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States of silicon nanoclusters containing carbon impurities
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The structural and electronic states of defective complexes in the Siy cluster with the participation of carbon
and hydrogen atoms were determined by the method of non-conventional strong binding (MNSB) in combination
with the method of molecular dynamics. It is shown that carbon atoms in silicon clusters form a bridge bond with
two silicon atoms and localized in a hexagonal position at the center of the cell, forming a defect of the Siy:C;
type. The introduction of hydrogen into a silicon cluster results in the formation of a defective Ci-H-Si complex
and a decrease of binding energy of the Six:Ci defect. Based on the calculations, it was found that presence of
leads to carbon gives shallow levels in the band gap of nano-silicon, and the defective carbon-hydrogen complex in
a hydrogenated cluster, depending on the charge state of the defective complex. Moreover this exhibits both deep

and shallow levels.
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1. Introduction

In recent years, the need to find new materials for nano-
electronics has stimulated active research into the methods
of adjusting the properties of semiconductors via the forma-
tion of low-dimensional nanoclusters in their matrix. Unique
properties of nanoclusters, such as a strong dependence
of their electronic structures on size, composition, and
geometric parameters, which provides an opportunity to
model the needed device characteristics, makes them viable
candidates for use in materials of this kind.

Clusters may contain atoms of introduced and related
impurities, atoms of intrinsic components, and intrinsic point
defects of the crystal lattice. Since single-crystal silicon is
the base material of modern semiconductor electronics with
related impurities (e.g., oxygen, carbon and hydrogen, which
tend to form various low-dimensional structural defect
complexes) present in the matrix, these impurities may exert
a considerable influence on the structure of silicon clusters,
altering their properties and electronic states. State changes
of clusters may be predicted by modeling the structure of
silicon nanoclusters [1]. The majority of published studies in
this field are focused on the application of different methods
for examining the structure of clusters formed from intrinsic
atoms without the inclusion of impurity defects. A complex
approach (a combination of semi-empirical, ab initio, and
other computational approaches) is needed to optimize the
geometry and perform model calculations of the electronic
structure of silicon clusters with related impurities. The
aim of the present study is to calculate the structure
and electronic states of silicon clusters containing carbon
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atoms with different charges and identify the influence of
interstitial hydrogen atoms on the characteristics of a cluster
with 29 silicon atoms by applying a combination of the
methods of non-conventional strong binding and molecular
dynamics.

2. Calculation procedure

Silicon nanosized dimerized and nondimerized hydro-
genated (with dangling surface bonds neutralized by hydro-
gen atoms) clusters type Siyg : C, SipgHo4 : C, and SizgHss:C
were examined.

Let us consider first the process of formation of defects
in single-crystal silicon involving carbon and hydrogen.
Carbon is an uncontrolled impurity in Si, and its con-
centration in the Si matrix may reach 2-10¥cm=3. It
has been assumed that its presence in melt may affect
only the structural perfection of grown single crystals
and that this impurity is electrically neutral. However,
it has recently been found that carbon interacting with
related impurities (especially oxygen) may also affect the
electrophysical material properties: suppress the formation
of oxygen thermodonors and form carbon-oxygen COp-
type complexes. Essential information regarding the state
of impurity carbon in silicon has been derived from EPR
data in [2,3]. Three types of pair-forming electrically active
states of carbon have been identified: positively charged
interstitial-site state C;"; neutral state C? that decomposes
thermally at 65°C; and pair Cs—C; that remains stable to
250°C. The authors of [4,5] have also found that carbon is
likely to be located at an interstitial site. The presence of
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both oxygen and carbon in silicon under thermal treatment
may stimulate the formation of associates as a result of
precipitation of impurities from their supersaturated solid
solutions with subsequent formation of various microdefects
up to a concentration of ~ 108—10°cm—3 with sizes of
~ 60—80nm [6]. These microdefects may be minimized
by processing a crystal in the atmosphere of argon with
added hydrogen. Processing in pure hydrogen leads to
the formation of microdefects of a new type (hydrogen
precipitate) that have a negative effect on the mechanical
strength and oxidation stability of silicon. According to
literature data, hydrogen atoms are located at interstitial sites
of diamond-like semiconductors and form complex defects
with an energy spectrum that is similar in nature to the
one of hydrogen-like impurities, but differs in the impurity
center symmetry from common hydrogen-like substitutional
impurities [7]. The binding energy of hydrogen and silicon
atoms is ~ 2.0eV. An ionization energy this high makes
it impossible for atomic hydrogen to manifest electrical
activity. It is known that the properties of a silicon surface
stabilize after saturation with hydrogen due to termination
of dangling chemical bonds of silicon atoms. However, data
on the behavior of hydrogen in silicon clusters at a varying
concentration of impurity carbon are virtually lacking. The
structure of formed clusters with carbon and hydrogen may
be determined by modeling. It will be shown below that
the use of combined techniques for examining the electronic
structure of silicon clusters should allow one to model
the optimized geometric structure of silicon clusters with
carbon impurities and introduced hydrogen atoms based on
the results of theoretical calculations.

A combination of the methods of non-conventional
strong binding (NSB) [8,9], wherein the physical and
chemical properties of bonds both between matrix atoms
and between matrix and impurity atoms (including all the
components of the total internal binding energy of the
lattice) are taken into account, and molecular dynamics
(MD) was used to calculate the cluster structure. In this
context, the procedure of parameterization allows one to
calculate the structural parameters both of a defect-free
lattice and a crystal with point defects. The equilibrium
cluster geometry was optimized using the MD method. We
used the NSB method with a total energy functional that
differs in form from energy functionals that are commonly
used in the strong binding (SB) method. The expression
for the NSB total energy functional may be written as
follows [8]:
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Z, is the charge of the ,u-th nucleus (or nucleus plus
core electrons); R = n/&’ ,i 1s the most probable electron—

nucleus distance, n and 53, are the principal quantum
number and Slater exponents of the i-th atomic orbital (AO)
centered at the u-th nucleus; EJ and E,, are the total energies
of individual atoms in noninteracting and interacting systems
characterized by sets of occupancy numbers {N2I = PO #i}
and {N, =P} (here, PD; ,; and Py, are functlons
characterizing the degree of ,,point-likeness“ of an electron
cloud around a nucleus) and energies {Egi} and {E,}
of valence AOs, respectively; and o and a are fitting
parameters. Atomic units are assumed here and elsewhere.

The first term in (1) represents the repulsion of screened
nuclear charges of neutral atoms in the ground state. The
second term in Eq. (1) may be nonzero even for a neutral
atom.

AOs for a neutral diatomic molecule are assumed to be
orthogonal, and matrix equation of the form

Z(Hpi,vj — &8, vj)Cyj =0 (4)
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is solved self-consistently to determine energy spectrum
{ex} and AO expansion coefficients C,j of molecular
orbitals (MO) of the system, where 8, ,j is the perturbation
potential in interaction of a p-atomic orbital of an i-atom
with a v-atomic orbital of a j-atom.

In the NSB parameterization, the parameters of small
clusters determined in ab initio calculations [10] are the
base reference systems. The accuracy of calculation is
ensured by correct parameterization of geometric and
energy characteristics and spectroscopic energies of small
systems performed with the use expression (1) for the total
energy with its components being defined based on the
individual parameters (AO energies and Slater exponents)
of chemical elements.

The method of molecular dynamics was used to optimize
the spatial structure of clusters. The MD method [11] relies
on classical mechanics; more specifically, it is based on the
numerical integration of Newtonian equations of motion [9]:

md?r/d2 =ma, =F;; F; =du/dri, (5)

where m, F}, and E{i are the mass, the position, and the

acceleration of the i-th particle, respectively; F; is the force
acting on the i-th particle from other particles; and U is
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Figure 1. Spatial structure of C; in different charge states: Six:Ci(+) (a), Sizo:Ci(—) (), SizoHas:Ci(+) (c), SizoHas:Ci(—) (d),
SizgHs6:Ci(+) (e), and SipHse:Ci(—) (f). Black dots in the figures denote carbon atoms, hydrogen atoms are colored light blue, and
silicon atoms are colored blue; black dashed lines represent weak Si—H bonds, which are a fraction of an angstrom longer than equilibrium
Si—H bonds. (A color version of the figure is provided in the online version of the paper).

the total potential energy of the system, which may be
calculated using one of the approximate methods.

When performing a comparative analysis of the energy
characteristics, one should take into account the fact that
the total internal energy is underestimated and overes-
timated in calculations relying on semi-empirical strong
binding methods and ab initio methods based on the
density functional theory, respectively. The next step in
approximation to the ideal state of an interacting system of
many charged particles is the single-electron approximation
(ie., reduction of a many-electron problem to a single-
electron one). While maintaining the accuracy of structural
parameters of a system and a fairly close fit to energy
characteristics, these simplifying approximations lead to
systematic underestimation of the total internal energy [12].
The single-electron approximation is also applied in ab initio
calculations of parameters and characteristics of a system
of interacting atoms to correct nonphysical deviations of the
calculated values, but the interaction of electrons involved in
bond formation is taken into account twice. Consequently,
the total internal energy is overestimated [9]. However, the
accuracy of calculation of structural parameters is the same
in the considered two modeling methods. Therefore, the
use of a semi-empirical approach in computer modeling of
the structure and certain key energy parameters of clusters,
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the data for which are comparable to the results of ab initio
calculations (e.g., the results reported in [10]), is entirely jus-
tified. At the same time, the complexity of parameterization
and limited applicability of semi-empirical strong binding
methods and the need to perform comparative analysis with
widely used ab initio methods motivated us to turn to the
ORCA software package for optimizing the structural and
energy parameters of nanosized silicon clusters. Further
studies were performed with the use of ab initio methods.

3. Results and discussion

3.1. Carbon defect centers in silicon clusters

Interstitial carbon atoms at different sites in a
pure surface-dimerized Siy:C; cluster and hydrogenated
SizgHy4 : Cj and SipgHse: C; clusters in positive and negative
charge states of carbon were calculated initially for the
modeling of structures (Fig. 1).

The presented spatial structures demonstrate that a car-
bon atom forms a bridge bond with two silicon atoms and
is localized at an interstitial site (in what follows, this atom
is denoted as Cj, and an impurity carbon atom occupying
a silicon lattice site is denoted as Cs). In the modeled
structures, a carbon atom is positioned either at a hexagonal
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Figure 2. Spatial structure of charged states of defect complexes Ci-H: Si : Ci (a), SizoHaa: (CiH)* (b), and SizoHas: (CiH)™ (c). Black
dots in the figures denote carbon atoms, hydrogen atoms are colored light blue, and silicon atoms are colored blue; black dashed lines
represent weak Si—H bonds, which are a fraction of an angstrom longer than equilibrium Si—H bonds.

Table 1. Energy parameters of impurity C; in nanoclusters of
pure Siy and hydrogen-containing clusters SixgHy4 and SixgHsze

Binding energy
of carbon
with a cluster, eV

Erumo, €V | Enomo, eV | Eg, eV

Size: Ci(—) 12.59 —861 | —838 | 023
Size: Ci (+) 1229 —826 | —825 | 001
SizoHaq:Ci(—) 7.51 —935 | —906 | 029
SizoHaq: Ci (+) 7.85 —886 | —837 | 049
SizoHss:Ci (—) 6.61 ~1039 | —896 | 143
SizeHse: Ci (+) 6.78 —953 | —9.04 | 049

site at the center of the cell or as a substitutional impurity
at the central Ty site.

The obtained results of calculation of energy parameters
of clusters are listed in Table 1. It can be seen that the
binding energy of a carbon atom with a silicon cluster is
the most pronounced for a pure Siy cluster with dangling
orbitals on the surface. This is apparently attributable to
the binding energy variation. Another confirmation is that
negatively charged defect states are bound stronger to a
carbon atom. The generalized formula for calculation of the
band gap for clusters doped with carbon may be written in
the following form:

Ey = Enomo — Erumo, (6)

where Epomo is the energy level lying below the
conduction-band bottom of a cluster and closest to it and
Erumo is the energy level lying above the valence-band
top of a cluster and closest to it. Local levels induced by
impurity carbon atoms in the band gap of a cluster exert an
insignificant influence on the band gap edges.

This may be attributed to the fact that, first, interstitial
impurities normally introduce shallow levels into the band
gap and, second, a carbon atom is close to silicon in
its energy characteristics and valence state. Therefore,

this impurity does not form deep local levels even at a
substitutional site. Since s carbon atom in the lattice
cell of a silicon nanoparticle has a significantly smaller
covalent radius (0.771A) than matrix atoms (1.173A), it
may maintain a certain charge state for a much longer
period of time. This provides an advantage for an interstitial
position of an impurity carbon atom in the matrix of silicon
atoms, thus agreeing closely with the data from [4].

3.2. Carbon-hydrogen impurity centers
in silicon clusters

It was found in the examination of literature
data [2,4,13,14] that hydrogen is a stabilizing impurity in
silicon. Let us consider its influence on silicon clusters
containing carbon impurities. Complexes featuring indi-
vidual hydrogen atoms in silicon and containing carbon
atoms were identified in DLTS experiments [15-17]. It
was demonstrated that a CiH pair has a deep donor
level Ec — 0.16¢eV. It is assumed that, having captured an
electron, a Ci-H complex [13,16] dissociates, changes its
charge state [13,17], and then decomposes to a neutral state
with an activation energy of 0.5eV [17-19]. The calculated
models of structures of silicon clusters associated with a
Ci-H impurity are presented in Fig. 2.

The electronegativity of carbon is greater than that of
silicon, but the electronic configuration of silicon in the
vicinity of a Cj-H defect center may change from 3s?3p?
to 3s3p® [14,20,21]. This is also associated with a weakly
manifested transition of a silicon electron from a p? orbital
to d, which leads to a change in the electron configuration
of a C—H—Si complex. Thus, it was hypothesized that the
structure of this complex is a hydrogen atom bond between
substitutional C and an adjacent Si atom. The binding
energy of neutral H-C was determined to be —1.17¢V,
and this defect was found to be bistable. In positive
and neutral charge states, H is located close to the C—Si
bond center [20]; however, hydrogen in a negative state is
positioned at the opposite side of this bond. An interstitial
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Figure 3. Formation of energy levels in the band gap in a SipHse cluster due to the introduction of impurity carbon and hydrogen atoms.

impurity carbon atom contributes to the emergence of a
deep level in the band gap of a cluster, forming a defect
H—C center (see the plot in Fig. 3). The second H
atom may be restrained near the defect. Hydrogen forms
strong bonds with an interstitial defect, where the H binding
energy is —3.14 eV. The formed structural defect states with
hydrogen migrate fast and react readily with other defects,
suppressing their concentration. Electrical activity is abated
in the presence of H atoms.

It follows from Table 2 that the binding energy of
a carbon-hydrogen defect complex with a silicon cluster
decreases in hydrogenated clusters. At the same time,
positive and neutral charge states of a defect yield local
levels deep within the band gap, while a negative state
produces a shallow level above the valence band of a
nanocluster.

Binding energies of a defect complex were calculated
using the formula from [20,21] with the binding energy of
atoms of a defect with interstitial carbon and hydrogen in a
silicon cluster taken into account:

Et = E(Sin_1XHiHpy) — E(SinHm) + usi — ux + lun,  (7)

where E; is the formation energy of a defect complex,
E(Sin—1XHHy) is the total energy of a hydrogenated
cluster with a defect, E(Si,Hm) is the total energy of a
hydrogenated cluster without a defect, ug; is the total energy
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of a single silicon atom in this cluster, ux is the total energy
of a single carbon atom in this cluster, and uy is the total
energy of a single hydrogen atom in this cluster (if two or
more H atoms are introduced into the local environment
of a carbon atom, factor | is used; ie., | is the number of
interstitial H atoms in the region around C;).

The results of calculation of energy parameters of a Cj-H
defect complex in a silicon nanocluster are listed in Table 2.

It follows from Table 2 that the C;-H binding energy in a
cluster depends only weakly on the charge state of H and
is specified by the number of hydrogen atoms in a cluster.
Hydrogenation of dangling bonds of a cluster results, on the
one hand, in defect stabilization and, on the other hand,

Table 2. Energy parameters of a Ci-H defect complex in a silicon
nanocluster

Binding energy
of a defect Erumo, eV | Enomo, eV Eg, eV
complex, eV
Six:CiH 12.34 —8.29 —8.19 0.10
Size: CiH(+) 12.58 —8.04 —-793 0.11
Sie: CiH(—) 12.15 ~857 | —847 | 010
Si29H242CiH 7.53 —8.67 —8.15 0.52
Sing24 :Gi H(+) 7.68 —8.06 —-7.11 0.95
SizoHos : CiH(—) 7.45 —-9.31 —9.22 0.09
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in weakening of bonds between an impurity C; atoms with
surrounding Si atoms.

4. Conclusion

The examination of structure and electronic states of
silicon nanoclusters containing carbon atoms and interstitial
hydrogen atoms revealed that impurity carbon atoms in an
interstitial-site state form a bridge bond with two silicon
atoms and are located at a hexagonal site at the center of
the cell. A negatively charged carbon state strengthens the
bond. A single impurity carbon atom produces shallow
levels in the band gap of nano-silicon.

It was demonstrated that the presence of one hydrogen
atom in the vicinity of C; promotes the formation of a
C;—H-Si defect complex and reduces the defect binding
energy in a Sipg: C; cluster.

It was also found that positive and neutral charge states
of a defect yield local deep levels within the band gap of a
nanocluster, while a negative state produces a shallow level.

The presence of hydrogen leads to neutralization of an
electrically active state of a shallow level in a Siyg: C; cluster.
The structural and energy state of a C atom in a C;—H—Si
defect complex depends on the number of hydrogen atoms.
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