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Abstract

Within the framework of density functional theory and the pseudopotential
method, calculations of the density of electronic states of the system
“Si(100) substrate plus disordered two-dimensional metal layers (Li, Be
or Al)” with a thickness of one to four single-atomic layers were carried
out during growth at 0°K. It is shown that the electronic structure of the
first single-atomic layers of these metals on Si(100) has band gaps.
The maximum band gap was found in the Be-Si system (1.03 eV for
a single-atomic layer). In this system, the band gap disappears when four
single-atomic layers are deposited. In the Li-Si system (0.98 eV for a single-
atomic layer) it disappears for two single-atomic layers. In the Al-Si—system
(0.50 eV with four single-atomic layers), the band gap disappears for three
single-atomic layers. This behavior of the band gap can be explained by
the passivation of the substrate surface states and the peculiarities of the
electronic structure of the adsorbed metals.
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Introduction

Metal layers on silicon have long attracted the
attention of researchers. However, this mainly refers
to layers of refractory 3d transition metals that
form stable silicides. (See for example recent
publications.™? Layers of low-melting metals on silicon
have not been studied enough. The most indicative
include works,*'” where the atomic and electronic
structure of the ultra-thin layers on Si(100) and Si(111)
surfaces was studied. Work” is of particular interest

to us, since it describes in detail first-principles
calculations of the electronic structure of the Li-
Si(100) system, which is one of the objects of our
work. Unfortunately, we were unable to find similar
publications concerning the electronic structure of the
Be-Si(100) and Al-Si(100) systems.

This work is devoted to computer modeling of ultra
thin (one to four single-atomic layers thick) disordered
coatings of Al, Be and Li on the Si(100) surface using
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the Kohn-Sham method'® within the framework of the
density functional theory' and the pseudopotential
method.?°

Research Methodology

All calculations were performed using the FHI96md
package.?' Pseudopotentials were found using the
FHI98pp package.?® To calculate the exchange-
correlation energy, the local electron density
approximation was used??? In all cases, the cutoff
energy of a set of plane waves was taken to be 14 Ry;
calculations were carried out with the five k-points:
(0.5; 0.5; 0.5), according to the 3x3x1 scheme,
in a supercell with dimensions 14.54x14.54x40
(all values are given in atomic units, 1 atomic unit
=0.529 A). The electronic structure was studied by
calculating the density of electronic states (DOS),
for which each electronic level was smeared using a
Gaussian function with a half-width of 0.05 eV. As a
silicon substrate with a Si(100) surface, we took a Si
slab consisting of four single-atomic layers (SAL), in
which each SAL contained four atoms, and the lower
SAL was terminated with eight hydrogen atoms.
Thus, due to the periodic boundary conditions in the
X and Y directions, we studied a thin infinite plate,
and the large value of the parameter ¢ (40 atomic
units) for the supercell ensures that there is no
interaction between the virtual plates in Z dimension.

The atoms of the lower SAL of silicon were fixed; the
atoms of the remaining layers, as well as the atoms
of the studied metals, could shift under the action
of quantum mechanical interatomic forces.

Each metal SAL also contained four atoms. Their
deposition was carried out in a disordered manner
using a special program developed by us based
on a random number generator. At the same time,
bringing the system to a state of local minimum total
energy was carried out at a temperature of 0°K.
Therefore, the behavior of metal layers on a cold
silicon substrate was actually studied.

To make sure that the band gap arises precisely
during the interaction of silicon with metal, we also
calculated the DOS for metal layers taken separately
from the silicon substrate.

Results and Discussion

Calculations showed that for all the metals studied,
despite the randomness of the initial deposition
of their atoms in the forming layers, the structures
obtained after atomic relaxation turned out to be
very similar. As an example, Figure 1 shows the
arrangement of Li, Be and Al atoms when the first
single-atomic layers of metals are deposited on the
Si(100) surface.

IOO O

Fig. 1: Arrangement of atoms in the Si-Li, Si-Be and Si-Al systems when the first disordered
metal single-atomic layers are deposited on the Si(100) surface. White circles are metal
atoms, gray circles are silicon atoms, black circles are hydrogen atoms.

It can be seen that, under the influence of the
structure of the silicon surface, some ordering of
the arrangement of metal atoms occurred, but in all
cases the structure of the metal single-atomic layers

was still far from epitaxial. The structure of systems
with a greater number of single-atomic layers than
one became increasingly disordered with increasing
thickness.



ZAVODINSKY & GORKUSHA, Orient. J. Phys. Sciences, Vol. 8 (2) 78-84 (2023) 80

Figure 2 shows the distribution patterns of the there. Note that the reconstruction of the structure
density of states (DOS) formed when the first of the Si(100)—Si(100)-2x1 surface occurred
single-atomic layers of Li, Be and Al are deposited  spontaneously during the relaxation of the
on the surface. The DOS for a clean Si(100)- 2x1  free Si(100) surface, and during calculations with
surface with the gap of 0.35 eV is also shown adsorbed metallayers, the reconstruction disappeared
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Fig. 2: Density of electronic states formed when the first single-atomic
layer of Li, Be and Al is deposited on the Si(100) surface in comparison
with the density of states for a clean Si(100)-2x1surface. The Fermi
level corresponds to zero energy.
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Fig. 3: DOS corresponding to single-atomic layers of Li, Be
and Al taken separately from the silicon substrate.
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From this figure it is clear that in all cases there is an
energy gap near the Fermi level: 0.98 eV for Li-Si,
1.03 eV for Be-Siand 0.50 eV for Al-Si. For the clean
Si(100)-2x1 surface, we obtained 0.35 eV in good
agreement with the known data given in published
works? - 0.4 eV (electron energy loss spectroscopy
method);# - 0.5 eV (scanning tunneling spectroscopy
method); and?® - 0.2-0.3 eV (calculations from first
principles). At the same time, we did not detect an
energy gap in the electronic structure of Li, Be and
Al single-atomic layers without a silicon substrate
(Figure 3).

The deposition of the second single-atomic layer
led to the fact that in the Li-Si system the gap
in the density of states disappeared (which is
consistent with the results of),? in the Be-Si system
it decreased to 0.61 eV, and in the Al-Si system it
increased to 0.62 eV, which is illustrated in Figure
4 - (top panels). In contrast, the density of states of
two single-atomic layers of Li, Be and Al without a
substrate has a metallic character, as can be seen
in the same figure (lower panels), as in the case
of a single-atomic layer,
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Fig. 4: Densities of states of Li-Si, Be-Si and Al-Si systems with two metal
single-atomic layers. On the lower panels there is a DOS for two single-
atomic layers of Li, Be and Al, taken separately from the silicon substrate.

We did not examine the Li-Si system during the
deposition of the third single-atomic layer, since we
were interested in the presence of the energy gap,
and in this system the gap disappeared already
with two metal single-atomic layers. The DOS for
the Be-Si and Al-Si systems are shown in Figure 5
(top panels). In the Be-Si system, the gap decreased
to 0.27 eV, and in the AI-Si system it completely
disappeared. Calculation of three single-atomic

layers of beryllium and aluminum separately from
silicon demonstrated the metallic nature of their DOS
(see Figure 5, bottom panels).

To find out whether the energy gap in the Be-Si
system will disappear when another (fourth) Be
single-atomic layer is deposited on the silicon surface,
we carried out the corresponding calculations and
plotted the density of states in Figure 6.
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Fig. 5: DOS for Be-Si and Al-Si systems with three metal single-atomic layers.
Here (on the lower panels) is a DOS for three single-atomic layers of Be and Al,
taken separately from the substrate.
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Fig. 6: DOS for the Be-Si system with four metal single-atomic layers

From this figure it is clear that the DOS for the Be-Si Thus, the results obtained show that in disordered
system with four single-atomic layers of beryllium Li-Si(100), Be-Si(100) and Al-Si(100) systems with
has a metallic character. metal single-atomic layers, electronic structures with
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band gaps, usually wider than that of the substrate,
are formed, and the bands disappear with increasing
thickness of the deposited metal layers. Moreover,
they disappear most quickly for Li (with two SAL),
then for Al (with three SAL) and last of all for Be
(with four SAL).

We can compare our results with published data only
for the Li-Si system ” where a band gap with a width
of about 1.3 eV was discovered when a single-atomic
layer of Li was deposited on the Si(100) surface,
and where it disappeared for two single-atomic
layers. These data correlate with ours, and the more
small gap value we obtained with a SAL (0.98 eV)
is apparently associated with the disorder of our
metal SAL: in” Li atoms were placed in symmetrical
positions corresponding to the absolute minimum
of the total energy.

Conclusion

Electronic structure calculations by the Kohn-
Sham method using pseudopotentials showed
that in the densities of electronic states of two-

dimensional "metal-Si(100)" systems with Al,
Li and Be disordered layers of the single-atomic
thick, band gaps with widths of 0.5 eV, 0.98 eV and
1.03 eV appear, respectively. These gaps disappear
with increasing thickness of the metal layers: first
in the Si-Li system (for two SAL), then in the Si-Al
system (for three SAL) and then in the Si-Be system
(for four SAL).
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