
ecreases with the increase of S content in the host crystal. S sub-
titution at an N site will induce shallow level near the bottom of
onduction band, and S substitution at a B site will induce deep
evels within the band gap, both resulting in n-type cBN. Both the
heoretical and experimental results show that S is apt to be doped
t a B site.
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