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Abstract

We performed density functional calculations on the electronic properties of P-doped spinel silicon carbon nitride. When Si is replaced
by C at the tetrahedral sites of P-doped c-Si;Ny, the band gap can be adjusted, and an insulator-to-metal transition is predicted to occur
at the C-to-Si ratio of 0.27. Finally, some possible examinations and potential applications for the large band-gap reduction are

discussed.
© 2007 Elsevier Inc. All rights reserved.
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1. Introduction

The discovery of spinel silicon nitride (c-Si3Ny4) with high
temperature metastability and the other spinel nitrides
provides a new class of solid-state materials, which have
attracted many experimental [1-7] and theoretical [8—12]
investigations for its outstanding mechanical, electronic,
and thermal properties [1-7,13]. c-SisNy, as well as spinel
carbon nitride, was predicted to be a wide-band-gap
semiconductor by first-principles calculations [1,8,10],
whose electro-optic properties are comparable to those of
GaN [6]. It is well known that very low concentrations of
substitutional P in GaN have a profound effect on the
electronic properties [14-16]. So, it can be speculated that
incorporation of low concentrations of P impurity in either
¢-SizNy or spinel silicon carbon nitride (donated c-SisNy:P,
¢-(S1,C);Ny4:P) could induce a different electronic structure
with drastically altered physical properties that may lead to
new applications. It is therefore timely to investigate the
electronic structure of these systems. The method of
density functional theory (DFT) has been successfully used
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in predicting crystal structures and properties of group-I1V
nitrides [8—11]. In this paper, we carried out first-principles
calculations based on DFT to investigate the interesting
electronic properties of c-(Si,C);N4:P. We hope that such
calculations could provide more insights into the relation
between the structure and the properties for this spinel
nitride.

2. Computational method and details

The first-principles electronic structure calculations
based on DFT [17] within CASTEP 4.1 code [18] were
carried out to determine the stability and electronic
properties of the solid solution between spinel SisN4 and
C5Ny. The Vanderbilt ultrasoft pseudopotential [19] with
generalized gradient approximation due to Perdew Burke
Ernzerhof (GGA-PBE) [20] for exchange-correlation ef-
fects was used to model our systems. A cutoff energy of
310eV for SisN4—C;3Ny4 (280eV for SizNy4—GeszNy) in the
plane wave expansion was employed in the calculations. A
4 x 4 x 4 Monkhorst—Pack grid [21] was used for integra-
tion over the irreducible part of the Brillouin zone of the
ternary spinel nitrides. For P-doped nitrides, a 3 x 3 x 3
Monkhorst—Pack grid was used. Good convergence was
achieved with these cutoff energies and number of & points.
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To explore the electronic properties of these solid solutions,
we employed a 56-atom supercell (the full cubic spinel cell)
and a 112-atom supercell (containing 2 x 2 x 2 primitive
cells) with the starting configuration of c¢-Si;N4 suggested
in Ref. [8]. We substituted Si atoms by C (or Ge), then
substituted one P atom with N to model single substitutional P
neutral impurity (P atoms on the N sites, donated Py) in spinel
nitrides, the resulting supercells are C,Sipy_N3» (x = 1, 4, 20),
GGXSi24_XN32 (X = 4, 20), Si24N31P, and CxSi48_xN63P
(x = 0-16). Within the Broyden—Fletcher—Goldfarb—Shanno
(BFGS) scheme [22], geometry optimization was performed
under preselected space group allowing both cell parameter
and internal coordinates relaxation.

3. Results and discussions

In our calculations, the band gap (E,) of c-SizNy is
3.2¢eV, close to the theoretical prediction of 3.45eV [8] and
the experimental result of 3.3eV [23], but lower than the
value of ~4.3 ¢V determined by a recent experiment [24]. In
order to further demonstrate the applicability of our
theoretical model in studying ternary nitride system, we
performed calculations to test the site preference of C, Si
and Ge in ternary nitride system. The spinel structure has
two cation sites, which have tetrahedral (tet) and octahe-
dral (oct) symmetry, respectively [9]. We calculated the
enthalpy (H) of c-4BsNg formula unit (f.u.) (4, B=C, Si
and Ge), using a 56-atom supercell with the formula
A4By)N3,. Table 1 shows the difference of enthalpy
(H4 = H(tet)— H(oct)) between the two structures in which
A assumes two different cation sites. It can be found that Si
favors oct sites and C favors tet sites in Si3sN4—C;3;Ny
because of the value of Hy for SiCsNg (4.1eV/f.u.) and for
CSisNg (—1.9eV/fu.). This is in agreement with the
theoretical prediction by Ching et al. [10]. It also can be
found that Ge much prefers tet sites over oct sites, while Si
prefers oct sites in SizsN4—Ge;Ny due to the value of Hy for
GeSisNg (—0.6eV/fu.) and for SiGesNg (0.5eV/f.u.). This
is again well in agreement with the results of experiments
[6] and the theoretical study [9]. All this consistency can
demonstrate the accuracy of our method, which can be
used to study the electronic properties of P-doped spinel
systems.

Fig. 1 shows the calculated density of states (DOS) of the
spinel system C,Sigg_Ng3P with C at tet sites and the P
concentration of 1.56 percent, for a series of x-values. The
1.56% of P concentration results from substituting one P
atom with N in a 112-atom supercell. There is only one

Table 1

Calculated difference of enthalpy Hy (eV/f.u.) = H(tet)—H(oct) of c-
ABsNg between the two structures in which A assumes two different
cation sites

SiCsNg CSisNg GeSisNg SiGesNg

Hy 4.1 —-1.9 —0.6 0.5
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Fig. 1. Density of states (DOS) spectra of C,Sigg_Ng3P for a series of x-
values.
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Fig. 2. Band-gap energy of C,Siys_Ng3P as a function of x. The solid line
is a guide to the eye.

anion site in spinel structure, so substitution of one P atom
with N need not consider the site preference. As x
increases, a large band-gap (E,) reduction is observed.
The x-dependence of E, (Fig. 2) is not linear. At x = 13,
the gap disappears and an insulator-to-metal transition is
realized. Beyond x = 13, this solid solution is a metal all
the way up to x=16. A similar insulator-to-metal
transition by replacing Si by Ti of the spinel structure has
been predicted by Ching et al. due to the “impurity bands”
(introduced by Ti atom) growing and merging with the
conduction bands [11]. It is well known that both GGA
and LDA band gaps are not accurate enough to be able to
explain experimental data well, but the predicted pressure
dependence of band gap is in good agreement with
experiment [25]. In order to find the origin of the large
band-gap reduction in c-(Si,C);Ny4:P, we calculated pres-
sure dependence of GGA band-gap variations of a few
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Fig. 3. Change of the band-gap variations of (a) SipNj, (b) CSix;Njy,
and (c) Si»yN3P as a function of pressure. The solid line is a guide to the
eye.

samples shown in Fig. 3. In the case of c-Si3N4, E,
increases nonlinearly with increasing pressure. A similar
behavior is observed for the system of CSi»3N3,, which
indicates that substitution Si with C in ¢-Si3sNy4 will not
change the nature of band structure greatly. Adding P,
however, greatly changes the pressure dependence. The
system of Si4N3P shows pressure independence of E,
between 0 and 10 GPa, and a sharp decrease of ~145meV
at 11 GPa. Beyond 11 GPa, there is also pressure indepen-
dence of E, The pronounced change in the pressure
dependence of E, by substitutional P can be understood in
terms of a pressure-induced transformation of the nature of
the valence band maximum, namely, from more extended
states to more localized states.

To examine the degree of localization of these valence
band maximum states, in Fig. 4, we plot the total DOS
(TDOS) and partial DOS (PDOS) spectra of the structure
CgSigoNg3P. In Fig. 4, at the valence band maximum
(energy = ~0¢eV), the p-component of TDOS increases
clearly. Meanwhile, it is interesting to find that the PDOS
of P is the only state that mainly locates at the valence band
maximum. The conduction bands originate mainly from
the contribution of 2p orbitals of C atoms (donated 2p(C))
and 3s3p orbitals of Si (donated 3s3p(Si)). The valence
band between —20.5 and —14.5¢eV is mainly composed of
2s orbitals of N (donated 2s(N)). The major contribution to
valence band between —13.0 and 0eV comes from 2p(N),
2p(C), 3p(Si) and 3p orbitals of P (donated 3p(P)). The
electronic density near the valence band maximum mainly
consists of the contribution of 3p(P). So, it is clear that the
increase of TDOS at the valence band maximum is
introduced by the P impurity.

Here, we provide some possible explanations for the E,
reduction and its potential applications. First, 2p(C) and
2p(N) are likely to make stronger hybridization than 3p(Si)
and 2p(N) because of the smaller energy difference between
2p orbital of C and N. Likely, 3p(Si) and 3p(P) form
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Fig. 4. Density of states (DOS) spectra of the structure with the formula
CgSi40N63P.

stronger hybridization than 3p(Si) and 2p(N) because of
the same reason, together with the more extended 3p(P)
orbital compared with 2p(N). Thus, when substituting Si
by C in c-SizNy, the stronger 2p(C)-2p(N) hybridization
will reduce the 3p(Si)-2p(N) hybridization. This will
enhance the 3p(Si)-3p(P) hybridization. This stronger
3p(Si)-3p(P) hybridization pushes the 3p(Si) level upward
and the valence band top as well to a higher energy.
Second, electronegativity may play an important role in the
E, reduction. The electronegativities of N, C, P, and Si are
3.04, 2.55, 2.19, and 1.90, respectively [26]. Since the
electronegativity describes the ability of an atom to attract
electrons to itself, it is expected that the valence electrons in
Si-N or C-N bonds will be attracted strongly by the N
atoms which was confirmed by first-principles calculations
[8,10]. P has a smaller electronegativity and therefore is
more willing to donate electrons to C in ¢c-(Si,C)3;Ny4:P. This
may be the reason for the E, reduction with increasing C.
With the desirable E, and an insulator-to-metal transition
at a suitable C-to-Si ratio, the ¢c-(Si,C);N4:P has potential
applications in certain semiconductor technology where the
size of the gap plays a crucial role. And with the proper
ratio of C to P, this spinel phase can be lattice matched to
c-SizNy, which allows the design of multi-junction devices.
In summary, by first-principles pseudopotential calcula-
tions, it is predicted that when Si is substituted with C at tet
sites in c-SizNy4:P, the band gap can be adjusted, and an
insulator-to-metal transition will occur at the C-to-Si ratio
of 0.27. The pronounced change of the pressure depen-
dence of band-gap variation in c-Si;N4P indicates that
adding of P can greatly change the nature of band
structure. From the DOS spectra, it is observed that the
TDOS increases at the valence band maximum, which
originates from the contribution of 3p orbitals of P.
Finally, some potential applications are discussed.
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