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Abstract We have studied a typical spherical SiC nanocrystal
with a diameter of 1.2 nm (Siy3Cy4H76) using linear combina-
tion of atomic orbitals in combination with pesudopotential
density functional calculation. The role of fluorine and oxygen
impurities was investigated on the electronic and optical prop-
erties of the Siy3C44H~6 nanocrystal. Total energy calculations
show that the fluorine doped Siy3C44H76 nanocrystals are un-
stable. Oxygen doped Siy3C44H76 have different binding ener-
gies in various substitutional and interstitial defects. The max-
imum binding energy of the oxygen at carbon substitutional
defect is about —0.5 eV and at interstitial defect is —0.18 eV. The
HOMO-LUMO gap of the pure Siy3C44H76 is about 6.71 eV
and after doping with oxygen changes on the order of 0.1 eV.
Our studies show that the refractive index of the doped
Siy3C44H76 nanocrystal significantly dispersed in comparison
with pure SiC nanocrystal especially at the range of 6 to 8 eV.
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Introduction

The study of the nanostructures has attracted great attention
recently in the field of semiconductor research [1, 2].
Nanocrystal is one of the most common zero dimensional
nanostructures and many kinds of materials can be synthe-
sized into nanocrystal structures. It is well know that SiC
based materials are promising for substitution of silicon in
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electronic industry due to the great potential applications in
high frequency, high temperature and radiation-resistant
electronic devices [3, 4].

So far numerous reports have demonstrated synthesis of
SiC nanostructures [5—11]. Embedded SiC nanocrystals
could be used as environmentally friendly nano-optics
[12—14]; also they have been studied extensively in the last
10 years as very interesting object for potential application as
nano-scale light emitters for blue and UV spectral ranges
[15—17]. Moreover they are one of the best candidates for
biomarkers [18, 19].

Recently some of research works have been concentrated
theoretically on the physical or chemical properties of SiC
nanostructures [20, 21]. So far some theoretical aspects of
the SiC nanotubes (SiCNTs) have been reported in the liter-
ature [22, 23]. The stability and electronic structures of
SiCNTs were studied with the ab initio method. The results
show that single-walled SiCNTs are wide band-gap semi-
conductors and their gap is independent of their helicity and
radius. Also SiCNT are more suitable than bulk SiC in the
application of nano-electronic devices [24].

In addition to the shape and size controlling of the mate-
rials in the nano-scale range, the incorporation of atomic
impurities is a common way to modify the physical proper-
ties of a nanostructure. In this work we study a typical
hydrogen-passivated cubic SiC nanocrystal (Siy3CysH76)
using the density functional theory (DFT) based on the
pesudopotential linear combination of atomic orbitals with
super-cell technique. We focus on the electronic structure,
energy gap evolution and optical properties of the fluorine
and oxygen doped-SiC nanocrystal.

This work is organized as follows: in section “Simulation
methods”, the theoretical framework we use is briefly de-
scribed, while section ‘“Results and discussions” and
Conclusions are devoted to the discussion of the results
concerning the electronic, optical properties and our conclu-
sions, respectively.
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Simulation methods
Computational details

We study a typical spherical SiC nanocrystal with a diameter
of 1.2 nm (Siy3C44H76) using linear combination atomic
orbital (LCAO) in combination with pesudopotential density
functional calculation. In total energy and density of states
calculations, the double zeta basis set with polarization func-
tion was employed [25]. Our simulated nanocrystal have
been modeled taking all the bulk 3C-SiC atoms contained
within a sphere of a given radius of about 6 A and terminat-
ing the surface dangling bonds with hydrogen atoms. So the
nanocrystal has semispherical shape as shown in Fig. 1. The
structural properties have been determined by allowing all the
atoms of each SiC nanocrystal to fully relax. It is worth pointing
out that the starting prototype nanocrystal has Ty symmetry.
The SiC nanocrystal has been embedded in a large supercell in
order to prevent interactions between the periodic replicas
(about 30 A of vacuum separate) neighboring nanocrystals in
all the considered systems. Full geometry optimization was
performed with ab initio calculations based on the gen-
eralized gradient approximation (GGA) with the
Perdew-Burke-Ernzerhof (PBE) functional [26] in the
density functional theory (DFT) and standard norm-
conserving Troullier-Martins Pseudo-potentials [27]. A
cutoff of 120 Ry for the grid integration was used to
represent the charge density. The total energy of the
molecular system and Hellman-Feynman forces acting
on atoms were calculated with convergence tolerance
set to 107" eV and 0.05 eV A™', respectively.

Fig. 1 a The optimized geometry of the Si;3C44H76 nanocrystal, b
schematic cross sectional configuration of the Siy3C44H7¢ and different
symmetrical situation where an impurity placed in the nanocrystal
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Theoretical description

In this work we extend the optical response calculations to
take into account the effect of the fluorine and oxygen as
impurity atoms. We employed the results of our calculations
with the optimal basis set to compute the dielectric function
of examined SiC nanocrystal. It is well known that the
electric field of the incoming light can polarize the materials
using the following relation [28]:

Plw) = Xy (-, w)- B (), (1)
where X,»j(l) is the linear optical susceptibility tensor which is
directly proportional to the product of the moment matrix
elements between pairs of occupied valence (n) and unoccu-
pied conduction (m) bands and inversely proportional to the
transition energy.

It is given by [29]:

In the above relation, the n and m indicate energy bands,

— — —
Son ( k )Efm ( k )—fn ( k ) is the Fermi occupation factor,
Q is the unit cell volume, i.e., (2=a.(bxc)). In our work, the
SiC nanocrystal located at the center of supercell has a

lattice (carbon or silicon substitutional defects) or between different
layers (interstitial sites) in our calculations
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Fig. 2 The fluorine and oxygen binding energy to the SiC nanocrystal
in different schemes

volume of 1.72 nm® (a=b=c=1.2 nm). w,, (?) =W, (7)—

w(?) is the frequency differences. The 7, is the matrix

elements of the position operator and are give by

- Vi (K)
rnm ( k ) iwnm W ;éwm ’ (3)
0 Wy = W

. — . —
where v, ( k ) =mp ( k ), m is the free electron mass,

and 7', is the momentum matrix element. According to the
above relations the dielectric function is defined as:

e(w) = 1+ 4mx ) (~w,w). (4)

The imaginary part (¢,) of the dielectric function can be
obtained by:

25 [Fra(3 2y =) s 7))

Using the Kramers-Kroning transformation the real part
of the dielectric function can be expressed by:

0

2 Wel
:;p/ 2_w2 (6)

0

The optical response of the hydrogen-terminated SiC
nanocrystals was implemented in SIESTA [30]. The optical
matrix element was calculated including the corrections due to

the nonlocality of the pesudopotential [31]. The refractive index,
n, the optical absorption coefficient, and energy-loss spectrum
then can be calculated by the following formula [32]:

. \/\/sf(w) + &:g(w) + e (w)’ o

w 2(w zw—lw
azzﬁsl( >+szz< Je1(w) @®

Results and discussions

To eliminate the extra interacting with nanocrystal surface,
the surface dangling bonds have been terminated by hydro-
gen atoms so we have Siy3C44H76 nanocrystal with approx-
imate diameter of 1.25 nm. In Fig. 1(a) the optimized geom-
etry of the Siy3C44H7¢ is shown which is taken from mini-
mizing of the Hellmann-Feynman force calculated by DFT-
PBE approach and LCAO level of theory. The average C-H
and Si-H bond lengths in Siy3C44H7¢ are 1.15 and 1.49 A. In
the case of the Si-C bond, the inner bond lengths are about
1.85 A while the bonds near the nanocrystal surface are
about 1.91 A, which is compatible with LDM-PM3 calcula-
tion [20].

Regarding this fact that an impurity can substitute or place
in different positions of the nanocrystal lattice, in Fig. 1(b)
we have shown a cross section of the Siy3Cy44H7¢ configura-
tion where the impurities (fluorine and oxygen atoms) posi-
tions in different calculations were assigned by the capital
letters from B to I. We also named A, the pure Siy3C44H7¢
nanocrystal. In B, C and D systems one carbon atom of the
Siy3C44H76 nanocrystal is replaced by an impurity atom
(carbon substitutional defect) while in E, F and G systems
a silicon atom of the nanocrystal is replaced by an impurity
atom (silicon substitutional defect). In the cases of H and 1
systems, the impurities place between different layers of the
nanocrystal which have different distances from the nano-
crystal center (interstitial sites).

One of the most important quantities which indicates the
chemical stability of the complexes is the binding energy.
The binding energy can be defined as the difference between
the total energy of the system and the sum of all isolated
atom energies which exist in the system. The negative sign of
the binding energy means that the complexes are energeti-
cally favorable and one can expect that these complexes
really form stable structures in experimental conditions. In
Fig. 2 we have shown the binding energies of the fluorine
and oxygen impurities in different situations of defects. As is
seen from the figure, the carbon substitutional and interstitial
defects are energetically favorable for oxygen impurity
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Fig. 3 The total density of state of the stable doped SiC nanocrystals. The ‘h’, ‘I, ‘e’ and the ‘1" indicate the HOMO, LUMO, impurity state and

nearest DOS peak to the LUMO level of the nanocrystals, respectively

unlike the silicon substitutional defects. It is also seen for B
to D configuration of O-doped SiC nanocrystal the amount
of the binding energy of the oxygen atom decreases when it
gets close to the nanocrystal center. The value of the binding
energy for B, C, D, H and I are —0.50, —0.33, —0.12, —0.14
and —0.18 eV, respectively. In the case of the F-doped SiC
nanocrystal, the binding energy of the fluorine in all exam-
ined situation are positive although the binding energy of the
fluorine in the surface carbon substitutional defect are sig-
nificantly close to zero, which means that the fluorine doped
SiC nanocrystal is an energetically unfavorable system.
According to the considered results of the binding energy
curves we follow the electronic and optical properties of the
most stable oxygen doped SiC nanocrystals.

For further investigation, the electronic density of states
(DOS) of the most stable O-doped Siy3C44H7¢ nanocrystal
are discussed and in Fig. 3. For further evolution, the highest
occupied molecular orbital (HOMO), lowest unoccupied
molecular orbital (LUMO) and impurity states are shown
by ‘h’, ‘I’ and indexed ‘e’ characters. Also the ‘1" indicate
the nearest peak to the LUMO level of the doped
nanocrystals. In general, single impurities can deform sig-
nificantly the electronic configuration of the systems con-
taining a few atoms. The most important role of the impuri-
ties in semiconducting systems is the appearance of the new
electronic states in the band gap. As can be seen from the
figure, the Si;,NC44H76 nanocrystal has a wide band gap
about 6.71 eV. In the case of B configuration of the O-doped
SiC nanocrystal the HOMO-LUMO gap has no significant
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change but three peaks of e;, e, and e; appear in the gap
region. The first two peaks of e; and e, are strongly localized
on oxygen atomic states but the e; peak is related to the
surface electronic states of the SiC nanocrystal. For C, D, H,
and I configurations, the HOMO-LUMO gap of the doped
nanocrystals has a small changes but in all cases an impurity
state peak (e;) appears in the gap region. As is clear from the
figure, the location of the peak is strongly related to the
doping condition. It is also seen that for carbon substitutional
defects, the DOS of the nanocrystal especially for C and D
configurations of doping is the same although the binding
energy of the oxygen atom has a difference of about 0.2 eV
for these two configurations. We have listed the impurity

Table 1 The energy gap (eV) between HOMO (h), LUMO (1) and
impurity energy levels (e) in various configurations of oxygen doped
SiC nanocrystal. The 1" is the first DOS peak near the LUMO energy
level

System

A (pure SiC-nc) h-1(6.71) h-17(7.80)

B (O-doped SiC-nc) h-1(6.84) h-1°(7.51) h-¢; (0.51)
h-e, (3.25)
h-e; (5.95)

C (O-doped SiC-nc) h-1(6.69) h-1" (7.48) h-e; (1.58)

D (O-doped SiC-nc) h-1(6.75) h-1" (7.51) h-e; (1.61)

H (O-doped SiC-nc) h-1(6.88) h-1" (7.69) h-e; (1.99)

I (O-doped SiC-nc) h-1(6.75) h-1" (7.85) h-e, (0.47)
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Fig. 4 the HOMO (left) and LUMO (right) wave function of the various O-doped Siy3C44H7¢ nanocrystals

DOS peaks of the various systems of doping in Table 1, the
positions of the peaks relative to the upper edge of the
valence band are presented. In Fig. 4, the contribution of
the HOMO and LUMO wave function for most stable oxy-
gen doped Siy3Cy4H7¢ nanocrystals are shown. With com-
parison of the HOMO and LUMO wave function of the pure
and doped system, we can see the LUMO of the C, D, H, and
I configurations significantly affected by oxygen impurity as
the LUMO wave function especially localized on the oxygen
atom, while in the case of the B configuration the HOMO is
significantly disturbed and the LUMO has small variations.

According to the changes in the electronic states of the
Sis3C44H76 nanocrystal due to doping with fluorine and
oxygen atoms, the changes in optical properties of the nano-
crystal is unavoidable. The optical absorptions of the pure
and various most stable O-doped Siy;C44H76 nanocrystals
are shown in Fig. 5. We have shown the main peaks of the
absorption spectrum of the various doped SiC nanocrystals
on the figures by a,, a,, and a3 symbols. It can be found that
there is strong correlation between optical absorption, refrac-
tive index and energy gap region properties of the
nanocrystals. In Table 2, the correlation between DOS and
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Fig. 4 (continued)

optical absorption main peak were summarized. Generally,
in all absorption curves, a sizable peak exists at the range of
6-8 eV. As seen from the figure in pure Siy3C44H7, this peak
corresponds to the vertical electronic excitations from h—1
and h—1" which we index with a; and a,, respectively. For B
configuration five distinct peaks appear in the absorption
spectrum. The a; (6.57 eV) and a, (7.02 eV) are related to
the h—1 and h—1" vertical excitations and the a5 (5.05 eV),
a4 (3.78 eV) and a5 (2.79 eV) correspond to the h—e; e —
e3, both h and el —e, vertical excitations, respectively. For C
and D configurations four peaks appear in the absorption
spectrum. The a; (6.57 ¢V) and a, (6.97 V) are related to the
h—1and h—1" vertical excitations and the a5 (5.01 eV) and
as (4.58 eV) correspond to the a; (e;—1") and a4 (e;—l)
vertical excitations, respectively.

@ Springer

For H configuration two main peaks appear in the absorp-
tion spectrum. The a; (7.19 eV) which is related to the h—1
and h—1" vertical excitations and a, (4.46 ¢V) that corre-
spond to the a3 (e;—1 and 1) vertical excitations, respective-
ly. In the case of the H configuration, h—1and h—1" vertical
excitations are completely distinct together and the aj
(0.68 eV) peak refer to h— e, transition.

More of the studied refractive indexes of the O-doped
Siy3C44H76 nanocrystal are shown in Fig. 6. It is easily seen
that the static refractive index for all configurations of the
oxygen doped systems are about 2.65, which is significantly
close to the bulk 3C-SiC structre. Also, It can be seen from
the figure that the incident photon significantly disperses by
pure SiC nanocrystal especially in the light energy range of 6
to 8 eV. It is also found that in the case of O-doped systems
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Fig. 5 The calculated absorption coefficient of Siyz3C44H76 nanocrystal in various O-doped configurations

the refractive index dispersion is strongly correlated with
DOS of the systems. The main dispersion peaks shift toward
a lower energy region of light especially in the surface
doping of oxygen impurity or B configuration.

Conclusions

We have studied a typical spherical SiC nanocrystal with a
diameter of 1.2 nm (Siy3C44H76) using linear combination of
atomic orbitals in combination with pesudopotential density

Table 2 The main optical transitions between HOMO (h), LUMO (1)
and impurity energy levels in various configurations of O-doped-SiC
nanocrystals

System
A (pure SiC-nc) a; (h—1) a, (h—1")
B (O-doped SiC-nc) a,(h—1) a, (h—1") aj(h—e; and e, —e3)
ag(h—ey)
as(e;—er)
C (O-doped SiC-nc) a; (h—l) a, as(e;—1")
{1‘7 ay(e1—)
D (O-doped SiC-nc) a; (h—l) a, (h>1")  as(e1—1")
as(e;—1)
H (O-doped SiC-nc) a; (h—1and (h—1")) a, (e;—1)

I (O-doped SiC-nc)  a; (h—l) a, (h—I1") as(h—e))

functional calculation. The role of fluorine and oxygen impuri-
ties was investigated on the electronic and optical properties of
the Siy3Cyq4H76 nanocrystal. Total energy calculations show that
the fluorine and oxygen have different binding energies in
various substitutional and interstitial defects. We found that the
oxygen can bind to the SiC nanocrystal especially in the carbon
substitutional defects and also interstitial defects. The maximum
binding energy of the oxygen at carbon substitutional defect is
about —0.5 eV and at interstitial defect is —0.18 eV. We also

2.665
Pure
B
2.660
, o C
b !: D ¢
2655) ¢ ! H s

Refractive index

E (eV)

Fig. 6 The calculated refractive index of Siy3C44H76 nanocrystal in
various O-doped configurations
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found that the fluorine doped Siy;3C44H7¢ nanocrystal is an
unstable system. The HOMO-LUMO gap of the pure
Siy3Cy4H76 is about 6.71 eV and after doping with oxygen
changes on the order of 0.1 eV. Our studies show that the
refractive index of the doped Siy3CyqyH7 nanocrystal signifi-
cantly dispersed in comparison with pure SiC nanocrystal espe-
cially at the range of 6 to 8 eV. However, the static refractive
index of the Siy3C44H76 nanocrystal is significantly close to the
bulk 3C-SiC (2.55).
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