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Highlights

» The double substitution of P and Al in 4H-SiC occurs with relatively
low energy and stable with respect to their binding energies.

» The substitution of P/Al on Si sites is under equilibrium conditions,
more energetically favourable than other defects.

» Defect levels were induced by the P and Al substitutional pair in 4H—
SiC.

» All the acceptor levels induced in the band gap of 4H-SiC are always
shallow and close to the conduction band minimum.

» The results of this report will provide more frontier insight for the
synthesis of the substitution of P and Al pair in 4H-SiC.



Abstract

Impurities play a major role in identifying the most enhanced defect-levels
induced in 4H-SiC. Among the important n- and p-type dopants in SiC are the P
and Al, respectively. The P and Al dopants modify the 4H—SiC electronic structure
and induce notable defect-levels which may influence the host's performance. In
this report, the Heyd, Scuseria and Ernzerhof hybrid functional was used to
predict the energetic, stability, electronic properties and defect levels induced by P
and Al substitutional pair in 4H-SiC. The PgAlg; configurations of the P and Al
substitutional pair in 4H-SiC in its neutral charge state, under equilibrium
conditions, is more energetically favourable with a formation energy of 0.21 eV.
The substitution of P and Al pair in 4H-SiC for the different configurations are
energetically stable with respect to their binding energies. The PgAl-
configuration with respect to its binding energy shown low tendency to dissociate
into a non-interacting defects with an energy of 4.00 eV compared to other
defects. Defect levels were induced by the P and Al substitutional pair in 4H-SiC.
A deep (+2/+1) level and shallow (+1/0) and (0/—1) levels were predicted for the
PcAlq and PcAlg;. In all defect configurations, the (0/—1) defect level was found to
be close to the conduction band minimum. The results of this report provide
frontier insight for the synthesis of the substitution of P and Al pair in 4H-SiC.
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1. Introduction

Among the wide band gap semiconductor materials generating interest for high
energy and high frequency applications, silicon carbide (SiC) is outstanding. Due
to the recent developments in crystal growth, high quality polytypes of SiC have
become available, hence, creating a renewed interest. SiC can operate at high
temperature and high frequency which makes it suitable for producing high
frequency electronic devices [1,2]. SiC radiation hardness allows its operation as a
material in nuclear reactors and with further application in radiation harsh
environments (space, accelerator facilities and nuclear power plants) [1,3,4]. In
the number of the SiC polytypes, the 4H-SiC is known to be the most promising
polytype for high temperature and high power device applications owing to its
larger band gap and a higher isotropic electron mobility compare to others [5].
The 4H-SiC has an experimental band gap of 3.26 eV [2,[6], [7], [8]], which is



larger than any other polytype band gap. As a result, it is expected that defect
thermodynamic charge state transition levels will occur well in the band gap
compare to other polytypes. Defects have been known to influence the
performance of semiconductor materials [6,9,10]. As an example, the doping of
4H-S8iC with transition metals influences its electronic and thermal properties
[11]. This in some cases may lead to performance degradation when exposed to
irradiation. Based on the knowledge that the realisation of SiC based applications
demands high crystalline quality, it is important to know the extent at which
defects can influence it. The substitutional doping of SiC is usually performed by
ion-implantation, whereby damages to the crystal may occur depending on the
level of fluence and type of ions used. Upon damage, some of the crystal atoms are
displaced from their lattice sites causing large concentration of vacancies and
interstitials [12,13]. In order to control the level of damage, a subsequent
annealing is employed at high temperature. This process allows the vacancies and
interstitials to recombine and the dopant atoms are incorporated at the
substitutional sites. Techniques such as chemical vapour deposition (CVD) and
molecular beam epitaxy (MBE) have been successfully used to grow and fabricate
high purity SiC [[14], [15], [16]]. Another promising alternative technique used to
grown SiC is ion beam synthesis (IBS), where high-dose C is implanted at high
temperatures into Si and further annealed to form SiC layers [17,18]. Earlier study
revealed that implanted carbon suppresses transient enhanced diffusion of B or P
dopant in SiC during annealing [19]. This is most often exploited to create a
shallow p-n junctions in sub-micron technologies. Because of its high breakdown
field, 4H—SiC is well suited for high voltage switching device with potential
applications in motor control, electric power conditioning and distribution. As a
result, several efforts have been put in place to realised a high voltage Schottky

barrier p-n junctions. However, the electrical performance of some devices is
degraded with continuous switching which is associated to the formation of
triangular defects. Diverse point defects in 4H—SiC have been reported to play
important roles in enhancing the activities of the defect concentrations as well as
defect levels induced in the band gap [3,[20], [21], [22], [23]]. Studies related to
the understanding of defects via experiment methods have previously been carried
out [[24], [25], [26], [27]]. For example, electron irradiation result of the
substitution of Al atom in SiC shows that the density of the defective system is
reduced by 4.6 MeV [28,29]. Furthermore, the ion-implantation of P in 4H-SiC is
adjudicated to be responsible for the high density interface which further
increases the peak field-effect-mobility of 4H—SiC metal-oxide semiconductor
field-effect-transistors [20,21,30]. Hence, as a result of the elimination of the Si—



Si bonds, the P atom in 4H-SiC might lead to the passivation of near-interface
traps. This P passivation in 4H—SiC removes states from the conduction band of
its host [20,30]. The radiation damage of Al related defects in SiC have been
reported [[31], [32], [33], [234]]. Reports have shown that during irradiation of Al-
doped SiC, the Al atom forms thermal stable complex with two G;C; (C;is C
interstitial), carbon vacancy Vg, as well as metastable complexes with C; or C;C;
and induce deep level defects in the band gap of SiC [28]. Double substitutional
defect such as C<C; (C; is carbon substitution) is suggested to produces interfacial
states in and around the band gap of SiC [35]. According to electron paramagnetic
resonance report, the Al substitution is a shallow defect on the Si site in SiC
[28,36] which induced Ey+0.82 and Ey+1.01 eV (Ey is the energy of the valence
band maximum) defect levels. Some hole traps in a p-type and electron trap in a
n-type 4H-SiC epitaxial films have been reported [37]. For the n-type doping, the
N and P atoms are most often used as dopants for low sheet resistance as well as a
deep range implantation. The Al atom on the other hand, is commonly used as a
p-type dopant. Kawahara et al. investigated deep levels in the whole energy range
of band gap of 4H—SiC, which are generated by low-dose N*, P*, and Al* n-type
and p-type implantation, respectively, using the deep level transient spectroscopy
(DLTS) [38]. Their study showed that the pair of Al*/B* and N*/P* implanted in
SiC induced deep defect levels at the valence band maximum (VBM) and
conduction band minimum (CBM), respectively. In spite of the physical behaviour
of Al*/B*, N*/P* p/n-type defects in 4H-SiC and their defect levels, there are no
current detailed reports of the theoretical predictions of co-implantation of the P
and Al substitutional pair in 4H-S8iC, hence the motivation for this study. The first
hand knowledge of the theoretical prediction of the electronic and defect levels
induced by the co-implantation of the P and Al pair in 4H-SiC could create an
interesting avenue for the synthesis of n/p-type related device for defects
engineering and control.

In order to provide more insight to the defect levels induced in 4H-SiC that may
arise as a result of the co-implantation of the P and Al pair, we have carried out a
hybrid density functional theory calculations using the Heyd, Scuseria and
Ernzerhof (HSE06) [39]. The substitution of P and Al pair in various lattice sites
of Si or C atoms of 4H-SiC forming different substitutional-complex
configurations were explored. The formation energy and the stability of these
substitutional-complexes were predicted including the role of the defect levels
induced in them. Our results shown that the various configurations of the
substitutional-complexes of P and Al pair in 4H—SiC were stable with respect to



their binding energies and dissociation could only be feasible at the expense of
energy higher than the formation energy. In addition, while the PcAl: and PgAlc
induced double donor levels, the PgiAlg; and PcAlg; induced single donor and
acceptor levels. All the acceptor levels induced in the band gap of 4H—SiC were
shallow and close to the CBM.

2. Computational details

Density function theory (DFT) modelling of the electronic and charge state
transition levels of P and Al substitution pair in 4H-SiC was performed using the
Vienna ab-initio Simulation Package (VASP) [40]. In the VASP code, the DFT
calculation uses the chemically active valence electron, as the core electrons are
always frozen. To separate the core from the valence electrons, the projector-
augmented wave (PAW) method [41] was used. While the 25 and 2p? valence
electrons of C and the 3s°, 3p? valence electrons of Si were included in our
calculations, for P and Al, the 3s%, 3p* and 3s%, 3p! were respectively used as the
valence electrons. All calculations were performed using the HSE06 hybrid
functional with the Perdew, Burke and Ernzerhof (PBE) [42]. In the HSE06
approach, the PBE is mixed with the non-local Fock. For the calculations
presented in this report, a mixing parameter of 0.25 of the HSE06 was used to
predict a band gap of 3.23 eV, which is close to the experimental band gap of

3.26 eV at 300 K as reported by Levinshtein et al. [43] as well as other theoretical
band gap predictions [[44], [45], [46]]. For us to model defects in 4H—SiC using
the supercell approach, we constructed a supercell from a relaxed primitive unit
cell of 4H-SiC. The predicted lattice parameters of 3.07 A, 10.05 A and 3.27, for
the a, c and ¢/ a, respectively of the relaxed unit cell 4H-SiC (which belongs to the
space group Pesme), are in agreement with earlier reports [43,45,46]. A well
converged supercell as documented in Ref. [44], containing 96 atoms as shown in
Fig. 1a was adopted for this study. Based on this well converged 96 atoms supercell
of the 4H—SiC, we introduced the P and Al atoms either on the C or Si atom site, or
on both C and Si atomic sites. The following configurations Pg;Alc (as displayed in
Fig. 1b), PcAlc, Ps;Als; and PcAls; (see Fig. 1c) were considered. The relaxed
structural properties of the 4H—SiC with Al and P defects are already reported in
Ref. [45]. The supercell containing the defects was held fixed and all atoms were
relaxed until the forces acting on them were less than 0.01 eV/A. This was

achieved with a convergence criteria of 400 eV for the energy cut-off and a total
energy difference lower than 1075 eV. The well converged energy cut-off of 400 eV
has been previously used to modelled the electronic and defect properties of SiC



[[47], [48], [49], [50]], and it was sufficiently used to reproduced the lattice
parameters and band gap of the 4H—S8iC in this study. The Brillouin zone was
integrated with a Monkhost-Pack special k-points mesh of 2 x 2 x 2. For the
density of states calculations, a denser 8 x 8 x 8 k-points mesh was used. The
formation energy = E¥ (substituion — pair, q) of the substitution of P and Al pair
in 4H—SiC for its charge state g as a function of the electron Fermi energy (¢r) is
given as

EF (substituion — pair, q) = E (substituion — pair,q) — E (4H — §iC) (1)
+ 3 An),pui, +q[Bv +er| + Eé‘NV'

Fig. 1. The relaxed geometric structures of the (a) pristine supercell of 4H-SiC containing 96
atoms; (b) Ps;Alc (P and Al substituted for Si and C, respectively) and (c) Pg;Alg; (P and Al
substituted for Si).

The total energy of the P and Al substitutional pair, total energy of the pristine
supercell of 4H-SiC, the number of removed or added constituent atoms of type
ith and the energy of the valence band maximum (VBM) are represented by

E (substituion — pair,q), E (4H — 5iC), /\(n), and Ey, respectively. The
correction term EY, - according to the method of Ref [51], was included to
account for the errors that may arise as a result of finite-size effect and defect-
defect interactions. The p; is the chemical potential of the type ith constituent
atom. The criteria for calculating the chemical potentials of the C and Si atoms and
their values where taken from Ref. [52]. While the up was calculated using the
total energy of P body centred cubic (BCC) structure, i 4, was calculated using the
a face centred structure (as the total energy per number of Al atom) as previously
reported in Ref. [45].



3. Results and discussion

Different atom lattice sites of Si and C atoms were considered for impurity
substitutions. This includes two major impurity positions; (i) when the impurity
atoms were nearest neighbour and (ii) when the impurity atoms were far apart
(not nearest neighbour). The formation energy of all defect configurations with
respect to impurities positions considered in this study shown to be more stable
when impurity atoms are nearest neighbour. In this work, the nearest neighbour
(as shown in Fig. 1b and c) results of all the defect configurations of P—Al pair
substitution in 4H—-SiC were reported.

3.1. Electronic properties

Fig. 2 displays plots of the total density of states (TDOS) on the left panel and the
partial density of states (PDOS) on the right panel. According to Fig. 2a—d, the
presence of defects in 4H-SiC induced ground state orbitals that populated the
gap close to the valence band maximum (VBM) around the Fermi level. For the
PcAlc, sharp peaks were introduced around the VBM (see Fig. 2a). These peaks
were contributed by the ground state 3p-orbital of the Si, Al and P atoms. Strong
orbital hybridization between the p orbital of the Si, Al and P atoms was also
observed. Whereas the PcAlg; and Pg;Alg; have almost the same shape of the PDOS
as displayed by Fig. 2b and ¢, respectively, the PcAl: and Pg;Al- have same
peculiar behaviour. For example, the PcAl- and Pg;Al- populated ground state
orbitals around the Fermi level have strong sharp peaks. According to Fig. 2d, the
presence of defects for the case of Pg;Al- introduced orbital ground state with
sharp peaks lying below the Fermi level (which are consequence of 3p-orbital of
the Al and P atoms) in the band gap of the host. The 3p-orbital of the Si atom
hybridizes with the 3p-orbital of the P as well as the Al atom. In general, from the
plots of the PDOS it was observed that the substitution of P and Al pair in 4H-SiC
acts as a p-type material. We further noticed that the PcAlc, Pg;Alc, Pg;Alg; and
PcAlg; did not alter the spin orientation of the pristine 4H-SiC, hence, no evidence
of spin polarisation was observed. This further shows that the host and
participating atoms are non-magnetic, and introduction of P and Al defects does
not induced magnetic moment in 4H—SiC.
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Fig. 2. Plots of the total density of states TDOS, left panel and partial density of states, PDOS,

right panel for the (a) PcAlg; (b) PgiAlgg; (¢) Poals; and (d) PgiAlq. The horizontal dash line is
the &g, which is set to zero.

3.2. Formation and stability of defects

Table 1 displays the formation and binding energies of the PcAlc, Pg;Alc, PgAlg
and PcAlg; in their zero charge state. The formation energy shown that the
substitution of both P and Al pair in 4H-SiC at Si lattice sites is more energetically



favourable (with ET = 0.21 V). This highlights the preference of the Al and P
impurity to the Si lattices compared to the C lattice sites. When P and Al were
substituted for the nearest two C atoms, the corresponding defect had a relatively
high formation energy of 18.93 eV. The PcAlg; and Pg;Al- have formation energies
of 5.87 and 11.79 eV respectively. The high formation energy of the PcAl is
attributed to the relatively high formation energy of the P¢ and Al compared to
the Pg; and Alg; as reported in literature [28,36].

Table 1. The energy of formation ( £F') and binding energy (£) in eV at =y = 0 for the P and
Al substitution pair in 4H-5iC. The E¥ and Fp energies were calculated under chemical
potential rich conditions.

PcAl- PgAl; P-Al Pg:Al-
E 158.93 021 5.87 11.72
Ex 235 3.14 2.97 4.00

In a double substitution defects, it is paramount to ascertain if the parent defect
will dissociate into a smaller non-interacting defects (P, Alc, Pg; or Als;). This was
confirmed by evaluating the binding energy of the parent defect. The binding
energy Ep of double substitution of P and Al on C sites (PcAlc) is defined as the
energy required to split the PcAlc into a non-interacting P and Alc. The binding
energy is given as [53].

Ep = E5 +EE —EF (2)

PrAle

where Ef, , EY, and Ej, , are the neutral charge state formation energies of the

PrAlg
Pc. Alc and PcAlc, respectively. This same definition of the binding energy is
applicable to other double substitutional defects in this study. According to Eq.
(2), if Eg > 0, this implies a stable double substitutional defect. However, if the
Eg < 0, dissociation of the substitution of P and Al pair in 4H-SIC is imminent
with an energy lower than the energy of formation. The binding energies of the
PcAlg, Ps;Als;, PcAls; and Ps;Alc as calculated using Eq. (2) were all positive. The
implication is that the aforementioned defective systems, are stable and
dissociation is unlikely to occur, except at the expense of a much higher energy.
The most stable double substitutional defect was the Ps;Alc with binding energy of
4.00 eV. This same behaviour has been reported for the Ng;Bc which has the

highest binding energy for the substitution of N and B pair in 4H-SiC [44]. The



PgiAlc will need an additional 4.00 eV or more energy to separate into non
interacting Ps; and Al¢ defects. Furthermore, a close look at the binding energies
suggest that the PcAl with the highest formation energy is stable with binding
energy of 2.35 eV, which is 0.62 eV lower than the binding energy of the PcAlg;.
Based on the results of the binding energy, we suggest that at a relatively low
annealing temperature, these defects will not dissociate. However, as the
temperature increases, the formation energy eventually increases surpassing the
formation energies listed in Table 1. Consequently, the defect-complex could
dissociates into a more stable system of non-interacting defects.

3.3. Charge state transition level

The defect charge state transition level (¢ (¢/q’)) is the formation energy at which g
and ¢’ are the same and was calculated using the method of Refs [54] as

Ef(d,gie e =0)—E' {d,q"e =0
(d.gice ;__q{ g .‘4j (3)

e(q/a’) =

where E7 (d, g;er = 0) is the formation energy of the defect d (substitution-pair)
in charge state g at Fermi energy equals to zero. Table 2 lists the defect induced
energy levels of the P and Al substitution pair in 4H-SiC. Fig. 3 displays the plot of
formation energy as a function of the Fermi energy. For the PcAlc, we observed
the presence of three distinct defect levels: ((+2/41), (+1/0) and (0/—1)) as
displayed by Fig. 3a. The donor defect levels were all lying deep in the band gap of
4H-SiC with energies of Ey+0.55 eV for the double donor (+2/+1) and Ey+0.97
eV for the single donor (+1,/0). The (0/—1) acceptor defect level was shallow, close
to the CBM with an energy level of Ec—0.16 eV. The PgjAls; on the other hand,
induced two notable shallow defect levels (see Fig. 3b). The two defect levels are
the (+1/0) donor and (0/—1) acceptor with energies of E + V0.08 and

E-Co.09 eV, respectively. Reports suggest that the Ps; is a shallow donor whereas
the Alg; is a shallow acceptor [36,55]. These could be the possible reasons for the
shallow donor and shallow acceptor levels induced by the Pg;Alg;. The PcAlg; as
displayed in Fig. 3¢ induced deep donor levels and shallow acceptor level. Whereas
the E-Co.11 eV energy level of the (0/—1) acceptor is close to the CBM, the (+1/0)
energy level is 0.15 eV far away from the VBM. The Pg;Al¢ on the other hand,
induced defect levels, an acceptor and double donors. The (+2/+41) donor is a deep
defect level with an energy of 0.32 eV far away from the VBM. The single donor
and acceptor defect levels, (4+1/0) and (0/—1) (see Fig. 3d) have energies of

E + Vo.57 and E-Co.05 eV, respectively. The Es+0.97 eV of the PcAlc is within the
range of the defect level of Ey+0.82 to Ey+1.01 induced by the Al implanted in SiC

[23].
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Table 2. The thermodynamic charge state transition (£ (g/q’}) level above the VBM in eV as
induced by the P and Al substitution pair in 4H-5iC.

Defect (+2/+1) (+1/0) o/ —1)

Peal: 0.55 0.97 3.07
PgAls; 0.08 3.14
FcAls; 0.15 3.12
PrAl- 0.32 0.57 3.18
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Fig. 3. Plots of formation energy as a function of the Fermi energy for the charge state (qg;
n = 0, =1 +2) of the substitution of P and Al pair in 4H-5iC; (a) PcAlg; (b) PgiAlsi; (c) PoAlg
and (d) Pg;Alc.
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More insight into the general trend of P and Al substitution pair in 4H-SiC was
explored. While the defects with Al; induced double donor levels, we observed
that the defects formed with Alg; induced shallow single donor and acceptor levels.
This scenario shown that when the defects have excess Si than C atoms, the
presence of double donor level is prevalent. However, when the defect has excess C
atoms there is only a single shallow defect level induced. One interesting
occurrence in this study was the absence of double acceptor level, instead the
presence of single acceptor level is dominant in the band gap for all the defect
studied. Whereas all induced acceptor levels were shallow and close to the CBM,
the (0/-1) of the Pg;Al- was closer to the CBM relatively to other defect
configurations. While the substitution of P and Al pair in 4H-SiC for all
configurations induced single donor level, only the PgAlg; and PcAlg; induced
shallow donor level close to the VBM.

4. Summary

This report employed the use of HSE06 to obtained the defect levels induced by
substitution of P and Al pair in 4H—-SiC. The formation energies of various unique
defects considered showed that the Al and P atoms on the lattice sites of Si atom is
more energetically stable under equilibrium conditions than when they are on the
lattice sites of C atom. The binding energies of the defects revealed that they are
stable and dissociation will only occur at the expense of energy higher than their
formation energy. Under equilibrium conditions, we found that the most
energetically favourable defect is the Pg;Alg; with an energy of formation of

0.21 V. All the defects were observed to be electrically active. The Pg;Alg; and
PcAlg; induced shallow defect levels close to the VBM and the CBM for the donor
and acceptor, respectively. The PcAl- and PgAl- only induced deep single donor
and acceptor levels. The information provided in this report will be beneficiary for
the characterisation of SiC based devices for industrial and laboratory
applications.
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