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A typical nitrogen doped spherical SiC nanocrystal with a diameter of 1.2 nm
(Sig3CyaH7g) using linear combination atomic orbital (LCAQO) in combination with pseu-
dopotential density functional calculation have been studied. Our selected SiC nanocrys-
tal has been modeled taking all the cubic bulk SiC atoms contained within a sphere of
a given radius and terminating the surface dangling bonds with hydrogen atoms. We
have examined nine possible situations in which nitrogen has a high probability for re-
placement in the lattice or placed between atoms in the nanocrystal. We have found
that the silicone can substitute with a nitrogen atom in each layer as the constructed
nanocrystals remain thermodynamically stable. Also the nitrogen atom can be placed
between the free atomic spaces as the more thermodynamically stable position of the
nitrogen is between the topmost layers. Also the optical absorption and refractive index
energy dispersions of the pure and various stable doped SiC nanocrystals were studied.
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1. Introduction

Entering the range of the nanotechnology has provided many researches and ap-
plications for semiconductor nanostructures. Large band-gap materials offer inter-
esting properties required for optoelectronic devices. Such devices are especially
attractive for ultraviolet radiation detection, as semiconductor materials with band
gaps larger than that of silicone can be produced and used as “solar-blind” detec-
tors that are not affected by daylight. Silicone carbide (SiC) as one of the most
important wide band gap semiconductors is highly regarded by science and tech-
nology. The distinct physical and chemical features of the SiC nanostructures make
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them an exciting and attractive class of novel materials with an enormous potential
for various applications.! ¢

SiC nanocrystals have been studied extensively in the last 10 years as a very
interesting object for potential application as nanoscale light emitters for blue and
UV spectral ranges.” ? In addition to the shape and size controlling of the mate-
rials in the nanoscale range, the incorporation of atomic impurities is a common
way to modify the physical properties of nanostructures. So far some theoretical
calculations have been done on the structural, electronic and optical properties of
the pure SiC nanocrystals.!®!! This work presents the calculation results of the
nitrogen doped typical SiC nanocrystal for investigating the role of the impurity
states on the energy gap and optical properties of this family of materials. This
work is organized as follows: in Sec. 2 the theoretical framework we use is briefly
described, while Secs. 3 and 4 are respectively devoted to the discussion of the result
concerning the electronic and optical properties and our conclusions.

2. Computational Details

We study spherical SiC nanocrystals with a diameter of 1.2 nm (Siy3CyqH7g) us-
ing LCAO in combination with pesudopotential density functional calculation. The
SiC nanocrystals have been modeled taking all the cubic bulk SiC atoms contained
within a sphere of a given radius and terminating the surface dangling bonds with
hydrogen atoms. 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 SiC nanocrystals have Ty symmetry. The SiC nanoparticles have been
embedded in large supercells in order to prevent interactions between the periodic
replicas (about 30 A of vacuum separate) neighboring nanoparticles in all the con-
sidered systems. A careful convergence analysis has been performed on both the
electronic and structural properties with respect to the LCAO basis set cutoff. Full
geometry optimization was performed with ab initio calculations based on the gen-
eralized gradient approximation (GGA) with the Perdew—Burke-Erenzerhof (PBE)
functional? in the density functional theory (DFT) and standard norm-conserving
Troullier-Matins Pseudo-potentials.'® The total energy of the molecular system and
Helman—Feynman forces acting on atoms were calculated with convergence toler-
ance set to 10~* eV and 0.05 eV /A, respectively.

2.1. Theoretical description of method

In this work we extend the optical response calculations to take into account the
effect of the nitrogen as an impurity. We employed the results of our calculations
with the optimal basis set to compute the dielectric function of SiC nanocrystals. It
is well known that the electric field of the incoming light can polarize the materials

using the following relation'*:
Pi(w) = xij) (~w,w) - B (w), (1)

j
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(€))

where x;;” is the linear optical susceptibility tensor and it is given by!?
(1) 2 : o (K)Th (K)egi(w) — 65
m - . 2
. ( Q nmk f” L Wmn (k) —Ww 4 ( )

In above relation, the n and m indicate energy bands, fin(k) = fi(k) — fn(k) is
the Fermi occupation factor, € is the normalized volume. wy,y (k) = wp, (k) — w(k)
is the frequency differences. The r,,,, is the matrix elements of the position operator
and is given by:

1%

m (K)
, T Wy F Why,
Tﬁwn (k) = Wnm " # ' ) (3)
0 Wp = Wm

where v? (k) = m~!pi  (k), m is the free electron mass and py,, is the momentum

matrix element. According to the above relations the dielectric function is defined
as:

eij(w) = 1+ 4mx$y) (—w,w). (4)

The imaginary part (2) of the dielectric function can be obtained by:

Z/dkfnm nm( )V'gzm(k)(s(w _ wTYL’I’L(k)) ) (5)

2
w,
nm mn

Using the Kramers—Kroning transformation the real part of the dielectric function
can be expressed by:
w'ed(w
P e W) gy 6
/ E— (6)
The optical response of the hydrogen-terminated SiC nanocrystals was implemented
in SIESTA.16 The optical matrix element was calculated including the corrections

due to the nonlocality of the pesudopotential.'” The refractive index, n and the
optical absorption coefficient then can be calculated by the following formula'®

:Vwﬁm+ﬂm+am -
2 )

a=2—

\/V )—eilw) 8)

3. Results and Discussion

Due to the fact that the surface effects strongly increase with decreasing size of
the material, doping process of the nanostructures may be affected significantly by
surface effects. One of the important aspects of the interaction of impurities with
a nanostructure is the determination of the most stable positions of the impurity
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Fig. 1. The optimized geometry of the Siy3C44H76 nanocrystal.

within atomic structure of the nanomaterials. For small semiconducting nanos-
tructure, such as SiC nanocrystals with a few nanometers doping an impurity can
strongly change the optical properties. In our case the nitrogen atom as an impurity
atom can penetrate to the internal layers of the SiC nanocrystal, with regard to
the minimization of the surface binding energy and atomic force induced to the
nanocrystal lattice.

For investigating the electronic and optical properties of the nitrogen doped
SiC nanocrystals, a general form of the SiC nanocrystals, i.e., Siy3Cyq4H7g structure
have been selected with T,; symmetry as shown in Fig. 1. The surface dangling
bonds have been terminated by the hydrogen atoms. The average C—H, Si—H and
Si—C bond lengths after geometry optimization in Sig3C4qH7¢ are 1.104, 1.508 and
1.879 A.

For exploring the effect of the nitrogen atom as an impurity in the physical
properties of Siy3C44H7¢ nanocrystal, we have examined nine possible situations
as the nitrogen atom has high probability for replacement in the lattice or it can
be placed between atoms in the nanocrystal. The selected nanocrystal has three
semi-spherical layers where the same type atoms in each layer have approximately
the equivalent position and same distance from the nanocrystal center. We have
calculated the binding energy of the nitrogen atom in the optimized geometry of
the SiC nanocrystal.

In Fig. 2, the schematic representation of the nitrogen atom locations in the
Siy3C4qHrs nanocrystal and the optimized geometry of all the examined struc-
tures containing nitrogen as an impurity have been shown. We have labeled the
nanocrystal structures with capital letters “A” to “I”. The “A” nanocrystal is the
pure Siy3C44H7g, while in B, C and D simulated nanocrystals, a carbon atom is
substituted by a nitrogen atom. The distance of the nitrogen atom is closed to the
nanocrystal center from “B” to “C”. In “E”, “F” and “G” structures a silicone atom
from Siy3Cy4H76 nanocrystal is substituted by a nitrogen atom as the distance of
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Fig. 2. (a) Schematic representation of the nitrogen atom location in the Siy3C44H7g nanocrystal,
(b) optimized geometry of all the examined structures containing nitrogen impurity.

the nitrogen is close to the nanocrystal center. In the “H” and “I” systems, the
complexes of the nanocrystal and nitrogen atom were fully optimized in the con-
ditions that nitrogen atom is placed between first—second and second—third layers.
The binding energy can be defined as the difference between the total energy of the
doped SiC nanocrystal and the sum of all isolated atom energies which have existed
in the system. The negative sign of the binding energy means that the complexes
are energetically favorable and one can expect that these complexes really form in
experimental conditions.
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Binding Erergy

Fig. 3. The nitrogen binding energy in various (SiagCa4Hr7e, N) systems.

In Fig. 3 the binding energies of the nitrogen atom in all examined structures
have been shown. It can be seen that the “E” to “H” structures are energetically
favorable and nitrogen atom can bind to the structure in the stable state. Also it is
clear from the figure that the “E” system has more stability when a silicon atom is
replaced by nitrogen atom in the nanocrystal lattice. The binding energy of nitrogen
doped system at “E” state (SigaNCaqHzg) is —9.74 eV which is significantly more
than the binding energy of nitrogen doped system at “F” (—=5.19 eV) and “G”
(—4.34 eV) states. In the case of the “H” state, the nitrogen is placed in the lattice
at 3.25 A from the nanocrystal center. In this case the binding energy of the nitrogen
doped system is about —4.34 eV which is approximately equal to the “G” system
binding energy. As it is clear from Fig. 3 the binding energy of the nitrogen doped
“I” system increase rapidly towards positive region, which means that the nitrogen
impurity lay between topmost layers of the nanocrystal and for penetrating to the
internal layer encounter to the energy barrier about 3.06 eV.

Single impurities can deform strongly the electronic configuration of the systems
containing few atoms. The most important role of the impurities in semiconducting
systems is the appearance of the new electronic states in the band gap region of
the semiconductor. In Fig. 4, the electronic density of states of the SiyjoNCy4Hrg
nanocrystal and its thermodynamically stable doped nitrogen nanocrystals are
shown. Also for more considerations, the distribution of the highest occupied molec-
ular orbital (HOMO), lowest unoccupied molecular orbital (LUMO) and impurity
states are shown separately for each system as an inset of the Fig. 4. As it can be
seen from the Fig. 4(a), the pure SiC nanocrystal (Sis3C44Hrg) has a wide band
gap of about 6.15 eV. The HOMO and LUMO wavefunction are mainly localized
on the carbon “p” orbitals of the nanocrystal within a nearly symmetrical distri-
bution. The calculated density of states for all nitrogen doped stable nanocrystals
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Fig. 4. The calculated density of states of Sia3C44H76 nanocrystal and its various nitrogen doped
configurations. The HOMO, LUMO and impurity state wavefunction are also depicted in the
figure.
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has been shown in Fig. 4(b)-4(e). It is clear from the figure that the new states
can form in the gap region of the nitrogen doped nanocrystals. As it is clear from
frontier molecular orbital wavefunction projected on each impurity state, all im-
purity states are extremely localized on the “p” atomic orbitals of the nitrogen
atom. A significant event that can be seen from Fig. 4 is that the HOMO levels
of the doped nanocrystals are partly under influence of the impurity state while
the LUMO levels have not changed significantly. In the case of the “E” system,
the nitrogen impurity levels appear at 1.96 eV above the valence band and the
HOMO wavefunction is significantly concentrated on the Si and C atoms, close to
the nitrogen atom. For “F” and “G” system, the nitrogen atom distance from the
nanocrystal center is reduced and the interaction of the nitrogen atomic orbitals
with orbitals of the greater number of neighboring atoms increases. So the degen-
eracy of the “p”-nitrogen orbitals are removed and two separate peaks appear. We
have shown the DOS peaks of the impurity states with the symbols of e; and eq
in which the position of each peak relative to the upper edge of the valence band
are listed in Table 1. Another issue that can well be seen in the DOS curve is the
shift of the impurity level towards the lower edge of the conduction band when the
nitrogen atom position is close to the nanocrystal center. The same behavior can
be found in the “H” configuration of doped SiyoNCy4H76 nanocrystal.

With regards to the significant changes in the band gap region of the
SigoNCyqH7e nanocrystal, the study of the optical properties can be useful. The
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Table 1. The energy gap (eV) between HOMO (h), LUMO (I) and impurity energy levels
in nitrogen doped various configurations of SiC nanocrystals.

System

A h—1(6.68)

E  h—e1 (1.52) e1 —1 (5.16) h—1 (6.68)

F  h—e (1.97) h—e2 (2.55) e1 —ep (0.58) e1 —1 (4.71) ea — 1 (4.13) h —1 (6.68)
G h—e1 (1.97) h—ep (3.49) e1 — e (1.52) e1 — 1 (4.71) ez — 1 (3.19) h—1 (6.68)
H h—es (1.21) h—ep (2.00) e1 — ez (0.79) e1 — 1 (5.47) ez — 1 (4.68) h — 1 (6.68)

optical absorption and refractive index energy dispersions of the pure and vari-
ous stable N-doped SiC nanocrystals are shown in Figs. 5 and 6. Strong correla-
tion between optical absorption, refractive index and energy gap properties of the
nanocrystals can be found. Generally, in all absorption curves, a sizable peak exists
in the range of 6 — 8 eV. As seen in pure Siy3Cy4H7g, this peak corresponds to the
delocalized HOMO — LUMO state vertical excitation. With reference to this fact
that the existence of the nitrogen impurity can form new electronic states in the
gap, the emergence of significant changes in the absorption spectrum is expected.
It can be seen from figure that the new absorption peaks arise due to the electronic
excitation from nitrogen impurity states to the conduction band. In Table 2, the
location of the main absorption and refractive index peaks and the role of the ni-
trogen impurity states in vertical excitation were summarized. In the case of the
absorption spectrum corresponding to the “E” system, in addition to the main SiC
nanocrystal peak two new absorption peaks appear in the spectrum. The origin of
these peaks is the vertical excitations of the electronic states from HOMO — eq(ay)
and e; — LUMO(az). In the case of the “F” system, in addition of the main SiC
nanocrystal peak two new peaks are added to the absorption spectrum. The first
low energy peak corresponds to the electronic transitions of the HOMO — e and
eo nitrogen impurity states which have been broadened at a region with a size
of 0.5 eV. The second peak, which appears at an interval of 4-5.3 eV, is related
to the e; and es — LUMO state transition. Finally the last peak refers to the
HOMO — LUMO transition in the doped SiC nanocrystal. In the case of “G” sys-
tem, the same behavior can be found. Another remarkable result of the absorption
peak analysis can be seen in the “H” system, where the nitrogen atom is placed in
the free space between silicone and carbon atoms. It can be seen from Fig. 5 that
there are five main absorption peaks, where the first lower peak is related to the
interband electronic transition of impurity states namely e; — e, the second and
third lowest peak is correlated to the HOMO state transition to the two separated
nitrogen impurity levels. The forth peak correspond to impurity states transition
to the LUMO state and the last peak in the “H” system, as it is seen in all the
before considered systems, is the HOMO — LUMO transitions. For more consider-
ations, the refractive index of the various nitrogen doped stable SiC nanocrystals
was shown in Fig. 6. As it is clear from the figure that there are strong correlation
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Fig. 5. The calculated absorption coefficient of Siy3C44H76 nanocrystal in its various nitrogen
doped configurations.
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Fig. 6. The calculated refractive index of Sis3Ci4H76 nanocrystal and its various nitrogen doped
configurations.
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Table 2. The main optical transitions between HOMO (h), LUMO (1) and impurity energy levels
(e1 and e2) in nitrogen doped various configurations of SiC nanocrystals.

System
A ni,a1 (h —1)
E ni,a1 (h — e1) na,az (er — 1) n3,az (h —1)
F ni,a1 {(h —e1) +(h—e2)} no,a2 {(e1 > 1)+ (e2 =1} mn3,az (h—1)
G ni,a1 {(h —e1)+ (h—e2)} n2,a2 {(e1 = 1)+ (e2 = 1)} n3,a3 (h—1)
H ni,ar (e1 — e2) na,az (h —e1) n3,az (h —e2) na,a1 {(ex = 1)+ (e2 = 1)} ns,a5 (h —1)

between refractive index dispersion peaks and absorption spectrum. It can be seen
that in the case of the “F”, ”G” and “H” systems the refractive index significantly
dispersed from unit value in the range of 0-8 eV.

4. Conclusion

We study nitrogen doped spherical SiC nanocrystal with a diameter of 1.2 nm
(Sig3Ca4Hz6) using LCAO in combination with pesudopotential density functional
calculation. Our selected SiC nanocrystal has been modeled taking all the bulk
SiC atoms contained within a sphere of a given radius and terminating the surface
dangling bonds with hydrogen atoms. We have examined nine possible situations
in which nitrogen has high probability for replacement in the lattice or lies between
atoms in the nanocrystal. The selected nanocrystal has three semi-spherical layers
where the same type atoms in each layer have approximately equivalent position
and same distance from the nanocrystal center. We have found that the silicone
can substitute with the nitrogen atom due to minimization of the binding energy in
each layer as the constructed nanocrystals remain thermodynamically stable while
the carbon sites are not energetically favorable for nitrogen impurity atom. Also the
nitrogen atom can place between free atomic spaces as the more thermodynamically
stable position of the nitrogen is between the topmost layers. The nitrogen impurity
makes changing the electronic structure of the nanocrystal and new electronic state
appear in the gap region of the SiC nanocrystal. The position of the impurity energy
levels in the gap region changes significantly with the position of the nitrogen in
the nanocrystal lattice structure. All new states are extremely localized on the “p”
atomic orbitals of the nitrogen atom. The optical absorption and refractive index
energy dispersions of the pure and various stable doped SiC nanocrystals were
studied. Generally, in all absorption curves, a sizable peak exists at the range of
6—8 eV which is related to the pure Siy3C44H7¢ and corresponds to the HOMO —
LUMO state vertical excitation. According to the existence of the new impurity
states in the gap region of the nanocrystal, the optical absorption also changes
with appearance of the new peaks in the lower energy region. The similar behavior
can also be found in refractive index variation regarding the nitrogen doping.
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