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Abstract. Electrically active induced energy levels in semiconductor devices could

be beneficial to the discovery of an enhanced p or n-type semiconductor. Nitrogen

(N) implanted into 4H-SiC is a high energy process that produced high defect

concentrations which could be removed during dopant activation annealing. On the

other hand, boron (B) substituted for silicon in SiC causes a reduction in the number of

defects. This scenario leads to a decrease in the dielectric properties and induced deep

donor and shallow acceptor levels. Complexes formed by the N, such as the nitrogen-

vacancy centre, have been reported to play a significant role in the application of

quantum bits. In this paper, results of charge states thermodynamic transition level
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of the N and B vacancy-complexes in 4H-SiC are presented. We explore complexes

where substitutional NSi/NC or BSi/BC sits near a Si (VSi) or C (VC) vacancy to form

vacancy-complexes (NCVC, NCVSi, NSiVC, NSiVSi, BCVC, BCVSi, BSiVC and BSiVSi).

The energies of formation of the N related vacancy-complexes shown the NCVC to be

energetically stable close to the valence band maximum in its double positive charge

state. The NCVSi is more energetically stable in the double negative charge state close

to the conduction band minimum. The NSiVC on the other hand, induced double

donor level and the NCVSi induced a double acceptor level. For B related complexes,

the BCVC and BSiVC were energetically stable in their single positive charge state

closed to the valence band maximum. As the Fermi energy is varied across the band

gap, the neutral and single negative charge states of the BSiVC become more stable at

different energy levels. B and N related complexes exhibited charge state controlled

metastability behaviour.
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1. Introduction

SiC has different polytypes of which the 2C, 3C, 4H and 6H are the most common.

The different polytypes of SiC only differ in the stacking order which affects their

electronic and optical properties. Earlier reports have shown that all polytypes are

inert, hard and have high thermal conductivity [1, 2]. Furthermore, the breakdown
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electric field strength, saturated drift velocity or impurity ionization energies are all

specific for different polytypes. In this report, 4H-SiC is the focus due to its large

single crystal that is readily available and its relatively large band gap, which makes

it more likely that defect induced electrical levels will occur within the band gap.

The 4H-SiC is a promising material for high-voltage devices due to its higher bulk

mobility and smaller anisotropy compared to other polytypes. The 4H-SiC has been

experimentally reported to have a wide band gap of 3.26 eV at 300 K. In addition,

the 4H-SiC is capable of operating at high temperature and high frequency which

makes it a suitable substrate material for producing high frequency electronic devices for

applications in radiation harsh environments (space, accelerator facilities and nuclear

power plants) [1, 2]. Point and extended defects play vital roles in 4H-SiC as they

have the tendency to either influence or limit its performance. The study of radiation-

induced defects in semiconductors is a significant area of research in material science

from the point of view of device applications [3]. Defects in 4H-SiC semiconductor

and its electrically active levels along with the stability within the band gap have been

studied experimentally [1, 4, 5] or theoretically [6, 7, 8]. Some of these defects are

thermodynamically stable whereas some are unstable. SiC has been reported to have

dielectric loss in microwave. This loss can be greatly improved by p- or n-type doping [5].

For example, Al doping as well as N doping have the tendency to improved the microwave

dielectric properties of SiC [9]. Earlier reports suggest that a B atom substituted for Si

in SiC causes a reduction in the number of defects, which results in a decrease of the
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dielectric properties [10, 11]. Photoluminescence experimental investigation reveals that

the Al and B-doped SiC exhibit emission profile below 2.00 eV, implying the existence

of acceptor levels. Results of co-doping of N and B in 3C-SiC reveal that the deep B

acceptor recombines with a shallow nitrogen donor. This shows that the ionised donor

and acceptor can occupy the same sub-lattice. In hexagonal 4H-SiC, Al and B are

passivated by forming complexes with H [12]. Furthermore, B and Al are suggested

to be the most important p-type dopants in SiC. The Al is more stable in Si site with

the tendency of inducing shallow acceptor level between 0.19-0.25 eV above the valence

band maximum (VBM). The B on the other hand, induces deep as well as shallow level

in SiC occupies Si or C site with a single shallow acceptor and deep donor levels of

0.30 and 0.55 eV above the VBM, respectively [13]. The deep level induced by B has

been observed in a photoluminiscene experimental measurement [14]. Various vacancy-

complexes have been reported for different semiconductor materials, most especially Ge

where donors diffuse via interactions with vacancies [15, 16, 17]. In 3C-SiC, vacancy-

complexes and other forms of defect clusters have been reported. Notable is the BSiCSi,

which induces electrically active level with energy of EV +0.47 eV (EV is the energy of

the VBM) [18]. Reports have shown that for n-type doping of SiC, the NC is more

stable than the NSi. The NC introduced shallow donor level during ion implantation

and its high concentration could pave way for a desirable high conductivity device

application. Nitrogen has also be reported to form clusters or complexes with nitrides

such as vacancies or antisite, therefore having lower energy. In addition, defect-complex
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may also introduced deep level in the band gap of 4H-SiC which acts as a recombination

centre. Recent report on characterisation and formation of NV centre in 3 polytypes

(3C, 4H and 6H) of SiC by Csore et al. [19] reveals that for 3C-SiC, the energy of the

acceptor level of NV defect is EV +1.5 eV and with an excited state resonance close to

the conduction band minimum (CBM). In addition, various reports suggest that the

4H-SiC with the largest band gap compared to the 3C and 6H is the optimal host for

NV centre quantum bits (qubit) application [20, 21]. Except for the NV centre (NCVSi)

in 3C-SiC and 4H-SiC detailed information about the structural, electronic and thermal

properties of NCVC, NSiVC, NSiVSi, BCVC, BCVSi, BSiVC and BSiVSi are lacking and

needed to be studied, hence the motivation for this study.

Using a hybrid density functional, we show that the NCVC, NCVSi, NSiVSi, BCVC,

BSiVC and BSiVSi are stable vacancy-complexes with binding energies within the range

of 0.10 to 3.50 eV for N related vacancy-complexes, and 0.10 to 2.74 eV for B related

vacancy-complexes. The NSiVSi and BSiVSi have higher formation energies with low

binding energies. The defects investigated were assessed further on the basis of their

charge states and thermodynamic transition energy levels. We have shown that both

the B and N related complexes exhibit charge states controlled metastability behaviour.

2. Computational details

A density function theory modelling of the structural electronic and charge state

thermodynamic electrical levels of N and B related vacancy-complexes in 4H-SiC was
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performed using the Vienna ab-initio Simulation Package (VASP) [22, 23]. In order to

separate the core electrons from the chemically active valence electron, the projector-

augmented wave (PAW) method [22, 24] was used. The 2s2, 2p1 for the B, 2s2, 2p2 for the

C, 2s2, 2p3 for the N and 3s2, 3p2 electrons for the Si, were included in our calculations

as valence electrons. All calculations were performed using the HSE06 [25] hybrid

functional with generalized gradient approximation (GGA) functional of Perdew, Burke

and Ernzerhof (PBE) [26]. Based on the HSE06 approach, the local DFT exchange

potential was mixed with the non-local exact exchange potential. This is basically

governed by adjustable parameter which is an integral component of the HSE06. For all

calculations, a 25% of the non-local exact exchange potential was used, as it reproduced

a band gap 3.23 eV which is consistent with other reported theoretical results [20, 27] and

close to the experimental band gap of 3.26 eV [28]. In addition, the HSE has been used

to accurately predict several wide and narrow band gap semiconductor materials [29, 30].

The 4H-SiC has a hexagonal cubic structure with the space group P6 3mc for its unit

cell. For defect modelling, it is required to optimised the unit cell. The optimised lattice

constants and band gaps for the 4H-SiC unit cell were obtained using a Monkhorst-

Pack [31] grid of 8× 8× 8. A kinetic energy cutoff of 400 eV was used for the expansion

of one-electron Kohn-Sham wave functions on the plane-wave basis. Furthermore, the

4H-SiC unit cell was relaxed until the minimum total energy difference was less than

10−5 eV. Equilibrium configuration of the atomic structure was allowed to relax freely

until the Hellmann-Feynman forces acting on each atom was less than 0.01 eV/Å.
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To explore the defect properties, a supercell containing 96 atoms (for which 48

atoms are Si and the remaining atoms are C) which was obtained by repeating the

structure of the perfect 4H-SiC unit cell was used. The 96 atoms supercell was adopted

after convergence test which was carried out in order to reduced the effect of defect-

defect interactions shown that it is sufficient to model defect properties. For example,

the formation energies of the neutral charge state of VC were calculated for the 72, 96,

144, 288 and 576 atoms supercells with energies of 5.25, 5.00, 5.29, 5.63 and 5.84 eV,

respectively. For the VSi, the formation energy of the neutral charge state for the 72, 96,

144, 288 and 576 atoms supercells are 7.36, 7.23, 7.37, 7.35 and 7.56 eV, respectively.

The 96 atoms supercell was relaxed with a plane wave energy cut-off of 400 eV and a

2× 2× 2 Monkhorst-Pack [31] k-point grid was used to sample the Brillouin zone. All

atoms in the supercell were fully relaxed with convergence criteria of a minimum total

energy difference less than 10−5 eV and the force on each ion less than 0.01 eV/Å. In

the case of the VSi related defect-complexes, the error of neglecting spin polarization

is known from the work of Zywietz et al [32]. Reports based on the VSi have shown

that this defect has a ground state with total spin 3
2

[33, 34, 35]. In this report, spin

polarisation was included in all calculations involving VSi related vacancy-complexes to

account for its spin dependency. According to Boltzmann distribution, a defect free

energy (GF ) is related to the defect concentration (Dconc) as

Dconc = N0 exp(−GF/kBT ), (1)

where N0 is the number of possible defects sites per bulk quanta that a defect can
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occur, KB (eV/K) is the Boltzmann constant and T is temperature in Kelvin. The

defect free energy GF for crystalline solid under moderate temperature and pressure is

approximated to the formation energy (EF ) of a defect i.e GF ≈ EF . In a compound

semiconductor (4H-SiC), the equilibrium defects concentration depends on the chemical

environment such as Si and C chemical potentials, µSi and µC , respectively. The µSi

and µC may vary within a given bounds in order to prevent undesired formation of more

stable phases other than SiC. The difference between the energies of a Si-C (µbulk
SiC ) pair

and the sum of a C and a Si atom in their standard states, µbulk
C and µbulk

Si , respectively

is the enthalpy or heat of formation (HF ) given as:

HF = µbulk
C + µbulk

Si − µbulk
SiC . (2)

From the above, the chemical potential are then written as

µC = µbulk
C − 1

2
HF − 1

2
4µ, (3)

µSi = µbulk
Si −

1

2
HF +

1

2
4µ, (4)

where the 4µ is −HF , 0 and HF for C-rich, stoichiometric and Si-rich material,

respectively. While the chemical potentials of Si and C, that is the µbulk
Si and µbulk

C were

respectively calculated using the bulk silicon and diamond (as the small difference in the

energy of diamond and graphite introduced less significant error) structure respectively,

the µbulk
SiC was calculated using the hexagonal cubic structure. For us to set the upper

bound on the N chemical potential (µN) the hexagonal β-Si3N4 (since it serves as the

solubility−limiting phase in SiC) was used as its chemical potential reference. The
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µN was calculated and obtained to be −12.22 eV, this is in accordance to the result

of ref. [19]. The µB was obtained as the total energy per B atom ( i.e Etotal

N
; where

Etotal is the total energy and N is the number of B atoms) from the α-rhombohedral

boron structure. By using µbulk
SiC=−17.47, µbulk

Si =−6.30 eV and µbulk
C =−10.55 eV, we

obtained the HF= 0.62 eV. This is in good agreement with earlier reported theoretical

results [32, 36, 37]. Reports have shown that for the VC and VSi, the most energetically

favourable conditions with respect to formation energy occurs under Si-rich and C-

rich conditions, respectively [38, 39, 40]. In our calculations, the formation energies of

the defect-complexes formed with VC and VSi were obtained under Si-rich and C-rich

conditions, respectively, which are in agreement with literature [41, 42].

Under equilibrium conditions, the defect formation and thermodynamic charge

state transition energy level (ε(q/q′)) are calculated from the total energy (E(D, q))

for a supercell containing the optimized defect D in its charge state q. The defect

formation energy EF as a function of electron Fermi energy (εF ) is given as [6]

EF (D, q) = E(D, q)− E(4H − SiC) +
∑
i

(4n)iµi + qµe + Eq
cor, (5)

where E(4H-SiC) is the total energy of the non-defect 96 atoms supercell of 4H-SiC

and the (4n)i is the difference in the number of constituent atoms of type i between

the 96 atoms supercell of 4H-SiC and the supercell containing the vacancy-complexes.

While the chemical potential of different constituent atoms is represented as µi, the

electron chemical potential µe is defined as

µe = EV + εF , (6)
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where EV is used to align the bulk VBM to that of the defect supercell and εF is

the Fermi energy, which is varied from the valence band edge to the conduction band

minimum (CBM). We have included the correction term Eq
cor to Eq. 5 according to

the Freysoldt et al [43, 44] method. The Eq
cor accounts for the deficiency surrounding

the calculation of defect energy of formation due to errors from the finite-size effects

within the supercell and electrostatic potential. A defect charge states thermodynamic

transition energy level ε(q/q′) is the Fermi energy for which the formation energies of

two charge states say q and q′ are equal. The ε(q/q′) is given as [7, 43, 44]

ε(q/q′) =
EF (D, q; εF = 0)− EF (D, q′; εF = 0)

q′ − q
. (7)

In this report, we focus on two different defect-complexes by replacing either one Si

or C atom with one impurity atom and simultaneously removing either a Si or a C

atom to form vacancy-complexes. For a defect-complex, it is important to check if the

parent complex will dissociate into well non-interacting defects. This is ascertained by

calculating the binding energy. For a defect-complex (XY ) with an energy of formation

EF
XY , the binding energy EB is given as

EB =
n∑

i=1

EF
Xi
− EF

XY , (8)

where EF
Xi

is the formation energy of the ith non-interacting defect. According to Eq. 8,

if EB > 0 then the formation ofXY defect-complex is favourable. Otherwise dissociation

is imminent with a lower energy than the energy of formation.
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3. Results and Discussion

Fig. 1 displays the model of a 4H-SiC unit cell, possible configurations of defect-complex

in 4H-SiC, boron substitution at Si site and boron vacancy-complex (BSiVC). The

calculated Si-C bond distance for the pristine 4H-SiC is 1.89 Å (see Fig. 1a) which

is in agreement with experimental result [45]. The calculated lattice constant 3.07

and 10.05 Å for a and c, respectively. These are in agreement with previous results

reported [28, 46]. In this report, defects present in B-implanted or N-implanted in a

4H-SiC device are of interest. The initial calculations focused on defects containing N

or B at a substitutional site with either a C or Si vacancy: forming a vacancy-complex

(NCVC, NCVSi, NSiVC, NSiVSi, BCVC, BCVSi, BSiVC and BSiVSi). Table 1 displays the

relaxed bond distance of impurity and host atom in Å. The bond lengths were calculated

with respect to impurities nearest neighbour Si or C atom as displayed by Fig. 1c and

1d . The calculated relaxed bond distance of B-C for BSiVC (BSiVSi), N-C for NSiVC

(NSiVSi), B-Si for BCVC ( BCVSi) and N-Si for NCVC ( NSiVSi) are respectively, 1.63

(1.80), 1.60 (1.69), 1.91 (1.97) and 1.80 (1.78). These bond lengths are 13.70 (4.70)%,

16.00 (11.00)%, 1.00 (4.50)% and 4.20 (5.6)%, respectively different from that of the

bond length of Si-C. The difference in bond length can be attributed to the different

sizes of the impurity atom that was introduced and host atoms that were removed from

the pristine 4H-SiC. Due to the small atomic size of the N atom relative to the B, C

and Si, we expected the systems with N related impurity to experienced more induced

strains than the others. This could account for the possible higher energy of formation
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observed for the N related vacancy-complexes than the B vacancy-complexes.

For us to pay proper attention and present a scientific insight into the formation

energy of the defect-complexes, we have calculated the formation energy of the neutral

charge state of VC and VSi to be 5.00 and 7.23 eV which are in good agreement with

earlier reported results [27, 33, 47].

3.1. N vacancy-complexes in 4H-SiC

In this section, we have investigated four different vacancy-complexes formed by N and

VSi or VC : (NCVC, NCVSi, NSiVC and NSiVSi). Table 2 (calculated under defect rich

conditions) lists the formation energy and binding energy at εF= 0 of the vacancy-

complexes formed by N and B in 4H-SiC.

The so called NV centre (NCVSi) in 4H-SiC is a well known defect, which has been

extensively studied [2, 19, 20]. In this article, we have reported a few findings about

the NV centre in 4H-SiC which are in agreement with earlier reports. For example,

the calculated 6.81 and 3.81 eV corresponding to the formation and binding energies of

the NV centre in 4H-SiC are in agreement with previous theoretical results [19]. The

thermodynamic charge state transition levels observed for the NV centre are (0/−)

and (−/−−) with energies of EV +1.45 and EV +2.66 eV, respectively. The deep

double acceptor levels (0/−) and (−/−−) of the NV centre have been theoretically

predicted [2, 19, 20]. While according to Csore et al. [19], the (0/−) and (−/−−) has

an energy level within 1.46-1.55 and 2.42-2.65 eV, respectively above the VBM, Weber
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et al. [20] reported the energy levels of the (0/−) and (−/−−) transition states to be

1.2 and 0.7 eV below the CBM.

To further explore other vacancy-complexes, we investigated the NCVC vacancy-

complex. The NCVC under equilibrium conditions for the neutral charge state has a

formation energy of 6.45 eV. This value is 0.36 eV slightly lower than that of the NV

centre. The binding energy of the NCVC is 0.85 eV whereas for the NV centre, it is

3.81 eV. This suggests that the energy required to split the vacancy-complex would be

lower for the NCVC than the NV centre. The NCVC induced energy levels in the band

gap of 4H-SiC. The first noticeable energy level close to the VBM is the (++/+) with

a deep energy of EV +1.11 eV. As the Fermi energy is varied, the (+/0) deep donor

transition state with energy of EV +2.15 eV is observed. Further varying the Fermi

energy close to the band edge, the (0/−) shallow acceptor level close to the CBM with

energy of EC−0.13 eV is observed.

The NSiVC is another vacancy-complex which its defect activities were explored.

The NSiVC under equilibrium conditions, has a formation energy of 10.89 eV and a

binding energy of 3.50 eV for the neutral charge state (see Table 2). The NSiVSC

introduced two defect levels in the band gap of 4H-SiC that are deep for the (++/+)

and (+/0), and shallow for the (0/−) transition states. While the (++/+) and (+/0)

donor levels have energy levels of EV +1.45 eV and EV +2.08 eV respectively, the (0/−)

an acceptor level has an energy level of EC−0.22 eV.

The NSiVSi is a unique kind of defect: where silicon is substituted by N and a silicon
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atom is removed to form a vacancy. This defect has a high formation energy (17.59 eV)

relative to the NCVC, NCVSi and NSiVC, and with a low binding energy of 0.10 eV.

The implication of the high formation energy is that under equilibrium conditions, the

concentration of the defect which is proportional to the exp(−G
F

KBT
) is expected to be

extremely low compared to others. Considering the fact that the NC and VC are more

energetically favourable than the NSi and VSi under their chemical rich conditions. We

expected the NSiVSi to have a higher formation energy than the other N related vacancy-

complexes reported. Whereas the (+/0) donor level of the NSiVSi is more stable close

to the VBM with a shallow energy of EV +0.50 eV, the double acceptor level (0/−) and

(−/−−) are located deep within the band gap with energies EV +1.50 and EC−0.72 eV,

respectively.

More insight into the N related vacancy-complexes reveal that for all charge states,

the NSiVSi has the highest formation energy. This suggests that its concentration for all

charge states is relatively lower than the other N-related defect complexes. The order

of sequence of formation energy under equilibrium conditions for the neutral charge

state of N-related vacancy-complexes is NCVC <NCVSi<NSiVC< NSiVSi. This suggests

the possible reason why the NC during ion implantation is preferable than the NSi.

The NCVC and NCVSi with higher concentrations than the NSiVC and NSiVSi may be

desirable in devices region where high conductivity is required. As displayed by Fig. 3a,

close to the VBM the double positive charge state of the NCVC is the most stable. As the

Fermi energy is varied deep in the band gap from the VBM, at energy level of 1.11 eV, the
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single negative charge state of the NCVSi becomes more stable. Furthermore, varying

the Fermi energy close to the CBM, the double negative charge state of the NCVSi

becomes more stable.

3.2. B vacancy-complexes 4H-SiC

In this part of the paper, we present results of four different vacancy-complexes formed

by B and VSi or VC in 4H-SiC: BCVC, BCVSi, BSiVC and BSiVSi.

As listed in Table 2, for the neutral charge state, the most stable vacancy-complex

is the BCVC with binding energy of 2.59 eV and a formation energy which is 0.22 eV

lower than that of the BSiVC. The BSiVSi with binding energy of 0.10 eV has the

highest formation energy of 11.52 eV compared to other B related vacancy-complexes.

The positive binding energies of the B related vacancy-complexes suggest that these

defects are stable and hence dissociating into well non-interacting defects will occur at

the expense of a higher energy. The deep levels induced by the BCVC are 1.62 and

2.72 eV above the VBM for the (+/0) and (0/−), respectively. The BCVSi is a shallow

donor (+/0) level with an energy 0.19 eV above the VBM. There is no evidence of double

donor level induced in all B related complexes. However, the BCVSi exhibited a double

acceptor level. The BCVSi double acceptor levels of (0/−) and (−/−−) where deep lying

inside the band gap with energy of EV +1.24 and EV +2.28, respectively. For the BSiVC,

Deak et al. reported the BSiVC to induced (0/−) level with 2.1 eV above the VBM [48].

The idea here is to extend the work of Deak by using the more accurate HSE hybrid
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functional to predict the energy levels of the BSiVC. In this report, the vacancy-complex

BSiVC induced two deep defect levels, the (+/0) and (0/−) lying in the band gap with

1.83 and 2.80 eV above the VBM, respectively. The different energy levels observed

in our report and that of Ref [48] could be attributed to the DFT problem with LDA,

as DFT with LDA inaccurately predicts the band gap of materials. Consequently, one

should expect DFT with LDA to wrongly predict the electrical induced defect levels

in the band gap of materials. For the BSiVSi, double acceptor levels with energies of

EV +0.94 and EV +2.00 eV, respectively for the (0/−) and (−/−−) were observed. As

shown by Fig 3b, the single positive charge state of the BCVC and BSiVC are more stable

from the valence band maximum. However, as the Fermi energy is varied the neutral

charge state of the BSiVC becomes more energetically stable up to energy of 2.28 eV

above the VBM. Furthermore, as the Fermi energy is varied close to the conduction

band minimum, the single negative charge state of the BSiVC becomes energetically

more stable.

3.3. Metastability of B and N vacancy-complexes in 4H-SiC

Metastability of charge states in a point defect (vacancy, interstitials, interstitial-

complex, vacancy-complexes) has been reported for Si [49, 50], Ge [8, 6, 51] and

SiC [52, 53, 54, 55]. A defect with metastable properties can exist in more than a

configuration with different charge states [51]. A defect may be stable with the lowest

formation energy in a particular charge state, but when the charge state is change,
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the defect becomes unstable in that configuration. For boron-vacancy complex in

Si, two distinct metastable configurations have been observed in two different atomic

defect charge states. These two different configurations have lowest energies in two

different distinct charge states. This is achievable by annealing with or without bias

in a deep-level transient spectroscopy (DLTS) measurement. Many reports on charge

state controlled metastable defects in SiC have been documented [52, 53, 54, 55]. Since

we have shown that the NCVSi, NCVC, BSiVC and BCVC are stable with positive

binding energies, hence: the lowest energy configuration needs to be examined. Table 4

displays the calculated formation energies of the B and N vacancy-complexes for different

configurations in charge state −1, 0 and +1. While experimental observation has

shown that B vacancy-complex have two metastable configurations in Si, in this report,

we show that BSiVC and BCVC are metastable defects. As displayed in Fig. 3a, we

observed that as εF ⇒EV, the +2 and +1 charge states of the NCVC are the minimum

energies at distinct Fermi energy. On the other hand, the −1 and −2 charge states

of the NCVSi are the lowest energies configuration at a distinct Fermi energy as the

εF⇒EC. In a typical DLTS spectrum measurements, the deep levels of the metastable

configurations of N related defect complex in 4H-SiC give rise to high temperature

peaks (low emission rate peaks in isothermal Laplace DLTS measurement). According

to Fig. 3b, as the εF approaches the EV , the +1 charge state of the BCVC is the

minimum energy configuration whereas as the the εF approaches the EC the neutral

and −1 charge states of the BSiVC are the least formation energies configuration at
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different Fermi energies. In DLTS experimental measurements, εF approaches EC and

εF approaches EV are analogue to reverse and forward bias, respectively. A reverse bias

applied to a Schottky diode increases the band bending by shifting the conduction band

below the Fermi level. The result is the depletion width with defect levels in the band

gap emitting holes (capturing electrons). The difference between the formation energy

of the +1, 0 and −1 charge states of the BSiVC and BCVC are within the order of 3kBT

or less. This suggests that both configurations can be observed experimentally.

4. Summary

We have used HSE06 hybrid density functional from first principle approach to study

the properties of various N and B related vacancy-complexes in 4H-SiC. The formation

energies and charge state thermodynamic transition levels induced in the band gap were

reported. The B related vacancy-complexes formed with VC are more energetically

favourable in all charge states than those vacancy-complexes formed with VSi. While

the NCVC is the most energetically stable N related vacancy-complex for the neutral

charge state, the BSiVC on the other hand is energetically the most favourable B related

vacancy-complex in its neutral charge state. All B and N vacancy-complexes in this

report are stable with respect to their binding energies. Except for the NCVC and

BCVSi which induced shallow levels close to the CBM and VBM respectively, other

B and N related vacancy-complexes exhibited deep centre behaviour in the band gap

of 4H-SiC. The B and N related vacancy-complexes exhibited charge state controlled
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metastability behaviours
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(a) (b)

(c) (d)

Figure 1. Model of (a) unit cell 4H-SiC (b) possible configurations of defect-defect

complex in 4H-SiC (c) boron substitution in 4H-SiC and (d) boron vacancy-complex

in 4H-SiC.
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(a) (b)

(c)

Figure 2. Fully relaxed geometric structure of (a) pristine 96 atoms supercell 4H-SiC;

(b) 4H-SiC supercell with a boron substitutional defect at the Si atom site and a Si

vacancy (c) 4H-SiC supercell containing N substitutional defect at the Si atom site

and a C vacancy.
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Figure 3. Plots of formation energy as a function of the Fermi energy for vacancy-

complexes in 4H-SiC. The slope of each graph corresponds to the charge state as

defined in Eq. 5. The defect levels of vacancy-complexes formed with VSi were obtained

under C-rich conditions, whereas the defect levels of vacancy-complexes formed by VC

were calculated under Si-rich conditions.
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Table 1. The relaxed bond distance of impurity and host atom in Å. The bond lengths

were calculated with respect to impurities nearest neighbour Si (in bold) or C atom.

NCVSi NSiVSi NCVC NSiVC

1.78 1.69 1.80 160

BCVSi BSiVSi BCVC BSiVC

1.97 1.80 1.91 1.63
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Table 2. The formation energy (EF ) and binding energy (EB) in eV at εF= 0 of

vacancy-complexes formed by N and B in 4H-SiC. The EF and EB energies were

calculated under chemical potential, i.e the vacancy-complexes formed with VSi were

calculated under C-rich conditions and those formed with VC were calculated under

Si-rich conditions.

NCVSi NCVC NSiVC NSiVSi

EF 6.81 6.45 10.89 17.59

EB 3.81 0.85 3.50 0.10

BCVSi BCVC BSiVC BSiVSi

EF 9.20 5.34 5.56 11.52

EB 1.95 2.59 2.74 0.10
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Table 3. Table showing the charge state transition (ε(q/q′)) levels above the VBM in

eV induced by B and N vacancy-complexes in 4H-SiC.

ε(q/q′) NCVSi NCVC NSiVC NSiVSi BCVC BCVSi BSiVC BSiVSi

(+ + /+) − 1.11 1.45 − − − − −

(+/0) − 2.15 2.08 0.50 1.62 0.19 1.83 −

(0/−) 1.45 3.10 3.01 1.50 2.72 1.24 2.86 0.94

(−/−−) 2.66 − − 2.51 − 2.28 − 2.00
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Table 4. Calculated formation energies in eV of the B and N vacancy-complexes in

4H-SiC for different configurations. The charge state with the lowest energy for each

configuration is shown in bold.

Configuration −1 0 +1

NCVSi 8.19 6.81 6.68

NCVC 9.55 6.45 4.30

BSiVC 8.10 5.56 3.72

BCVC 8.06 5.34 3.73


