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Abstract

The electronic behaviour of high-dose phosphorus implanted in 4H-SiC is

mainly desirable to obtained lower sheet resistance of 4H-SiC. Al doping on

the other hand acts as an acceptor, improves the dielectric properties of 4H-

SiC and has very low diffusivity in SiC. Using a hybrid density functional

theory, we investigated the properties of Al and P defect-complexes in 4H-SiC

a wide band-gap semiconductor that is promising for applications in high-

frequency and high-temperature electronic device. We show that vacancy-

complexes formed by PSi and AlSi are more energetically stable than those

formed by PC and AlC. The defects with silicon vacancy are predicted to

experience more lattice distortion compared to those formed with carbon

vacancy. While vacancy-complexes formed with PSi or PC and VC induced

double donor levels, vacancy-complex formed with substitution of P and VSi

induced negative-U charge state ordering. The Al with VC related vacancy-
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complexes induced deep single donor and acceptor levels, and Al with VSi

induced only acceptor and negative-U ordering.
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1. Introduction

One of the most promising wide band gap semiconductors is SiC. This is

owing to the fact that its well known polytypes (2C, 3C, 4H, 6H) have signif-

icant application in extremely severe harsh environments (high-temperature,

high-frequency, and high-power electronic devices). The 4H-SiC amongst

the commercially available SiC polytypes is more promising for application

in metal-oxide-semiconductor field-effect-transistors (MOSFETs) high-power

electronic devices . This is as a result of 4H-SiC having a relatively high bulk

electron mobility and small anisotropy compared to other well known poly-

topes [1]. The application of 4H-SiC for high-power electronic device is not

free from defects activities. Defects are known to influence the performance

of wide or narrow band gap semiconductor materials including 4H-SiC. De-

fects that enhances the performance of a device are desirable and should

intentionally introduced [2, 3, 4]. Several experimental [5, 6, 7, 8, 9, 10, 11,

12, 13, 14, 15, 16, 17] and theoretical [18, 19, 20, 21, 22] (most especially

using the well known density functional theory) studies of point defects in

4H-SiC have been reported. Point defects such as substitution, interstitials,

vacancy and defect-complexes (interstitial-complex, vacancy-complex or an-

tisite) have been reported in literature [18, 19, 23, 24, 25, 26]. Report on

the nuclear transmutation proceeding under high energy doping of Si and

SiC by P suggests that an n-type phosphorus doped layer induced radiation
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damage defects in SiC [27]. To realized a high-performance SiC electronic

device, electronic behaviour of high-dose phosphorus-ion implanted 4H-SiC

was reported by Negoro et al. [28]. This researcher suggests that in order to

reduce the resistivity of Ohmic contacts as well as source and drain regions in

field-effect transistors (FET), ion implantation with a high donor dose into

SiC is required. As a result, N or P implantation is commonly used for this

purpose. P implantation has been used to obtained lower sheet resistance

in 4H-SiC [29]. Recently, Okamoto et al. [30] have shown that an improved

channel mobility of 4H-SiC MOSFETs on Si face through P doped gate ox-

ide is attainable. SiC is the only known wide band gap material that grows

a thermal oxide (SiO2), which makes it well suitable for the fabrication of

MOSFETs [31]. This possibility comes with some challenges of deteriorating

high density of interface at SiO2/4H-SiC. However, studies have shown that

the interface state density can be decreased by over oxidation of P implanted

in 4H-SiC substrates [1, 30, 32]. Phosphorus implanted into 6H-SiC shows

ionization energies of 80 and 110 meV for the hexagonal and cubic lattice

sites, respectively. These ionization energies are almost equivalent to those

observed for nitrogen [17]. Whereas as reported in Ref. [33], where low sheet

resistance is required in a device, it is advantageous to replace N with P.

This is based on the fact that with comparable doping, thermal processing

under equilibrium conditions, sheet resistances of P-implanted in 4H-SiC are

in an order of magnitude lower than those measured in N-implanted in 4H-

SiC [34]. While the ionisation energies of P implanted in 4H-SiC is about

0.10 eV higher than those of N-implanted, the carrier concentration of the

former is about a factor of five lower than the latter when subjected under
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annealed temperature of 3000 ◦C. Although not with the expense of higher

mobility for the P-implanted in 4H-SiC which does not offset the lower con-

centration and making the resistivity of P-implanted in 4H-SiC to be higher

than those of the N-implanted in 4H-SiC. While for low dose application,

one will consider the N-implanted to be energetically favourable, but on the

contrary for high dose application and sheet reduction, P implanted in 4H-

SiC is desired [35]. During the implantation of P in 4H-SiC, it is expected

to caused crystal damage and introduced new defects which could enhance

the performance or on the worse case scenario, act as a recombination centre

therefore decreasing the operational power of the device. Despite the fact

that small scale production of SiC power FET and Schottky barrier have

started, there are varieties of point and extended defects still present in SiC

epitaxial wafers [36]. Bockstedte et al. [37] have previously reported abun-

dance of P and N related defects using an ab initio method. The researchers

shown that the calculation of formation energies give access to the electrically

active defects. According to Ref. [37] complexes with vacancy, antisite and

interstitial are suggested to be stable. Furthermore, Bockstedte et al. [37]

suggests that the phosphorus-vacancy complexes activation is only limited

by the onset of precipitation. Al, a p-type dopant in 4H-SiC has a low dif-

fusivity and a high solubility [38]. But a well know basic physical problem is

the low ionisation rate of p-type impurity atoms. For example, experimental

results on donor-acceptor pair luminescence show that the ionisation of AlSi

lies within the value of 0.20-0.19 eV [39]. Al is mainly introduced in 4H-SiC

via ion implantation. Al related defect-complexes in 4H-SiC has been re-

ported, where it was established that aluminium can form thermally stable
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complexes with carbon interstitial (Ci) and carbon vacancy (VC) inducing

deep levels in the band gap [40, 41]. Al defect-complex is suggested as a pos-

sible reason for the imperfect activation rate of a shallow aluminium acceptor

in the damaged region of Al-implanted in SiC. Despite the fact that several

studies on defects in 4H-SiC have been theoretically [37, 40, 41] reported (for

interstitial, vacancy, substitution, interstitial-complexes, vacancy-complexes

or antisites), there are more that need to be investigated either experimen-

tally or theoretically. For example complexes formed with N and either C or

Si vacancy or interstitial have been reported, but detail reports on P or Al

complexes formed with either VC or VSi are lacking and hence the motivation

of this study.

In this report, we have used the Heyd, Scuseria and Ernzerhof (HSE06) [42]

hybrid functional within the framework of the density functional theory

(DFT) to model the electronic and total energies of P or Al related vacancy-

complexes in 4H-SiC. The formation energy and binding energies as well as

the thermodynamic charge state transition energies were calculated. While

our results reveal that the vacancy-complexes with a carbon vacancy induced

both donor and acceptor levels, the vacancy-complexes with silicon vacancy

exhibit the properties of negative-U ordering in the band gap of 4H-SiC.

The complexes with a silicon vacancy experienced more lattice distortion

compared to those formed with a carbon vacancy.

2. Computational details

DFT based on the generalized Kohn-Sham theory method as implemented

within the Vienna Ab-initio Simulation Package (VASP) [43, 44] was used
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to perform all first principle calculations. the projector-augmented wave

(PAW) method [43, 45] was used to describe the valence electrons, and

the exchange-correlation functional was approximated using the HSE06 hy-

brid functional with generalized gradient approximation (GGA) functional

of Perdew, Burke, and Ernzerhof (PBE) [46]. The HSE06 functional pro-

vides partial cancellation of self−interaction and has been used to predict

accurate structural, energetics and band structures of semiconductor materi-

als [47, 48]. This is in contrast to the local density approximation (LDA) or

the GGA which severely underestimate band gap of materials and thereby

wrongly predicting the electrically active induced defect levels in the band

gap [20, 49, 50, 51]. For the HSE06, a default mixing parameter of 25% and

0.2 Å−1 screening parameter was used for all calculations. It is sufficient to

say that the 25% fraction of exact Hartree-Fock exchange and 0.2 Å−1 screen-

ing parameter were enough to predict a band gap of 3.23 eV (see Fig. 1) for

the 4H-SiC, which is in agreement with the experimental value of 3.26 eV

at 300 K [52]. The 4H-SiC has a hexagonal cubic structure with the space

group P6 3mc for its unit cell. The optimized lattice constants and band gap

for the 4H-SiC unit cell were obtained using a Monkhorst-Pack [53] 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 cell was relaxed until the minimum total energy difference was less than

10−5 eV. Equilibrium configurations of all the atomic geometries were al-

lowed to relax freely until the Hellmann-Feynman forces acting on each atom

was less than 0.01 eV/Å. The calculated lattice parameters a = 3.07 Å, c

=10.05 Å and c/a = 3.27, are in good agreement with experimental values
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of 3.07 Å, 10.05 Å and 3.27 [52, 54], respectively. Defect calculations are

suitably performed using periodic supercell with boundary conditions. For

the defect calculation, a 2 × 2 × 2 supercell of 96 atoms containing 48 each

of Si and C atom was created from the repeated optimized unit cell. The

supercell atomic positions were relaxed using the same convergence criteria

as of the unit cell but with a reduced 2 × 2 × 2 Monkhorst-Pack k-point

grid. More information about the convergence criteria of the supercell can

be found in our previous report [26]. Inside the supercell, a P atom was

substituted at either C or S atomic site and a C or Si vacancy was created

to form a P related vacancy-complex. This same procedure was repeated for

the Al related vacancy-complexes. This is followed by atomic relaxation with

the same conditions as the pristine 96 atoms supercell of the 4H-SiC. Spin

polarization was included in all calculations involving VSi, this is to account

for the spin dependency of VSi [55, 56, 57]. A vacancy-complex formation

energy EF (vacancy−complex, q) as a function of electron Fermi energy (εF )

is given as [58, 59]

EF (vacancy − complex, q) = E(vacancy − complex, q)− E(4H − SiC)

+
∑
i

4(n)iµi,+q[EV BM + εF ] + Eq
FNV ,

(1)

where the total energy of the vacancy-complex, total energy of the pristine

supercell of 4H-SiC, number of removed or added constituent atoms of type

ith and the energy of the valence band maximum (VBM) are represented by

E(vacancy-complex,q), E(4H −SiC), 4(n)i and EV BM , respectively. When

modelling defect using the periodic boundary condition supercell approach,
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the problems of spurious interaction of charged defects and finite-size effects

on the total energies arise. These arising errors were properly corrected by

including Eq
FNV in Eq. 1 according to the method proposed by Ref [60]. The

µi in Eq. 1 is the chemical potential of the type ith constituent atom. The

chemical potentials µSi for Si, µC for C, µP for P and µAl for Al should

satisfy the stability condition for bulk SiC. The 4µ, the effective chemi-

cal potential of the constituent of the compound must satisfy the condition

‖4µ‖ ≤ 4Hf , where 4Hf (0.62 eV from our calculation [26]) is the heat of

formation. In a perfect stoichiometry growth, 4µ must be equal to zero. In

practice, stoichiometry of SiC is usually influence by the ratio of C and Si

with the precursors C3H3 and SiH4, respectively. When 4µ=4Hf , it shows

that the crystal is under Si-rich condition whereas when the 4µ=−4Hf ,

the crystal is under C-rich conditions. Furthermore, under extremely Si-rich

conditions the 4µ=4Hf/2 whereas for 4µ=−4Hf/2 indicates extremely

C-rich conditions. In this report, the bulk µSi and µC were respectively cal-

culated using the bulk silicon and diamond structure. While the µP was

calculated using the converged energy of P body centered cube (BCC) struc-

ture, the µAl was calculated using the Al face centered cube structure (as the

total energy per number of Al atom). Our calculation which is in agreement

with literature [61, 62, 63] shown that under equilibrium conditions, the VC

and VSi are energetically favourable with respect to their formation energies

under Si-rich and C-rich conditions, respectively. As a result, the formation

energies of the vacancy-complexes formed with VC and VSi were obtained

under Si-rich and C-rich conditions, respectively, which is also in agreement

with literature [64, 65]).
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One of the interesting properties of defect in semiconductor is the electri-

cal levels induced in the band gap of the material. The electrically induced

defect levels in a band gap of a semiconductor can be ascertained theoreti-

cally by calculating the thermodynamic charge states transition level. The

charge states transition level is the Fermi level where two different charge

states (q and q′) of the same defect have the same formation energy. This is

calculated using Eq. 2.

ε(q/q′) =
E(Q)− E(Q′)

q′ − q
, (2)

where E(Q) = EF (vacancy−complex, q; εF = 0) and E(Q′) = EF (vacancy−

complex, q′; εF = 0). According to Eq. 2, a charge state is thermodynami-

cally stable and accessible when the Fermi level is below this energy: other-

wise the charge state is not stable. Defect-complexes are found to be either

stable or unstable (dissociates into non-interacting defects) depending on

their binding energies. The binding energy Eb which is the energy required

to split up a vacancy-complex into well separated and non-interacting defects

is given as [2, 4, 66]

Eb = EF
vacancy + EF

substitution − EF
vacancy−complex, (3)

where EF
vacancy, EF

substitution and EF
vacancy−complex are the formation energies of a

single vacancy, a substitution and a vacancy-complex of 4H-SiC, respectively.

Eq. 3 is interpreted as the energy released by the bonded vacancy-complex

when formed from isolated vacancy and substitution. According to Eq. 3, in

order to obtain a stable vacancy-complex, the binding energy of a particular

vacancy-complex must be greater than zero. However if the vacancy-complex
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binding energy is less than zero, then it is expected that the vacancy-complex

will dissociate with an energy lower than the formation energy and hence it

becomes unstable.

3. Results and Discussion

3.1. P related vacancy-complexes in 4H-SiC

For us to obtain the binding energy of the vacancy-complex, we calculated

the formation energies of the non-interacting PC, PSi, VC and VSi. The calcu-

lated formation energies of the VC and VSi are 5.00 and 7.23 eV respectively.

These results are in agreement with earlier reported results [22, 67, 68]. By

using Eq. 1, we obtained the formation energy of the neutral charge state of

the PC and PSi to be 6.78 and 1.29 eV, respectively. These results which are

in agreement with earlier reported data [37, 69, 70] show that under equilib-

rium conditions, the PSi and PC are energetically stable. This suggests that

P can be built in on both substitutional lattices, that is PSi and PC, with the

former more energetically favourable. Since we are not interested in the de-

fects levels induced in the band gap of 4H-SiC by non-interacting PC and PSi,

we did not inject charge state into the system. Table 1 lists the energy of for-

mation and the binding energies for the neutral charge state of the P related

vacancy-complexes in 4H-SiC. Fig 2 displays a model of the relaxed geo-

metric structures of 4H-SiC, and P-related vacancy-complexes (PSiVC and

PCVSi) presented in this report. Under equilibrium conditions, the binding

energies of the PSiVC, PCVC, PCVSi and PSiVSi in their rich chemical poten-

tial conditions for the neutral charge state are 2.00, 0.73, 3.40 and 0.01 eV,

respectively. These positive binding energies suggest the possibility of the
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respective vacancy-complexes to be stable and hence, dissociating into a well

non-interacting defects will occur at the expense of higher formation energy.

Whereas the formation energy of the PCVC is 11.05 eV, for the PSiVC, a lower

formation energy of 4.29 eV was obtained. For the PCVSi the formation en-

ergy is 10.61 eV, while for the PSiVSi a lower formation energy of 8.51 eV was

obtained. The energy of formation of the PCVSi for the neutral charge state

under equilibrium conditions is relatively higher than that of the PSiVSi. One

would have expected the binding energy of the PCVSi to be lower than that

of the PSiVSi, but this is not the case. This scenario can be attributed to the

lower formation energy of the PSi compare to that of the PC. Furthermore,

we observed that vacancy-complexes formed with the PSi are more stable

with lower formation energies compare to the others formed with the PC.

This observation is attributed to the fact that the energy of formation of the

PC is about 5.49 eV higher than that of the PSi. In addition, the formation

energy of the VC for the neutral charge state under equilibrium conditions is

lower than that of the VSi. The PSiVC is the most stable vacancy-complex

compare to others. This is expected because the energies of formation for

the PSi and VC are of the order of at least 3.00 eV lower than that of the PC

and VSi. The low formation energy of the PSiVC indicates its tendency to be

observed in DLTS experimental technique as reported in Refs [69, 71].

To explore the defects levels induced in the band gap of the 4H-SiC by a

vacancy-complex, we plotted the graph of the formation energy as a function

of the Fermi energy as shown in Fig. 4. While the PSiVC induced a shallow

double donor level (+2/+1) at EV+0.37 eV, the PCVC induced double donor

level is deeply lying at EV+0.93 eV. Both the PSiVC and PCVC induced deep
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single donor level (+/0) at EV+1.96 and EV+2.29 eV, respectively. The

single and double donor levels induced by the PSiVC and PCVC reveal that

these defects are dominated by carbon vacancy. In addition, the PSiVC donor

level is below the donor level of the PSi and above that of the VC as reported

in Ref [72]. Furthermore, a similar defect level observed for both the PCVC

and PSiVC is the single shallow acceptor (0/−1). This shallow acceptor level

(0/−1) has an energy of EC−0.19 eV for the PCVC, whereas for the PSiVC

the (0/−1) energy level is EC−0.20 eV. The thermodynamic charge state

transition levels induced by PCVSi are shallow for both the (+1/−1) and

(−1/−2) levels. The (+1/−1) is a negative-U ordering which was caused

by the large lattice distortion. A negative-U ordering was observed for the

PSiVSi. While for the PCVSi, the (+1/−1) and (−1/−2) levels were EV+0.75

and EC−0.16 eV, respectively. For the PSiVSi, the (+1/−1) and (−1/−2)

were EV+1.21 and EC−0.03 eV, respectively.

Based on the trend of the VC and VSi related complexes, we observed that

the VC related vacancy-complexes induced both double and single donor lev-

els, whilst the VSi related vacancy-complex induced a negative-U ordering.

By using the method of Ref [51, 59], the effective-U (Ueff ) of the negative-

U ordering was calculated. While the PCVSi negative-U ordering is shal-

low with Ueff= −0.15 eV, for the PSiVSi it is deep with Ueff=−0.89 eV.

Whereas VC related vacancy–complex induced a single acceptor level close

to the conduction band edge, the VSi related vacancy–complex induced a

double acceptor level closed to the conduction band edge. The VSi related

vacancy–complex experienced large lattice distortion compared to the VC

related vacancy-complex and hence have a negative-U ordering.This implies
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that these defects trapped two electrons (or holes) with the second bond

more strongly than the first. The negative-U characteristic of these defects

suggest that the energy gained by electron pairing is likely going to overcome

the Coulombic repulsion of the two electrons at the site. This shows that the

stability of the neutral charge state can never be observed since it is in the

excited state.

For the PSiVC and PCVC, the accommodation of P at a silicon or carbon

site with a vacancy is dominated by the single positive charge state over

half of the full theoretical band gap. For the PCVSi and PSiVSi on the other

hand, when P is at the carbon or silicon sites its accommodation is dominated

by the single negative charge state which spanned almost 2/3 of the band

gap of 4H-SiC. Except for the acceptor level, the defect levels induced by

vacancy-complexes shown in Figs 4a and 4b are far away from the VBM,

whereas the acceptor defect induced levels of the PCVSi and PSiVSi are close

to the CBM. Considering the fact that the results of the PCVSi and PSiVC

have been reported for the case of 3C-SiC [69], we therefore looked at the

similarities between the same defects in 3C-SiC and 4H-SiC. The PCVSi

and PSiVC according to Refs [69, 72] induced deep donor level and shallow

acceptor level in 3C-SiC, whereas in 4H-SiC the same defects induced deep

donor and shallow acceptor levels in addition to the presence of negative-

U charge state ordering. Furthermore, the researcher have shows that the

stability of the PCVSi pair might not be possible in 3C-SiC, but for 4H-SiC,

our results shows that the formation of PCVSi pairs is possible with a stable

binding energy. Another interesting finding is that the PSiVC is dominated

by VC for both the 3C-SiC and 4H-SiC.
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3.2. Al related vacancy-complexes in 4H-SiC

In order to provide a theoretical insight into the activities of defects

formed by Al substitution with either carbon or silicon vacancy, we explored

these vacancy-complexes (AlSiVC, AlCVC, AlCVSi and AlSiVSi). A model of

relaxed geometric structures of the AlSiVSi and AlCVSi are shown in Fig. 3.

Firstly, we calculated the formation energies of the neutral charge state of

the AlC and AlSi. The formation energy of AlC is about 11.00 eV higher

than that of the AlSi. These results suggest that the AlSi is more stable

and energetically favourable under equilibrium conditions than the AlC. The

VC has been known to form with lower formation energy relative to the VSi

because it can diffuse under high temperature up to 1100 ◦C. The VC is

easily trapped by immobile AlSi to form AlSiVC vacancy-complex. Table 3

lists the energy of formation and the binding energies for the neutral charge

state of the Al related vacancy-complex in 4H-SiC. Based on the result of

the formation energy as listed in Table 3, the AlSiVC is more energetically

stable under equilibrium conditions with a formation energy of 3.73 eV for

the neutral charge state. Furthermore, the formation energies of 16.91 and

17.41 eV, respectively for the AlCVSi and AlCVC are relatively higher than

the 10.50 eV of the AlSiVSi for the neutral charge state. This is attributed to

the higher formation energy of the VSi and AlC compare to that of the VC

and AlSi, respectively. As motivated earlier and also reported in literature,

the energy of formation of the VSi is always higher than the VC, therefore

we expect the difference in the formation energy to play a major role in the

stability of these complexes with respect to their formation energies. In order

to predict the stability of these defects with respect to their binding energies,
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we calculated their binding energies using Eq. 3. Inspite of the relatively high

formation energy of the AlCVSi compared to the AlSiVSi, it turns out that

its binding energy of 4.83 eV is relatively higher than the binding energy

0.10 eV of the latter. So we can conclude that the AlSiVSi is likely going to

dissociate with lower formation energy than the AlCVSi. While the AlCVC is

the least stable with respect to its formation energy, the AlCVC has a positive

binding energy of 2.10 eV. This suggests that the AlCVC is stable and hence,

dissociation can only occur at the expense of higher energy.

The defects levels induced by the AlSiVC, AlCVC, AlCVSi and AlSiVSi

were explored. The plots of formation energy as a function of the Fermi

level for Al-related vacancy-complexes in 4H-SiC are shown in Fig. 5. While

the AlSiVC and AlCVC acts as donor and induced a single donor level, the

AlCVSi and AlSiVSi on the other hand, induced a double acceptor level in

the band gap of 4H-SiC. For the AlCVC, the (+1/0) and (0/−1) defect

levels are at energy of EV+1.73 and EC−0.42 eV, respectively. While the

(+1/0) is a deep level, the (0/−1) is a shallow level lying close to the CBM.

For the AlCVSi, the induced defect level (−1/−2) is shallow with energy

of EC−0.35 eV. Additional interesting feature of the defect levels induced

by the AlCVSi is the (+1/−1). This defect level is a negative-U ordering

with an Ueff=−0.05 eV. This negative-U behaviour suggests the influence of

large lattice distortion on the entire system and also shows that the ionized

defect captured two electrons are well trapped with the second strongly bond.

This resulted to the neutral charge state as a function of the Fermi energy

always unstable and in an excited state. In this scenario, the possibility of

the electrons to move from single positively to neutral charge state requires
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a higher energy than for the same electron to move from single positively

to single negatively charge state. Consequently, electron will move from

charge state +1 to charge state −1. Furthermore, the defect induced levels

of (+1/0) and (0/−) for the AlSiVC are deep levels with energy EV+1.60

and EV+2.71 eV, respectively. For the AlSiVSi we observed the presence of

a double acceptor level at EV+1.95 eV. In addition, the AlSiVSi shows that

the single negatively charge state is more stable at the εF=0, but as the εF

is varied, deep almost at the middle of the band gap, the double negatively

charge state becomes more accessible and stable even up to εF=EC.

4. Summary

We have used DFT from first-principles to predict the properties of var-

ious P and Al related vacancy-complexes in 4H-SiC: reporting their forma-

tion energies, binding energies, charge state transition levels and negative-

U charge state ordering properties. The vacancy-complexes with silicon

vacancy were predicted to experience more lattice distortion compared to

those formed with carbon vacancy. The P and Al related vacancy-complexes

showed that they are stable with respect to their binding energies under equi-

librium conditions. While the vacancy-complexes formed by the PSi and AlSi

are more energetically stable, the vacancy-complexes formed by PC and AlC

had high formation energies. The PSiVC and AlSiVC are energetically most

favourable defects at any Fermi-level in the band gap of 4H-SiC for P and Al

related vacancy-complexes, respectively. This result also corroborate earlier

report on the characterization of this defect. The defect levels induced by the

P related vacancy-complexes are very shallow close to the conduction band
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minimum for the single and double acceptor levels, and deep for both the

single and double donor levels. Furthermore, only the PSiVSi and PCVSi in-

duced negative-U charge state ordering that are lying deep in the band gap

of 4H-SiC. While the Al with VC related vacancy-complexes on the other

hand induced deep single donor and acceptor levels, the Al with VSi induced

only acceptor and negative-U charge state ordering. These results provide an

insight for future work which is crucial for improving the quality of n-type

SiC.
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Table 1: The formation energy (EF ) and binding energy (EB) in eV at εF= 0 zero of P

vacancy-complexes in 4H-SiC. All energies were calculated under defect rich-conditions.

PCVSi PCVC PSiVC PSiVSi

EF 10.61 11.05 4.29 8.51

EB 3.40 0.73 2.00 0.01
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Table 2: The charge state transition (ε(q/q′)) levels above the VBM in eV induced by P

vacancy-complexes in 4H-SiC.

Vacancy-complex (+2/ + 1) (+1/0) (0/− 1) (−1/− 2) (+1/− 1)

PCVC 0.93 2.29 3.04 − −

PCVSi − − 3.07 0.75

PSiVC 0.37 1.96 3.03 − −

PSiVSi − − − 3.20 1.21

Table 3: The formation energy (EF ) and binding energy (EB) in eV at εF= 0 zero of Al

vacancy-complexes in 4H-SiC. All energies were calculated under defect rich-conditions.

AlCVSi AlCVC AlSiVC AlSiVSi

EF 16.91 17.41 3.73 10.50

EB 4.83 2.10 4.55 0.10

Table 4: The charge state transition (ε(q/q′)) levels above the VBM in eV induced by Al

vacancy-complexes in 4H-SiC.

Vacancy-complex (+1/0) (0/− 1) (−1/− 2) (+1/− 1)

AlCVC 1.73 2.81 − −

AlCVSi − − 2.88 0.52

AlSiVC 1.60 2.71 − −

AlSiVSi − − 1.95 −
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Figure 1: Band structure of 4H-SiC using the HSE06 hybrid functional. The band gap

Egap is 3.23 eV.
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(a) (b)

(c)

Figure 2: A model of the relaxed geometric structures of (a) 4H-SiC; (b) PSiVC and (c)

PCVSi.

(a) (b)

Figure 3: A model of the relaxed geometric structures of Al related vacancy-complexes in

4H-SiC (a) AlSiVSi and (b) AlCVSi.
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Figure 4: Plots of formation energy as a function of the Fermi energy in 4H-Si for the (a)

PSiVC, (b) PCVC (c) PCVSi and (d) PSiVSi. The slope of each graph corresponds to the

charge state as defined in Eq. 2.
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Figure 5: Plots of formation energy as a function of the Fermi energy in 4H-Si for the (a)

AlSiVC, (b) AlCVC (c) AlCVSi and (d) AlSiVSi. The slope of each graph corresponds to

the charge state as defined in Eq. 2.
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