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First, electronic structures of perfect wurtzite 4H–SiC were calculated by using first-principle ultra-soft pseudo-

potential approach of the plane wave based on the density functional theory; and the structure changes, band structures,

and density of states were studied. Then the defect energy level of carbon vacancy in band gap was examined by

substituting the carbon in 4H–SiC with carbon vacancy. The calculated results indicate the new defect energy level

generated by the carbon vacancy, and its location in the band gap in 4H–SiC, which has the character of deep acceptor.

A proper explanation for green luminescence in 4H–SiC is given according to the calculated results which are in good

agreement with our measurement results.
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1. Introduction

4H–SiC is an attractive semiconductor material

with a wide band gap, high breakdown field, and high

heat conductivity, which realizes high-power, high-

temperature, and high-frequency devices.[1−3] Deep

levels in 4H–SiC can compound the ntype carriers to

form the semi-insulated 4H–SiC, however they also

have several harmful effects such as carrier trapping,

the increase in leakage current, and a reduction in

the minority carrier lifetime. For example, to realize

SiC bipolar devices for high-voltage power switches,

control of the carrier lifetime is an important issue

which determines the on-state resistance as well as

the switching speed.[4−6] Therefore, deep levels should

be controlled and reduced in the fabrication of high-

performance SiC devices.

Through fundamental studies on SiC growth and

characterization in recent years, deep levels in 4H–SiC

have been mostly elucidated using deep level tran-

sient spectroscopy (DLTS) and electron spin reso-

nance (ESR) spectroscopy,[7−11] although the micro-

scopic structures of almost all the deep levels are still

an open question, and few reports are on the theoret-

ical calculation and analysis.

In this report, electronic structures of perfect

wurtzite 4H–SiC and 4H–SiC with carbon vacancy

are calculated by a first-principle ultra-soft pseudo-

potential approach of the plane wave based on the den-

sity functional theory. The structural change, band

structure, and density of states are studied. The re-

lationship of carbon vacancy and band gap has been

analysed based on the test results of ESR.

2. Model, detail of calculation

and measurement

2.1.Model

Perfect 4H–SiC is of a wurtzite structure, which

belongs to P63mc, with a symmetry of C6v − 4 and

lattice parameters a = b = 3.073 nm, c = 10.53 nm.

The unit cell is of hexagonal close packing, which con-

tains sixteen silicon (Si) atoms and carbon (C) atoms.

The 2×2×2 supercell with 128 Si and C atoms is se-

lected in this model, and the model of carbon vacancy

is based on the 2×2×2 supercell by replacing the car-

bon atom with vacancy, as shown in Fig. 1.
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Fig. 1. Supercell of 4H–SiC (2×2×2): (a) top view of 4H–SiC supercell, (b) perspective view of 4H–SiC

supercell, and (c) perspective view of 4H–SiC supercell with carbon vacancy.

2.2.Detail of calculation

The calculation in this study is based on the

quantum mechanical program Castep.[12−14] Tridi-

mensional cyclic boundary condition is adopted to

change the electric system to the function of plane

wave in the cyclic potential field of crystal. The in-

teraction of ion and valence electron is approached

by ultra-soft pseudo-potential to reduce the number

of plane waves. Valence electron configurations of

Si and C are selected as 3s23p2 and 2s22p2, respec-

tively. In this calculation, the accuracy of convergence

is 2×10−5 eV/atom in the iterative program and the

stress accuracy of convergence in crystal is 0.1 GPa

with cut-off energy (Ecut) of plane wave 310 eV in the

reciprocal space k. The total energy calculations are

in the reciprocal space k, and Monkrs–Park method

is used to selected k points during the integral calcu-

lation in the Brillouin zone.

2.3.Measurement

The defects in unintentionally doped homoepitax-

ial 4H–SiC have been studied using electron spin res-

onance (ESR) spectroscopy with 9.07 GHz frequency

spectrograph. The temperature is 110 K and the di-

rection of magnetic field (B) is parallel to c axis of

4H–SiC.

3. Results and discussion

3.1. Structure of crystal lattice

The structures of perfect 4H–SiC and 4H–SiC

with carbon vacancy are optimized firstly, and the op-

timized crystal lattices are shown in Table 1.

Table 1. The crystal lattices of perfect 4H–SiC and 4H–SiC with carbon vacancy optimized (in unit of nm).

name this report experimental value Ref. [16] error

4H–SiC
a = 0.3081

a = 0.3073
a = 0.3038(1); 0.26%

c = 1.0102 a = 0.3051(2) 0.49%

4H–SiC: a = 0.3091
c = 1.0053

c = 0.994(1); 0.59%

with carbon vacancy c = 1.0121 c = 0.9984(2) 0.68%

The parameters of crystal lattice are in good agreement with the experimental values[15] and those in

Ref. [16] shown in Table 1. The a and c parameters of 4H–SiC with carbon vacancy have a slight increment. It

is believed that the crystal lattices are distorted and the stress appears in the crystallization due to the absence

of carbon atoms, which causes the increase of crystal volume less than that of the perfect 4H–SiC.
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3.2.Band structures and density of

states

The band structures of perfect 4H–SiC calculated

by ultra-soft pseudo-potential approach of the plane

wave are shown in Fig. 2.

Fig. 2. Band structure of the perfect 4H–SiC.

It is found that the bottom of 4H–SiC conduction

band is at the point M , and the top of valence band

is at the point G, indicating that the 4H–SiC is an

indirect band-gap semiconductor. The energy band

is dual-degenerate on the line A/H and L/H in the

Brillouin zone, which is caused by inverse symmetry

in the c axis.[17]

The perfect 4H–SiC total density of states and

partial-wave density of states are shown in Fig. 3.

The energy band of perfect 4H–SiC can be di-

vided into three parts, band 1 (−15 eV∼10 eV), band

2 (−8 eV∼0 eV), and band 3 (2.3 eV∼11 eV), as shown

in Fig. 3(a). According to the partial-wave density of

states for Si atom (b) and for C atom (c), the band 1

has strong independence, and it is not related to the

other bands. The states of Si2p2 and C3p2 are dis-

tributed in the band 2, and the top of valence band is

determined by the states of C3p2. The state of Si3p2,

a few states of Si3s2 and C2p2 are distributed in the

band 3, and the bottom of conduction band is deter-

mined by the state of Si3p2.

The deep level energy caused by carbon vacancy is

calculated and analysed with the reasonable results of

perfect 4H–SiC. The calculations also follow the pro-

cess (a) crystal cell optimized, (b) atomic parameters

optimized to obtain crystal lattices, (c) calculations of

electronic characterizations. The parameters of crys-

tal lattices optimized are given in Table 1.

Fig. 3. The perfect 4H–SiC total density of states (a) and

partial-wave Si atom (b), and C atom (c).

The total density of states of 4H–SiC with car-

bon vacancy is shown in Fig. 4(a), and the variations

of density of states caused by carbon vacancy in the

band gap are amplified in Fig. 4(b) in details.

The results of calculation indicate that some new

density of states appears in the band gap due to the

carbon vacancy, and the new energy band is at almost

the middle of the band gap with the characterizations

of deep level acceptors.
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Fig. 4. The total density of states in 4H–SiC with carbon

vacancy (a), and enlarged part showing the variation of

density of states caused by carbon vacancy in the band

gap (b).

To verify the analysis above, the unintention-

ally doped 4H–SiC prepared by low pressure chemi-

cal vapour deposition (LPCVD) is studied by electron

spin resonance (ESR) and low-temperature photolu-

minescence (LTPL), as shown in Figs. 5 and 6.[18] The

deep energy level was found in the band gap with the

green light exciting in the sample; and lots of car-

bon vacancies existed in the sample according to the

ESR results, which induced deep acceptor level based

on our theoretical calculation. It is believed that the

deep acceptor levels in the middle of 4H–SiC band gap

are mainly caused by carbon vacancy according to the

agreement of experiment results and calculation.

Fig. 5. The Photoluminescence versus wavelength for dif-

ferent temperatures.

Fig. 6. Electron spin resonance (ESR) of the sample as a

function of B with B ∥ c.

4. Conclusion

In this report the electronic structures of perfect

wurtzite 4H–SiC and 4H–SiC with carbon vacancy

were calculated by a first-principle ultra-soft pseudo-

potential approach of the plane wave. The structural

changes, band structures and density of states were

studied. The results of calculation and experiments

indicated that some new density of states appeared in

the band gap due to the carbon vacancy, and the new

energy band was almost in the middle of the band gap

with the character of deep level acceptors.
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