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The energy of the sorption and diffusion of lithium atoms on the reconstructed (4 x 2) (100) silicon surface
in the process of their transport into near-surface layers, as well as inside crystalline silicon, at various lithium
concentrations have been investigated within the density functional theory. It has been shown that single lith-
ium atoms easily migrate on the (100) surface and gradually fill the surface states (T3 and L) located in chan-
nels between silicon dimers. The diffusion of lithium into near-surface silicon layers is hampered because of
high potential barriers of the transition (1.22 eV). The dependences of the binding energy, potential barriers,
and diffusion coefficient inside silicon on distances to the nearest lithium atoms have also been examined. It
has been shown that an increase in the concentration of lithium to the Liy sSi composition significantly
reduces the transition energy (from 0.90 to 0.36 eV) and strongly increases (by one to three orders of magni-

tude) the lithium diffusion rate.
DOI: 10.1134/S0021364013110088

1. INTRODUCTION

The use of silicon-based anode materials for lith-
ium ion accumulators seems much more promising as
compared to graphite-based materials standardly used
in such batteries [1, 2]. The maximum concentration
of sorbed lithium in silicon is reached in the Liy,Sis
alloy, which has the highest theoretical specific capac-
ity (4200 mA h/g) among all known anode materials
[3]. At the same time, the theoretical capacity of
graphite intercalated with lithium between graphite
layers is only 370 mA h/g. Unfortunately, the process
of the introduction of lithium atoms into silicon is
accompanied by a change in the specific volume of up
to 300%, as well as by phase transitions with the for-
mation of intermediate Li,Si, phases. A large change
in the specific volume leads to mechanical stresses
and, as a result, to the total destruction of the material
[4]. The solution to this problem can be the use of sil-
icon nanostructures (nanoparticles, nanotubes, and
nanowhiskers), which have a large specific surface and
small volume insufficient for the destruction of a
nanoparticle in the process of its recycling at sorp-
tion/desorption of lithium. The authors of [1] consid-
ered various types of silicon films and nanoparticles as
candidates for an anode material. It was shown that
these materials have a limited capacity and capability
of keeping capacity characteristics after several charg-
ing—discharging cycles. These properties can be due to
processes on the silicon surface. This is important

when passing from the study of the properties of a bulk
crystal to the study of the properties of thin films [ 5, 6].

To describe the introduction of lithium into such
nanosystems whose production and measurement are
very difficult, it is very important to analyze the main
stages of the introduction of lithium (adsorption of
lithium atoms on the surface, their penetration into
near-surface layers, and their diffusion inside a crystal
lattice at various concentrations of lithium) [1].

It is noteworthy that the diffusion of lithium in the
bulk of silicon at its low concentrations is quite well
studied in contrast to diffusion on the surface [7].
However, in contrast to bulk silicon crystals, diffusion
of lithium atoms on the surface, as well as their pene-
tration into the near-surface layers, is of particular
importance.

The comparison of the average time of residence of
adsorbed lithium on the (100) and (111) surfaces in [8]
indicates that the diffusion of lithium into the bulk of
silicon occurs primarily through the (100) surface
rather than through the (111) surface. The possible
reason is that the (111) surface has a closer packing
than the (100) surface. For this reason, we consider
plates with the (100) surface in this work. It is known
that the reconstruction of the surface can strongly
affect the sorption and diffusion of lithium on the sili-
con surface. Dimers inducing the (2 x 1) reconstruc-
tion are formed on the Si(100) surface at room tem-
perature. The model of antisymmetric dimers that are
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energetically more favorable than symmetric dimers is
commonly accepted. This fact was confirmed theoret-
ically [10] and experimentally [11]. It is worth noting
that, according the calculations for the predicted anti-
symmetric model of dimers, the (2 x 1) Si(100) recon-
struction cannot be the ground state at room tempera-
ture. The (2 x 2) or (4 x 2) surface phase can be the
ground state. The transition of the (2 x 1) reconstruc-
tion to the (4 x 2) reconstruction was detected experi-
mentally when the temperature was reduced to 200 K
[11, 12]. It is noteworthy that the diffusion of lithium
in silicon at finite concentrations of lithium is almost
unstudied. The diffusion coefficient of lithium in sili-
con was obtained in [13], but the effective concentra-
tion corresponding to the measured diffusion coeffi-
cient was not determined. This can be explained by the
difficulty of the measurement of the nonstationary dif-
fusion process at a constant concentration of lithium,
as well as by the rich phase diagram of Li Si, which can
induce the rearrangement of the crystal structure even
under the conditions of the electrochemical saturation
of silicon with lithium [14].

The aim of this work is to study mechanisms of the
sorption and diffusion of lithium atoms on the (100)
silicon surface with the (4 x 2) reconstruction and the
transition of lithium atoms to near-surface layers of
silicon, as well as to determine the dependence of the
diffusion rate of lithium inside the silicon bulk on the
lithium concentration.

2. OBJECTS OF THE STUDY
AND THE METHOD OF CALCULATIONS

The quantum-chemical simulation in this work was
performed in the VASP 5.3 package [15—17] within
the density functional theory using the plane wave
basis and PAW formalism [18]. The cutoff energy of
plane waves E_ . in the calculations was 245.3 eV.
The calculations were performed in the generalized
gradient approximation (GGA) of the Perdew—
Burke—Ernzerhof exchange correlation functional
[19] with the Grimme correction taking into account
van der Waals interaction [20]. To determine the tran-
sient state and potential barriers for the diffusion of a
lithium atom on the surface and in the Si(100) near-
surface layers, we used the nudged elastic band (NEB)
method [21]. When simulating all structures under
study, the geometry was optimized to the maximum
forces acting on atoms (0.01 eV/A).

To study the sorption and diffusion of a lithium
atom on the surface and in near-surface silicon layers,
we simulated a slab with the (100) surface. The slab
was a 4 x 4 x 3 supercell with the sizes a = 15.372 A and
b = ¢ = 21.543 A with the possibility of the (4 x 2)
reconstruction of both surfaces. To exclude the effect
of atoms of neighboring slabs on these surfaces, a vac-
uum gap of 27 A was specified along the normal to the
surface of the slab. Since the supercell is rather large,
2013
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Fig. 1. (a) Plan and (b) side views of various positions of a
lithium atom on the surface and in Si(100) near-surface
layers (silicon and lithium atoms are given in dark and light
colors, respectively).

for the integration over the first Brillouin zone, the
supercell was automatically divided into the uniform
2 x 2 x 1 grid chosen by the Monkhorst—Pack scheme
[22]. The minimum thickness of the slab was chosen in
terms of the calculated surface ene%y. For the silicon
slab that had a thickness of 15.372 A and consisted of
three cubic unit cells, the surface energy was
151.6 meV/A? in good agreement with the values of
155.9 and 149.2 meV/A? obtained in [23] and [24],
respectively.

3. STUDY OF THE ENERGY OF ADSORPTION
AND DIFFUSION OF SURFACE LITHIUM
ATOMS

To determine the most favorable positions of a sin-
gle lithium atom on the surface and in the near-surface
Si(100) layers, we calculated the structures with differ-
ent positions of this atom (Fig. 1). The notation of all
such positions was given in [25, 26].

The binding energy of the lithium atom with the
Si(100) surface (Table 1) was calculated by the formula
E=Eg; — Es; — Ey;, where Eg;; is the total energy of
the Si(100) system with the adsorbed lithium atom, E;
is the total energy of the silicon supercell with the
reconstructed (100) surfaces, and E; is the energy of
one lithium atom in its crystal lattice.

According to Table 1, the most energetically favor-
able positions of the single lithium atom are T3 and L,
where this atom is in the channel between silicon
dimers (Fig. 1). The Ps and B2 surface states are
slightly less stable (the energy difference between them
and the positions in the channel is about 0.1 eV).

It is noteworthy that the binding energy of the lith-
ium atom with silicon decreases at the penetration of
the lithium atom into the bulk (positions UD, UH,
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Table 1. Binding energies of a lithium atom with the (100)
Si surface for its various surface or near-surface positions

Surface Eiings €V | Near-surface | Ei;q, €V
T3 —1.240 UPs** —1.037
L —1.177 UH —0.810
T4* —1.160 UB2 —0.809
Ps —1.045 UH2 —0.761
B2#** —1.045 UuD —0.110
Pa** —1.045
HB —0.518
TD —0.517

Notes: * Lithium atom after optimization passes to the T3 position.
** Lithium atom passes to the Ps position.

Table 2. Height of the potential barrier for the direct (Uy;,)
and inverse (U;,,) transitions on the surface and in Si(100)
near-surface layers

Migration type Direction | Uy, eV U,., eV
On the surface T3—-L 0.43 0.37
L—Ps 0.44 0.31
From the surface to | T3—UH 1.22 0.79
near-surface layers Ps—UH 2.46 223
In near-surface UH-UB2 0.78 0.85
layers UH-UD 0.84 0.13

UH2, and UB2) or at its emergence from the channel
on the surface (positions HB and TD). Thus, the ini-
tial location of lithium atoms in the channel between
silicon dimers is preferable.

To confirm this conclusion, we simulated the
motion of the lithium atom on the surface and in the
near-surface Si(100) layers. The heights of the poten-
tial barriers for different migration paths of the single
lithium atom are summarized in Table 2.

According to Table 2, the migration of lithium on
the surface is quite easy (T3—L or L—Ps transition).
However, the penetration of the lithium atom from the
surface into the near-surface layers is hindered (T3—
UH and Ps—UH transitions) because of high potential
barriers of the transition. Therefore, it is favorable for
the lithium atom to stay in the initial surface sorption
state; moreover, the migration of the lithium atom into
the bulk is additionally slowed owing to the high hop-
ping barrier.

It is worth noting that the potential barriers to
migration for the single lithium atom decrease in the
deeper near-surface layers (UH—UB2 and UH-UD
transitions). In these layers, the barrier height is com-
parable with the calculated (0.85 eV for the cubic cell
of silicon consisting of 64 atoms) and experimental
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(0.8 eV) [27] values of the barrier to the migration of
lithium in the silicon bulk.

4. STUDY OF THE DEPENDENCE
OF THE DIFFUSION RATE OF LITHIUM
INSIDE SILICON ON THE LITHIUM
CONCENTRATION

At this stage, we simulated the silicon supercell
consisting of 216 atoms in the form of a cube consist-
ing of 3 x 3 x 3 unit cubes. The & points for the integra-
tion over the first Brillouin zone were constructed on a
3 x 3 x 3 grid. Itis known [28] that lithium atoms in the
crystal structure of silicon are located at the centers of
tetrahedra of silicon atoms (tetrahedral pores) (T,).
The number of such pores is equal to the number of
silicon atoms. To determine the potential barriers and
binding energies of lithium atoms, we placed one to
four lithium atoms in the supercell. Their positions
were chosen so that the distance between them was
minimal. Then, this initial geometry of the system was
optimized. After that, one of the lithium atoms was
transferred to the final position, which was the center
of the neighboring tetrahedron. Then, the coordinates
of the atoms were again optimized. In the case of three
and four lithium atoms, the position of the lithium
atom equidistant from other lithium atoms was
changed. After that, the heights of the potential barrier
(transient state) for the hopping of the lithium atom
from the initial to final state were calculated using the
nudged elastic band method and taking into account
the energies E, of zero-point oscillations obtained by
finding the phonon frequencies. These frequencies
were calculated using the frozen phonon method. To
calculate the force matrix, atoms were deflected from
the equilibrium position by £0.02 A along all of the
directions.

The resulting barrier heights were 0.903, 0.735,
0.477, and 0.362 eV for various numbers (N =1, 2, 3)
of other lithium atoms at the centers of neighboring
tetrahedra. These values were used to obtain the inter-
polated polynomial dependence of the height of the
potential barrier V... on the number P of neighbor-
ing lithium atoms: ¥, e; = Ejyy — 0.07P3 + 0.277P% —
0.375P, where E,; = 0.903 eV is the calculated Ve,
value for the hopping of the lithium atom from a tetra-
hedral pore to the neighboring pore without surround-
ing lithium atoms.

In addition, we calculated the Li,Si structures with
xvarying up tox = 0.5. It was found that the Li 5Si sys-
tem with the displacement of any lithium atom step-
wise transits to a new amorphous-like state. Such a
behavior is confirmed experimentally, although the
concentration at which the transition to the amor-
phous state occurs was not determined exactly [14].

To calculate the dependence of the diffusion rate of
lithium in silicon on the lithium concentration, we
used an original method. It is based on the calculation
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Fig. 2. Diffusion coefficient D versus the lithium concen-
tration in Li,Si. Lines with markers present the calculated

Dvalues at temperatures of (/) 300, (2) 400, and (3) 500 K.
Lines without markers present the D values obtained from
the experimental data reported in [13] for temperatures of
(4) 300, (5) 400, and (6) 500 K.

of the time evolution of the distribution function of
lithium atoms P(R,, t,) defined as the probability of
filling the minimum (center of the tetrahedron) with
the coordinates R; with the lithium atom at the time #,,.
This evolution is described by the discrete master
equation (replacing the continuous diffusion equa-
tion)

dP(Ri: tn)

dr

W(R, R)P(R, 1,)[1 - P(R, 1,
; ( )P(R, 1,)] (R, 1,)] W

i

- W(R;, R)P(R;, 1,)[1 - P(R;, 1,)].

Here, WAR;, R) is the frequency of hopping of an
impurity atom from the minimum R, to the minimum
R;. These quantities for the hopping of an atom
through the barrier Vi, (R;, R;) at temperature T'
were calculated by the Arrhenius-type formula W(R,,
R) = Wyexpl—Voamier(Ris R)/kT). For the stability of
the behavior of evolution P(R;, ¢,), the time step t was
chosen so that its product by the maximum WAR,
R))max Was 0.01. The pre-exponential factor (effective
frequency of oscillations) W, was calculated by the
known Vineyard formula [29]

3N-3

H [1—exp(-hv;/kT)]
W, = %31;—14 ’ )

[ 1! - exo(-hvi/kT)]

i=1
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where v; and v, are the frequencies of oscillations of N

atoms of the system when the transferred atom is at the
saddle and minimum points, respectively. After 100
iterations of the time evolution P(R,, t,), the diffusion
coefficient D was calculated. To this end, we numeri-
cally solved the Fick equation J = —DOC/ox, where J
is the flux, i.e., the total number of lithium atoms pass-
ing per unit time through unit area of the plane per-
pendicular to the axis coinciding with the direction of
the gradient C of the concentration of lithium atoms in
this plane. Figure 2 shows the dependences of the dif-
fusion coefficients D on the initial concentration of
lithium calculated by the described method for various
temperatures. It can be seen that the diffusion coeffi-
cients calculated for various temperatures and the
concentration of lithium corresponding to the Lij 45Si
compound are in good agreement with the experimen-
tal data. Unfortunately, the effective concentrations of
lithium corresponding to the measured D values can-
not be determined experimentally. A strong increase
(by one to three orders of magnitude) in the diffusion
coefficient of lithium with an increase in its concen-
tration to 0.45 can be explained by a sharp decrease in
the potential barrier for hopping of the lithium atom to
the neighboring tetrahedron in the presence of neigh-
boring lithium atoms. This decrease can be attributed
to the electrostatic repulsion of closely spaced lithium
atoms, which have a partial positive charge owing to
the difference between the electronegativities of lith-
ium and silicon.

5. CONCLUSIONS

The initial stage of the adsorption of lithium atoms
on the reconstructed (100) silicon surface has been
studied in this work. It has been shown that lithium
atoms are primarily sorbed in the surface states (T3, L)
located between silicon dimers, easily migrating
between them and gradually filling them. In this case,
the migration of lithium atoms from the surface to the
bulk of silicon is hindered because of high transition
potential barriers, which decrease assumingly at a
larger filling factor of the surface. The dependence of
the diffusion coefficient of lithium on its concentra-
tion inside the silicon bulk has also been examined. It
has been found that the heights of the potential barri-
ers for hopping of the lithium atom with an increase in
the lithium concentration decrease and, correspond-
ingly, the diffusion coefficient increases strongly (by
one to three orders of magnitude at 7’< 500 K) with an
increase in its concentration to x = 0.5. The experi-
mental data according to which the further increase in
the lithium concentration is accompanied by the tran-
sition of the structure to the amorphous state have
been confirmed.
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