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a b s t r a c t

Structural stability along with the electronic and the optical properties of intrinsic 3C–SiC and Ni-doped
3C–SiC were studied by the first principles calculation. For the Ni-doped 3C–SiC, substitution of Ni in Si
sub-lattice is energetically more favorable than that in C sub-lattice. Some new impurity energy levels
vailable online 16 March 2011
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i-doped 3C–SiC

appear in the band gap of Ni-doped 3C–SiC, which can improve the conductivity of 3C–SiC. The imaginary
part of the dielectric function of Ni-doped 3C–SiC has three remarkable peaks at 0.69 eV, 2.35 eV, and
4.16 eV. This reveals that doping with Ni can improve the photo-absorption efficiency of 3C–SiC. In the
absorption spectrum of Ni-doped 3C–SiC, the absorption edge red-shifts towards the far-infrared region.
Furthermore, three new absorbing peaks emerge in the near-infrared region, visible region, and middle-

featu

irst principle
lectronic property
ptical property

ultraviolet region. These

. Introduction

Silicon carbide is an attractive material because it is used in a
ide variety of applications, due to excellent strength and chemi-

al resistance and stability at high temperatures, semi-conductivity
eatures, high thermal stability, and thermal conductivity [1–3].

Nevertheless, 3C–SiC is a wide band gap semiconductor with an
bsorption edge in the ultraviolet region as well as a poor absorber
f photons in the solar spectrum. The n- or p-type doping of 3C–SiC
s a promising way to modify the host properties of 3C–SiC in many
pplications [4,5]. It has been shown that doping of P in 3C–SiC
akes the photoluminescence (PL) lines broader and the conduc-

ivity better as compared to the intrinsic 3C–SiC, P-doped 4H-, and
H–SiC [6]. The complex permittivity of SiC powders decreases first
nd then increases with increasing B content [7]. The dielectric dis-
ipation factor of N-doped 3C–SiC particles is higher than that of
ure 3C–SiC particles [8]. Neutral impurity scattering can be the
ain mechanism for interpreting the low frequency conductivity

f N-doped 3C–SiC [9]. Better results of microwave dielectric loss
ere achieved in the X-band of p-type doped 3C–SiC (than in pure
C–SiC) [10–12].
The 3d-transition metals have recently been considered as

fficient dopants for altering and controlling the electrical and mag-
etic properties of 3C–SiC [13]. The magnetism of Mn-doped 3C–SiC

∗ Corresponding author. Tel.: +86 10 68914062; fax: +86 10 68914062.
E-mail address: hbjin@bit.edu.cn (H.-b. Jin).

925-8388/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
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res confer Ni-doped 3C–SiC qualifications of a promising optical material.

© 2011 Elsevier B.V. All rights reserved.

can be enhanced via growing a structure with Mn in Si sites, which
can result in localized magnetic interactions [14]. Moreover, Mn-
doped 3C–SiC has semi-metallic properties with a fast mobility of
conduction electrons [15]. V-doped 3C–SiC nano-wires can exhibit
semi-metallic ferromagnetic properties and reduce magnetic semi-
conductor behavior at very low temperatures [16].

The electrical and magnetic properties of 3C–SiC doped with
3d-metals have recently been studied by the method of linear
muffin-tin orbitals (LMTOs) using the tight-binding approximation
and the super-cell model [1,17–20]. It has been revealed that most
of the 3d-dopants mainly occupy the Si sub-lattice sites in 3C–SiC,
but Mn is expected to occupy the C sub-lattice sites [17]. The Cr-
or Mn-doped 3C–SiC has magnetic moment, but the Ni-, Fe-, and
Co-doped 3C–SiC does not exhibit any magnetic moment [20]. Fur-
thermore, Ni-doped 3C–SiC features semi-metallic properties and
rather weak relaxation effects [1].

A literature survey reveals that there are only few theoretical,
based on density functional theory (DFT), and experimental stud-
ies on Ni-doped 3C–SiC. Therefore, the structural, electronic, and
optical properties of Ni-doped 3C–SiC were studied in this paper
using the first-principle calculation, to evaluate the potential of this
material in modern technological applications.
2. Models and calculations

SiC exhibits more than 200 poly-types with different stacking
sequences of essentially identical Si–C bilayers [21], such as 3C–SiC,
2H–SiC, 4H–SiC, and 6H–SiC. In the present study, the adopted SiC

dx.doi.org/10.1016/j.jallcom.2011.03.058
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:hbjin@bit.edu.cn
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Fig. 1. (a) 3C–SiC crystal structure, (b) a primitive cell of 3C–SiC

odel is cubic SiC with zinc blend structure (labeled as 3C–SiC)
nd space group of F-43m. The structure of 3C–SiC is shown in
ig. 1a, with equilibrium lattice parameters of a = b = c = 4.348 Å,
nd ˛ = ˇ = � = 90◦. The 3C–SiC crystal structure, shown in Fig. 1a,
omprises two face-centered cubic unit cells, and the Si unit cell
s nested in the C unit cell. Each atom connects with the nearest-
eighboring four adjacent atoms of other species by covalent bonds.
primitive cell of 3C–SiC is shown in Fig. 1b. A standard-size super-

ell with 32 atoms was built from the conventional 8-atoms cubic
nit cell of 3C–SiC with a 2 × 2 × 1 replication. The structure of
i-doped 3C–SiC was then modeled by introducing a Ni atom to

eplace a Si atom (Fig. 1c) or a C atom (Fig. 1d), corresponding to Ni
oncentration of c.a. 3.125 mol%.

The calculations were carried out using first-principles plane-
ave pseudo-potential with Cambridge Serial Total Energy Package

CASTEP) code, which is based on density functional theory
nd molecular dynamics theory [22]. The calculations were per-
ormed using the generalized gradient approximation (GGA)

ethod and the exchange-correlation function was realized by
erdew–Burke–Emzerhof (PBE) [23]. Ni-doped 3C–SiC is a strongly
orrelated system, which requires another approach to take into
ccount the Coulomb interactions among d electrons. It has been
roven that the density functional theory (DFT) + U approach
24,25] is an effective tool to study the strongly correlated sys-

ems. Ouyang et al. [26] studied the electronic structure of LiMn2O4
ith the DFT + U method and the results agreed fairly well with

he experimental findings. In our study, the calculations were per-
ormed with LDA + U, allowing U to vary from 0 to 5.5 eV. By
omparing the results with different U values, a good value of
i15Ni1C16 crystal structure, and (d) Si16Ni1C15 crystal structure.

U = 4.5 eV was obtained for an accurate calculation. The valence
electron configurations of Ni-doped 3C–SiC are Si: 3s23p2, C:
2s22p2, and Ni: 3d84s2. The integrations over the Brillouin zone
were replaced by discrete summation over a special set of k points
using the Monkhorst–Pack scheme [27]. The plane-wave cut-off
energy of 330 eV and a 2 × 2 × 3 grid of Monkhorst–Pack points for
2 × 2 × 1 super-cell have been employed in this study to ensure
good convergence of the computed structures and energies.

In the self-consistent field computations, the ground state
energy was calculated using the Pulay density mixed method, and
the self-consistent field was set to 5 × 10−7 eV atom−1. The struc-
ture, the cell parameters, and the atomic positions of the doped
system were optimized with the Broyden and Goldfarb (BFGS)
method [28]. The stability of the system is better as long as the
four optimization parameters, calculated at the same time, all
meet the convergence standard. The four optimization parame-
ters are as follows: (1) the convergence standard of interaction
between electrons is 0.01 eV/Å, (2) the convergence standard of
the individual-atom energy is 5 × 10−6 eV atom−1, (3) the conver-
gence standard of crystal internal stress is 0.02 GPa, and (4) the
convergence standard for maximum shift of atom is 5 × 10−4 Å.

3. Results and discussion
3.1. Structural stability of Ni-doped 3C–SiC

The preferential substituting position of Ni in 3C–SiC super-cell
can be determined by calculating the formation energy Ef either
at Si site or C site. In our calculations, the formation energy of a
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Fig. 2. The band structures of (a) intrinsic 3C–SiC and (b) Ni-doped 3C–SiC.
Y. Dou et al. / Journal of Alloys an

harged point defect in SiC, Eq
f , can be expressed as [29,30]

q
f = E(nSi, nC, nNi, q) − nSi�Si − nC�C − nNi�Ni − qEF (1)

here E(nSi,nc,nNi,q) is the total super-cell energy, and nSi, nC, and
Ni represent the number of moles of Si, C, and Ni-doped atoms,
espectively. The chemical potential of Si, C, and Ni are �si, �C,
nd �Ni, respectively, and q is the charge state of the defect. EF
s the Fermi level, which is located between the top of the valence
and (Ev) and the bottom of the conduction band (Ec). The chemical
otentials of Si and C atoms in the thermal equilibrium regime of
iC must satisfy the thermodynamic stability condition

Si + �C = �SiC(bulk) (2)

here �SiC(bulk) is the chemical potential of SiC in the zinc-blende
tructure. The allowed ranges of �Si and �C are determined by the
eat enthalpy, �HSiC

f , defined as

HSiC
f = �SiC(bulk) − �Si(bulk) − �C(bulk) (3)

here �Si(bulk) and �C(bulk) are the chemical potentials of Si and C
espectively in the diamond structure, and they follow Eq. (4) [31]

� = �Si − �Si(bulk) − 0.5�HSiC
f = 0.5�HSiC

f − �C + �C(bulk) (4)

Theoretically, the tuning of C/Si ratio during growth is limited by
he condition of �Si = �Si(bulk) in a Si-rich regime, and �C = �C(bulk)
n a C-rich regime. Thus, Eq. (3) requires

.5�HSiC
f ≤ �� ≤ −0.5�HSiC

f (5)

Our calculated value of heat enthalpy �HSiC
f is −0.644 eV/SiC,

hich agrees fairly well with the experimental value of
0.68 eV/SiC [32].

The values of Ef for Ni impurity at Si and C sites are 4.074 eV
nd 4.793 eV, respectively. All relevant parameters are presented
n Table 1. Accordingly, it is concluded that Ef for Ni-impurity at
he Si site is lower than that at the C site, which indicates that the
ubstitutional Ni is more stable in the Si sub-lattice than that in the
sub-lattice. Therefore, we shall focus our investigation only on

he properties of Ni accommodated in the Si sub-lattice in 3C–SiC.

.2. Energy band structures and density of states (DOS)

In Fig. 2, the calculated band structures of intrinsic 3C–SiC and
i-doped 3C–SiC are presented. The band structure of Ni-doped
C–SiC becomes more complicated as compared to the intrinsic

C–SiC, since there is a significant difference of energy levels and
and gaps for the intrinsic 3C–SiC and the Ni-doped 3C–SiC.

From Fig. 2a, it can be seen that the top of the valence band (VB)
f intrinsic 3C–SiC is in the Brillouin center (G-point) with three-
old degeneration, and the bottom of the conduction band (CB) is

able 1
ormation energy Ef and total super-cell energy E(nSi,nc,nNi,q) of 3C–SiC with Ni
ubstituting Si or C atoms, chemical potentials of bulk Si (�Si(bulk)) and C (�C(bulk))
n diamond structure, chemical potential of SiC �SiC(bulk) in zinc-blende structure,
eat enthalpy �HSiC

f
, and chemical potentials of Ni (�Ni), Si (�Si), and C (�C) (units

n eV).

Magnitude Replaced site

Si C

E(nSi,nC,nNi,q) −5449.203 −5400.868
�Si(bulk) −107.325
�C(bulk) −154.941
�SiC(bulk) −262.915
�HSiC

f
−0.644

�Ni −1354.356
�Si −107.647
�C −155.263
Ef 4.074 4.793
located at the Brillouin boundary X-point with two-fold degen-
eration. This is a typical characteristic of indirect band gap for a
zinc-blende structure. The band gap of intrinsic 3C–SiC is 1.501 eV,
calculated with CASTEP, which is close to the experimental value
of 2.42 eV [33]. Moreover, Santos et al. have calculated by first prin-
ciples that the value of the band gap of 3C–SiC is 1.32 eV, which is
lower than that yielded from our calculations [34]. The theoretical
value is smaller than the experimental value because the correla-
tion interaction between excited electrons in the calculation model
has been underestimated, according to the Ref. [35].

According to Fig. 2b, the band structure of Ni-doped 3C–SiC has
more energy levels. The bottom of CB is at the G-point, and the top of
the VB is at the Q-point, which show that Ni-doped 3C–SiC is also an
indirect band structure. Due to the doping of Ni in 3C–SiC structure,
there are some non-filled impurity energy levels in the neigh-
borhood of Fermi level, and these impurity energy levels mainly
originate from the 3d orbital electrons of Ni. The emergence of these
energy levels would lead to the electronic intra-band or inter-band
transition from the occupied bands to the unoccupied ones under
irradiation. This may induce intense absorption in the long wave-
length visible region [36]. From Fig. 2b, it seems that a part of the
3d energy levels below EF has a large curvature between F- and
Q-points, suggesting a small effective mass for hole transport [37].
It is expected that the excited holes in the Ni-doped 3C–SiC move
freely and quickly, which may promote the electrons in the VB to
jump to the impurity energy levels. In other words, this means that

the transition probability increases to some extent. The electron
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onductivity, �, is

= pe2�p

m∗
p

(6)

here p is the hole density, �p is the carrier lifetime, and m∗
p is

he effective mass of a hole. The impurity energy levels lead to a
igh hole-density and a small effective mass. Accordingly, electron
onductivity of Ni-doped 3C–SiC is improved.

The total DOS and partial density of states (PDOS) for intrin-
ic 3C–SiC and Ni-doped 3C–SiC are shown in Fig. 3. According to
ig. 3a, the electron spectrum of the DOS contains two bands, i.e. the
B and the CB. The low-energy VB is from −16 eV to −9 eV, which
ainly originates from the 2s orbital electrons in C. The upper occu-

ied VB is from −8 eV to 0 eV, which is mainly composed of 2p
rbital electrons in C. Meanwhile, the 3p and 3s orbital electrons of
i also contribute to the upper occupied VB. The CB mainly consists
f 3p orbital electrons of Si and a few 2p orbital electrons of C.

The effect of the 3d orbital electrons on DOS for Ni-doped 3C–SiC
s shown in Fig. 3b. It can be seen that whole DOS moves towards
ow energy and EF also moves towards the CB. There is an addi-
ional intense peak arising around EF, due to hybridization of Ni
d, Si 3p, and C 2p states. The intense peak near EF favors electron
ransition, which increases the conductivity of Ni-doped 3C–SiC. It
s evident that introduction of Ni leads to a semi-metal nature of
C–SiC, which agrees with the calculated results of the band struc-

ure. The low-energy VB is also controlled by the 2s orbital electrons
n C, and the upper occupied VB originates from Si 3s, C 2p, and Ni
d electrons. The CB is mainly composed of Si 3p electrons. The top
f the new emerging peak of the total DOS is located at the right of

-20 -10 100 20 30 40

0.0

0.5

1.0

1.5

2.0

0.0
0.2
0.4
0.6
0.8
1.0

0.0
0.2
0.4
0.6
0.8
1.0

 SiC

D
O

S
(e

le
ct

ro
ns

/e
V

)

 C 2S
 C 2P

 S i 3S
 S i 3P

(a)

-20 -15 -10 -5 0 105

0

10

20

0

2

4

0.0

0.5

1.0

1.5
0.0

0.5

1.0

1.5

 Si
15

Ni
1
C

16

D
O

S
(e

le
ct

ro
ns

/e
V

)

 Ni3P
 Ni3d

 Si3S
 Si3P

 C2S
 C2P

(b) 

ig. 3. Total and partial density of states for (a) intrinsic 3C–SiC and (b) Ni-doped
C–SiC.
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EF, implying that 3d impurity energy levels are not fulfilled by elec-
trons; thus, hole conduction effect is expected for Ni-doped 3C–SiC
[1].

3.3. Optical properties

The optical properties of intrinsic 3C–SiC and Ni-doped 3C–SiC
were investigated on the basis of electronic structure calculations.
The imaginary part ε2(�) and the real part ε1(�) of the dielec-
tric function, which accounts for the photo-absorption property,
are shown in Fig. 4. The real part and the imaginary part of the
dielectric function of the Ni-doped 3C–SiC are very different from
those ones of intrinsic 3C–SiC. The imaginary and the real parts
of the dielectric function of intrinsic 3C–SiC are rather flat below
5.1 eV. There are many critical points appearing in the calculated
imaginary part of dielectric function from 5.1 eV to 10 eV, which
is similar to the results of the pseudo-potential (PP) approach,
obtained by Theodorou et al. [38]. The imaginary part ε2(�) of the
dielectric function is directly connected with the energy band struc-
ture (Fig. 2a). Hence, the absorption starting from ∼5.1 eV is related
to the X3-to-X1 transition. There are five critical points between
5.1 eV and 10 eV, i.e. 5.83 eV, 7.23 eV, 8.42 eV, 8.80 eV, and 9.35 eV.
The first three points are mainly related to the transitions of G13-
G1, L3-L1, and G13-G13. The last two critical points result from the
transitions of X3-X5 and L3-L5. These main points are consistent
with the experimental results measured with ultraviolet spectro-
scopic ellipsometry, which are located at 5.92 eV, 7.41 eV, 8.44 eV,
8.97 eV, and 9.35 eV [39]. Moreover, the imaginary part of the
dielectric function for Ni-doped 3C–SiC appears at a lower absorp-
tion edge, compared to intrinsic 3C–SiC. As shown in Fig. 4, three
obvious peaks emerge at 0.69 eV, 2.35 eV, and 4.16 eV, which are
located in the middle-infrared region, visible region, and middle-
ultraviolet region, respectively.

The imaginary part of the dielectric function is

ε2 = ω�

ε0[�2
p

(
ω2

0 − ω2
)2 + ω2]

(7)

where ω denotes the frequency of the light, ω0 is the average fre-
quency of long-wavelengths of optical wave in the crystal lattice,
and ε0 is the dielectric constant in vacuum. The increase of � can
lead to the improvement of ε2(�), which explains the high inten-
sity of the new peaks of ε2(�). The locations of the new peaks are
determined by

¯ ω0 = Ei − Ej (8)

where h̄ is the Planck’s constant, and Ei and Ej are the original energy
of transition electrons and the energy of electrons after transition,
respectively. A molecular-orbital bonding schematic representa-
tion to describe the orbitals of Ni-doped 3C–SiC is shown in Fig. 4b.
For both 3C–SiC and Ni-doped 3C–SiC, the large gap between the
bands a and d mainly originates from the bonding C-2p orbitals and
the anti-bonding Si-3p orbitals. Doping with Ni in 3C–SiC results
in the generation of the bands c and b in the band gap of 3C–SiC.
According to Eq. (8), the first sharp peak at 0.69 eV primarily results
from the excitations from band c to band b. The peaks at 2.35 eV
and 4.16 eV, which increase the absorption, may result from tran-
sitions from the VB (band d) to band b just above EF, but may also
result from transitions from band c to the CB (band a). The reason
for the sharp increase of absorption from about 5.1 eV is mainly
attributed to the excitations from the VB to the CB. The absorp-

tion starts from 0.05 eV. Thus, the absorption edge of Ni-doped
3C–SiC shifts towards the far-infrared region, which can improve
the photo-absorption efficiency.

The absorption function can be calculated from the imaginary
part and the real part of the dielectric function. Meanwhile, the scis-
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ors method can be used to make the calculated results closer to the
xperimental data [40]. The relationship between the absorption
oefficient ˛(�) and the imaginary part of the dielectric function
2(�) is given by Eq. (9)

= ωε2

cn
(9)

here n is the real part of refraction index and c is the speed of light
n vacuum. Apparently, ˛(�) is directly proportional to ε2(�).

The calculated spectra ˛(�) of intrinsic and Ni-doped 3C–SiC by
rst principles are shown in Fig. 5. In the absorption spectrum of

ntrinsic 3C–SiC, there is no-peak at low frequency but only three
ajor absorption peaks at 7.5 eV, 9.6 eV, and 12.7 eV. These peaks
ainly originate from the excitations of C-2p electrons. It is inter-

sting that there are three new peaks emerging at 0.92 eV, 3.11 eV,
nd 4.21 eV in the absorption spectrum of Ni-doped 3C–SiC. These
hree peaks, shown in the inset of Fig. 5, correspond to the new
eaks in the imaginary part ε2(�) of the dielectric function and
oincide with the results obtained from Eq. (9).

These new emerging peaks suggest an increase of transition
robability of excited electrons, which is consistent with the anal-
sis of the Ni-doped 3C–SiC band structure. The peaks above 5.0 eV

re similar to those of intrinsic 3C–SiC. The peak at 0.92 eV in the
nfrared region is due to the transitions of electrons between the
i 3d orbitals. The two peaks at 3.0 eV and 4.2 eV may originate

rom the transitions of C-2p electrons at the top of VB, into Ni-
d above the Femi energy, or the Ni-3d electrons below the Femi
Fig. 5. The absorption spectra of intrinsic 3C–SiC and Ni-doped 3C–SiC. Inset
(a): Low-frequency absorption spectra. Inset (b): Imaginary part of low-frequency
dielectric function.

energy into the Si-3p at the bottom of CB. These two peaks appear in

the visible region and the middle-ultraviolet region, respectively.
The three remaining peaks at about 7.5 eV, 8.6 eV, and 12.0 eV in
the absorption spectrum of Ni-doped 3C–SiC result from the tran-
sitions of C-2p orbital electrons from the VB to the bottom of CB.
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s shown in Fig. 5, the absorption edge red-shifts towards the far-
nfrared region. This apparently occurs because of the increase the
ree carrier density due to doping with Ni.

. Conclusions

The calculated formation energy reveals that Ni-doped 3C–SiC
s more stable for Ni accommodated in the Si sub-lattice than in the
sub-lattice. The intrinsic 3C–SiC is an indirect band gap (1.501 eV)

emiconductor. For the Ni-doped 3C–SiC, new impurity energy lev-
ls emerge in the band gap, which favors the transition of electrons.
n Ni-doped 3C–SiC, three new peaks appear in the imaginary part
f the dielectric function at 0.69 eV, 2.35 eV, and 4.16 eV, which
uggests that the doping of 3C–SiC with Ni can improve the photo-
bsorption efficiency and the conductivity of 3C–SiC. Moreover, the
bsorption edge of the absorption spectrum for Ni-doped 3C–SiC
ed-shifts towards the far-infrared region and three new peaks
merge at 0.92 eV, 3.11 eV, and 4.21 eV. These features qualify Ni-
oped 3C–SiC for further consideration as potential material for
ptical applications.
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