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Stability and charge states of vacancy in Sirg and Sisg clusters have been calculated by non-conventional tight-
binding method and molecular dynamics. Based on the theoretical calculations, it was shown that the vacancy
in pure dimerized clusters is unstable, while in hydrogenated SingH4 and SizgHz3( clusters it is stable, but leads
to a distortion of its central part with the transition of symmetry from Td to C3,, and a change in the forbidden
gap. The charges of cluster atoms in the presence of a vacancy are distributed so that all silicon atoms acquire
a stable negative charge, which occurs due to the outflow of electrons of the central atom to the neighboring
spheres.
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1. Introduction

Silicon nanoparticles as well as crystalline silicon may contain various defects that effect both their
optoelectronic and electrophysical properties. The most common defects are the point defects caused by
an intrinsic interstitial atom and a vacancy. Moreover, a vacancy can be formed both inside and on the
surface of nanoparticles during the crystal growth and under various external influences. The vacancy in
crystalline silicon Si was studied in detail. For example, the stable states of the vacancy and its complexes
with impurities, their formation energies were theoretically investigated in previous researches [1H5]].
The experimental studies [6H10] indicated the possibility of forming the complexes of a vacancy with
an impurity oxygen and hydrogen atoms in stable states, and the kinetic energies of the formation are
given. This type of defects are very mobile and could be identified directly only in the silicon of p-type.
The vacancy in bulk Si known to form highly localized defect complexes with deep local levels in
the band gap of silicon [10]. The possibility of preserving the energy characteristics of such a defect
complex in nanosized particles and the effect of size-dependent phenomena of a particle have not been
unambiguously determined.

Controlling the concentration of the vacancy in silicon is one of the key factors in semiconductor
electronics. Despite the fact that the vacancy in crystalline silicon has been studied for a long time using
various methods, a relatively little attention is paid to the presence and stability of the vacancy in silicon
nanoparticles. Although a number of researches on vacancy in nanosilicon have been provided [[11-14],
detailed studies of its geometric configuration and positions of electronic levels were done only in several
of them [13L[15]]. Thus, size effects on the vacancy formation energy and entropy were considered in [[13]]
and it was found that the size reduction makes the vacancy much easier to form; then, the vacancy
concentration increases with reducing size and increasing temperature.

Thermodynamic state equation of the nanocrystal with vacancies leads to the conclusion that, re-
gardless of the presence of an external effect on the nanoparticle, even at a constant total temperature
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of the system of interacting atoms, a certain number of vacancies always formed due to thermal fluctua-
tions [[15]. Therefore, the determination of the structure of the local region of the defect formation with
the participation of a vacancy and the effect of the surface on the stability of the defect is of great impor-
tance. Zhang et al. researched the quantum confinement effect on the vacancy-induced spin polarization
in carbon, silicon, and germanium nanoparticles by density functional analysis [[16}[17].

This paper presents the results of studies of the structural parameters and energy characteristics
of pure and hydrogenated silicon nanoparticles Sipg and Siszg with vacancies. Such sized clusters are
most stable and widely used models of the silicon nanoparticle of one nm size [18, [19]. At present, the
computational capabilities make it possible to calculate the main structural and energy parameters of such
clusters by ab initio methods. However, there are two very important disadvantages of both groups of
Hartree—Fock—Rutaan methods and the methods based on the density functional theory. Taking account
of the real conditions for the existence of nanoparticles first of all leads to spending a huge computer
time for calculations while a large overestimation of the internal bonds total energy makes it difficult to
compare the calculated energy parameters with experimental data. For the above reasons, we decided to
apply the non-conventional tight-binding method (NTBM) [20] to the calculations, which with a correct
approach to the parameterization procedure and the choice of the calculation algorithm, makes it possible
to achieve a significant reduction in computational costs and a reasonable agreement with experimental
data.

2. Computation method details

The method for simulation of nanostructures used by us is adapted to optimize the structure and
energy parameters and combines the NTBM proposed by Khakimov [20,21], and the molecular dynamic
method. Here, the expression for the total energy of the NTBM has the form
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where R,,,, is internuclear distance,

z% = 7% (RW,{Ngi}) = Zu~ > N, [1 — aiexp (—ame/Rg)] : 2.2)
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are screened nuclear and non-point ion charges, respectively; Z,, is the charge of the u-th nucleus or the
nucleus with core electrons; Rg =n/ §2i is the most probable distance between the nucleus and electron,
n and 52 is the principal quantum number and Slater exponent of the i-th atom orbital (AO), centered
on u-nucleus; Eg and E,, are total energies of the individual atoms in non-interacting and interacting
systems, characterized by {Ngl. = Pgi’m’} and {N,; = Py i, } occupancy numbers and {Egl.} and {E;}
corresponding valence AO’s energies. AO is supposed to be orthogonalized, and the matrix equation will
be as follows:

Z(H,ui,,uj — €0uivj)Cyj =0, 24

and used to be solved self-consistently for determination of the € energetic spectra and C,,; expansion
coefficients of the molecular orbitals (MO) over AO. Self-consistent calculations are based on iterative
recalculation of the diagonal matrix elements of the Hamiltonian using the dependency of the bond order
matrix

Ppivi = ) NiCpui(K)Cyj (K), (2.5)
k
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and Ny; = P, i) AO occupancy from C, ;. Here, k denotes a MO and N, — denotes the occupancy
number of the k-th MO. In conventional tight-binding method (TBM), the Ny are all equal to 2 (except
the highest MO of a system with an odd number of electrons). However, NTBM involves a description
of charged and excited systems, where one or more MOs may have an occupancy less than 2.

The diagonal and off-diagonal matrix elements of NTBM have the form

P/u',yj = E,ui - Z QV/RllV) 6ij7 (2.6)
VFEU
and
H;u',vj = i%hpihviAij(R/JV)s vV # U, 2.7
correspondently
i = bai€lyexp (~Bui Ry | RS, ) Fi 2.8)
-1
Fﬂ,‘ = {1+6Xp [—)/Nl' (Rﬂy—dﬂi)]} , (29)

Roi is the average distance between electron and corresponding nucleus, A; (ﬁ uv) are angular functions
tabulated by Slater and Coster [21]]. In (2.7), plus sign is taken for sp and pp — o~ matrix elements, and
minus sign is taken for ss and pp — 7 matrix elements.

NTBM yields to traditional TBM in speed due to iterative self-consistent calculations. To accelerate
the convergence of these calculations, we use the techniques of dynamic damping [20] and shift level [22].
A more rigorous criterion for self-consistency was used to calculate clusters; the calculations at each point
in configuration-coordinate space are completed only if the values of AO population in two successive
iterations are less than 10°.

To determine the possible spatial structures of the system of a given number of atoms, the molecular
dynamics simulation (MD) method [23} 24] based on numerical integration of Newton’s equations of
motion was used:

myd?r; /dt? = mya; = Fy; F; = —dU/dr, (2.10)

where m;, r; and a; are, accordingly, the mass, position and acceleration of the i-th particle; F; is force
acting to the i-th particle by other particles; U is total potential energy of the system, which can be
calculated using one of the approximate methods.

Equation (2.10) can be solved by step using Taylor expansion near current ¢ time [22]:

1 1
eyt =1t +Vt(st+§a[6t2+6b[6t3+..., (211)

1 1
Vies: = Vi +a 0t + zbtétz + gc,6t3 +o (2.12)

where v is velocity of the particle.
To integrate the equation of motion, a third-order algorithm is used in which the positions R and
particle velocities v are calculated by the following formulas:

-1
1 1 da
Rl‘+6l‘ = Rl + V,5t + E(7at - a1_5t)6t2] . (Eﬁétz) , (213)
t
1
Visst = Ve + E(Sat + 50460 — Ar-51)0t, (2.14)
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where a, is acceleration of the particle with m mass at ¢ time moment, da,/dR; is a derivative from
acceleration over coordinates of the R particle. In calculating the forces (accelerations) numerically, their
derivatives can be determined simultaneously using the same two additional calculated values of the total
energy in the positions R, + 6R and R; — 6R (6 R is small shift):

1 E(R; +6R) — E(R, — 6R)

2.1
m 26R ’ @.15)

ay =

da, 1 E(R +6R)+E(R, - 6R) - 2E(R,) 016
dt m OR! ’ ’

A self-consistent calculation of the electron density distribution is made many times for each nuclear
configuration of the system, starting with a trial set of values {N,;}, while the difference between the
input and output values {N;} (or {c;}) in solving secular equationm gets negligible:

D2 (Huivj = €6i6,0)cv =0, (2.17)

Hi V]

where {e€; } are electronic energetic levels, ¢, ; are expansion coefficients of wave functions for AO, i and
J are atomic orbitals, H is Hamiltonian of the atomic system, § are average quadratic errors.

3. Results and discussions

This work presents the results of studying the stability of a vacancy both in pure SizgD and SizgD
clusters and in their hydrogenated samples. As a model of a nanoparticle we have chosen a silicon
nanocluster SipgD with a dimerized surface and saturation of the surface 24 silicon atoms with hydrogen
atoms. This cluster is atomically centered and the symmetry of the central atom is tetrahedral. While
considering the vacancy, the central atom was removed from the cluster and later the cluster geometry
was optimized.

The obtained results show (figure[T) that a vacancy in a pure SixD cluster is unstable and undergoes
a collapse as a result of a shift of cluster atoms. In this case, the disorder of the cluster structure increases.
Only in the case of a positively charged SizgD cluster the presence of a vacancy in the center leads to the
formation of a hollow Siyg cluster with a diameter of 7.04 A.

SizgD+V° SizgD+V" SigD+V™

Figure 1. (Colour online) Surface dimerized and optimized cluster structures with vacancy in different
charge states.

The obtained dependences of the densities of vacancy energy states in a dimerized SixD (table [I])
show that the density of vacancy states in the neutral dimerized Siz9D coincides with the density of states
for the pure dimerized Si9D without a vacancy and indicate the metallic nature of conductivity (table[T)).
The HOMO-LUMO gap in these clusters is of the order of 0.01 eV. In the charged clusters the gap grows.
Investigation of the stability of a neutral vacancy in a surface-dimerized SiogDHjy4 cluster with passivation
of unsaturated bonds has showed that four silicon atoms, the first neighbors of the vacancy, initially had
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Table 1. The calculated characteristics of the surface dimerized pure silicon cluster with a vacancy in

different charge.
Clusters Atomization Atomization energy | Bond length, A | HOMO-LUMO
energy, eV per atom, eV gap, eV
SipeD 124.33 4.28 2.29 0.08
Sipg + VO 120.51 4.30 2.39 0.09
Sigg + V™~ 120.58 4.29 2.38 0.15
Sipg + V* 117.75 4.20 2.35 0.26

a symmetrical arrangement corresponding to the tetrahedral point symmetry group. They underwent a
Jahn-Teller type distortion from the initial positions. Three atoms as shown in figure [2] approach each
other while one of the Si atoms moves away towards the surface. As a result, the nearest hydrogen atom
connected to the surface atom shifts to a bonded-centered position in the direction of the remote silicon
atom. The symmetry of the central part of the cluster transfers from the symmetry point group 7, to the
symmetry point group C3, (lowering of the T; symmetry upon transition to the hexagonal position). In
this case, the distance between the three atoms becomes 3.19 A (ideally 3.75 A). It increases 4.12 A for
the removed atom and one of the three connivent atoms. The second neighbors of the vacancy also move
away and the distances between the first and second neighbors of the vacancy become 2.28 A.

Figure 2. (Colour online) The structure of the vacancy in the dimerized SipgHy4 cluster. Silicon atoms
are the first neighbors of a vacancy and are shown in a color different from the surrounding Si atoms (the
blue atoms are the atoms shifted to each other, the dark blue is a distant atom).

The charges of cluster atoms in the presence of a vacancy are distributed so that all silicon atoms
acquire a stable negative charge that occurs due to the outflow of the electrons of the central atom to
the neighboring spheres. This can be seen from table 2] where the values of the charges in the two
coordination spheres of the cluster change to a great extent. In the third sphere, the charge changes are
insignificant compared to the cluster without a vacancy. The presence of a vacancy leads to a substantial
rearrangement of the bonds among the nearest neighbors of the vacancy and gives a number of energy
levels in the gap between the HOMO and LUMO. Apparently, this is due to the approach of the three
atoms and the formation of a weak covalent bonds between them. At the same time, the fourth atom
tends to float to the surface at an equal distance from the center of the cluster. To determine the effect of
a vacancy for the structural rearrangement of the Sizg cluster, the equilibrium geometries and the energy
parameters of a number of clusters were calculated. We have investigated those for dimerized Sisg cluster
without a vacancy, three charge states (0, +, —) of the Si3; cluster with a vacancy in the center formed
from the Si3g cluster by the removal of one of the central atoms. MD optimized structures of the pure Sisg
cluster and with a vacancy in the center in different charge states are shown in figure [3] Table [3] shows
the atomization energies and the HOMO-LUMO gap. As can be seen from figure[3] the cluster structure
during the formation of a vacancy retains a tetrahedral symmetry of the cubic system. However, the
volume of the central part of clusters with a vacancy decreases because of an increase in the length of
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Table 2. The calculated parameters in the hydrogenated cluster SiogHj4 and in the presence of a vacancy.

Clusters Total HOMO- | First Charges
energy, | LUMO Neighbor
eV energy Shift
gap, eV
Central | 1 2 3 Hydrogen
atom sphere | sphere | sphere | atoms
SizgHpa 181.39 1.02 0.20 -0.13 | -0.14 | 0.01 0.05
SipgHpsV | 173.48 | 0.09 C3y - -0.08 | -0.08 | -0.04 | 0.05
3x(-0,56)
1x(+0,37)

Si-Si bonds between atoms. The number of possible configurations of these clusters containing a vacancy
in the center is equal to the number of hexagonal positions around the tetrahedral center, i.e., equal to 6.
With the removal of one silicon atom from the Sisg cluster, the atomization energy slightly decreases,
and the most stable is a negatively charged cluster with a vacancy in the center. The HOMO-LUMO gap
increases by a factor of 2 for Siz; + V°, and decreases by a factor of 2 for Si3; + V*. The analysis of the
components of the atomization energy (table[)) shows that, in the presence of a vacancy, the contribution
of the ion-ion interaction sharply increases for a positively charged state.

Sisg Siz+VY

Siz7+V-

Figure 3. (Colour online) Optimized bare and vacancy-consisted Sizg cluster structures.

Table 3. The calculated characteristics of vacancy-consisted SizgD cluster in different charge states.

Clusters Si-Si  bond | Atomization energy | HOMO-LUMO
length, A per atom, eV gap, eV

SizgD 2.28 4.25 0.15

Siz7 + V0 2.35 4.16 0.30

Siz7 +V~ 2.33 4.17 0.22

Siz; +V* 2.36 4.14 0.08

Accordingly, the bond between the atoms of the cluster core and surface atoms is weakened. Since in

all cases the positive charge of the cluster surface is preserved, it can be assumed that this occurs due to
a change in the electron densities inside the clusters.

The study of hydrogen passivated clusters in the presence of a vacancy shows that complete hydrogen
passivation of dangling bonds on the surface stabilizes (freezes) the structure of clusters with the surface
reconstruction. Figure [] comparatively shows the structure and atomization energies of the studied

13301-6



Investigation of the stability and charge states of vacancy in clusters Siog and Sizg

Table 4. Components of atomization energy of clusters consisting of 38 atoms with a vacancy in different
charge states.

Dimerized Atomization Atom-atom inte- | Binding energy, eV | Ion-ion inte-
cluster energy, eV raction, eV raction, eV
Sisg 161.39 48.24 286.54 0.90

Sizg 165.31 48.54 287.19 0.91
Si%, 154.77 47.99 286.43 2.99

Siz7 + VO 154.13 47.21 280.56 0.77

Siz; + V™ 154.22 46.08 277.15 0.31

Siz; +V* 153.22 44.03 273.06 2.90

clusters. As can be seen from figure {] the presence of a vacancy distorts the cluster structure while
maintaining the tetrahedral symmetry of the bonds. A neutral, passivated by hydrogen, Sizg cluster
containing a vacancy is more stable than a cluster without a vacancy, the difference being 46.55 eV. In
the case of the (Siz; + V*)Hj cation, the cluster volume increased by about 10%, and the central atom
shifted toward the vacancy with the formation of a bond with the peripheral silicon atom. The values of

SisgHao (Siz+V9Hzo (Siz7+V)Hso (Sisr+VHHso
(235.43 V) (281.98 V) (233.36 eV) (224.70 V)

Figure 4. (Colour online) Geometry of optimized Sizg clusters in different charge states with complete
passivation of surface bonds.

atomization energies are given in parentheses. Table [5] shows the atomization energy and the HOMO-
LUMO gap for passivated clusters. As can be seen, in general, the passivation of hydrogen by clusters
containing a vacancy does not change the atomization energy with the exception of (Siz; + VO)Hj, but
the gap significantly decreases compared to a cluster without a vacancy. Among the clusters containing a

Table 5. Atomization energies and gap widths of hydrogen-passivated and vacancy-consisted clusters in
different charge states.

Clusters Atomization energy | HOMO-LUMO
per atom, eV gap, eV

SizgH3g 3.46 0.92

(Siz7 + VO)Hs 421 0.18

(Siz7 + V7)H3p 3.46 0.24

(Siz7 + VH)H3zg 3.47 0.17

vacancy, the largest HOMO-LUMO gap is observed in a negatively charged cluster. Thus, in the presence
of a vacancy, the cluster structure is distorted, and the electronic properties change.
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Conclusions

Thus, based on the theoretical calculations, it was shown that the vacancy in pure dimerized clusters
is unstable, while in hydrogenated SiygH4 and SizgH3g clusters it is stable, but it leads to a distortion of
its central part with the transition of symmetry from 7, to C3, and a change in the forbidden gap. The
presence of a vacancy leads to a substantial rearrangement of the bonds between the nearest neighbors
of the vacancy and gives a number of energy levels to the gap region between the HOMO and LUMO.
Apparently, this is due to the approach of the three atoms and the formation of a weak covalent bond
between them, while the fourth atom appears to float to the surface at the same distance from the center
of the cluster. The charges of cluster atoms in the presence of a vacancy are distributed so that all silicon
atoms acquire a stable negative charge, which occurs due to the outflow of electrons of the central atom
to the neighboring spheres.
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AocnipKeHHs CTIMKOCTI i 3apaa0BUX CTaHiB BaKaHCii B
Knacrepax Siyg i Sizg

A. B. Hopmypogos|(2, A. Tl. Myxtapos /2, ®. T. Ymaposa (2, M. 0. TawumeToB (2},
L. Maxkamos (=), H. T. CyneiimMOHOB

IHCTUTYT sigepHoi ¢isunku, Byn. XypocoHcbka 1, 100214, TalukeHT, Y36ekncraH

3a AOMOMOroH HecTaHAAPTHOTO MeTOAY CUbHOTO 3B'A3KY Ta MOJEKYASAPHOI AMHAMIKN PO3paxoBaHi CTiliKiCTb i
3apAjoBI CTaHM BakaHcii B knactepax Sipg i Sizg. Ha ocHOBi TeopeTnUYHUX po3paxyHKiB 6yno nokasaHo, Lo Ba-
KaHCif B YMCTUX AMMEPU30BAHMX KaacTepax € HeCTiKo, B TOM Yac K B rigporeHizoBaHux SipgHy4 Ta SizgH3
Knactepax BOHa € CTilikoto, ane Npu3BoANTb A0 Aedopmalii LLeHTpasbHOI YaCcTUHY KnacTepis 3i 3MiHOK cMeTpii
3 Td go C3, Ta A0 3MiH B 3a60pOHEHIli 30Hi. 3apaan aToMiB k1acTepa Npu HassBHOCTI BakaHCii po3nogineHi Ta-
KM YMHOM, LLIO BCi aTOMM KPEMHito HabyBatoTb CTiliKOro Bif/EMHOrO 3apsgy, WO BifbyBaETbCsA 3aBAAKMN BiATOKY
€/1eKTPOHIB LieHTPabHOro atoma Ha CyCigHi cdepwm.

KnouoBi cnoBa: HaHoKacTepy KpeMHito, 3apsij, BakaHcisi, HeCTaHAaPTHWI METOZ CUIbHOTO 3B'A3KY,
MOsIeKyNISipHa AVHaMiKka
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