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Composition and electronic structure of hidden nanoscale phases

and layers of BaSi2 formed in the near-surface of Si
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For the first time, nanoscale phases and layers of BaSi2 were obtained by implantation of Ba+ ions with

an energy of E0 = 20−30 keV in the surface layer of Si(111). In particular, it is shown that at a dose of

D ≈ 1015 cm−2 nanophases with a band gap Eg ≈ 0.85 eV are formed, and at D ≈ 1017 cm−2 a BaSi2 nanolayer

with Eg = 0.67 eV. The composition and structure of the barium disilicide nanostructure were investigated by

light absorption spectroscopy by Auger electron spectroscopy, and the X-ray surface morphology was studied by

scanning electron microscopy. The optimal modes of ion implantation and annealing for obtaining nanoscale phases

and layers of BaSi2 in the near-surface region of Si have been established. Using the method of light absorption

spectroscopy, the band gap and the degree of coverage of the layer with BaSi2 nanophases were estimated. It has

been shown that at a dose of D ≥ 6 · 1016 cm−2 the nanolayer of BaSi2.
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coverage.
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1. Introduction

Multilayer thin-film nanostructures containing layers of

NiSi2, CoSi2 and other metal silicides are promising in

the creation of MIS (metal-insulator–semiconductor), SIS

(semiconductor-insulator–semiconductor) structures, ohmic

contacts and barrier layers at the phase boundary between

these structures, electronic and magnetic storage devices.

Therefore, in recent years there has been the sharp increase

in interest in obtaining and studying the properties of

nanoscale semiconductor superlattices based on Si [1–9].
Such structures are usually created by the method of

molecular beam epitaxy (MBE). Moreover, as the results of

the study by Auger electron spectroscopy (AES) and low-

energy electron diffraction (LEED) showed, the formation

of chemical compounds begins with doses exceeding the

critical dose of Si surface amorphization for this type of

ions. In particular, the authors of the works [10–12] showed
that barium disilicide on silicon, due to its optical properties,

photovoltaic characteristics and resistance to atmospheric

air, is a promising material for photoelectronic converters

in the solar energy range.

One of the promising methods for creating nanoscale

structures on the surface and in the near-surface region

of semiconductor and dielectric films is the method of ion

implantation [13,14]. In particular, in the work [14], the

composition, structure and Eg of nanophase and nanolayers

of CoSi2 formed in the near-surface Si layer at the depth

of 15−30 nm were obtained and studied. Ion implantation

allows not only to introduce impurities to the required

depths in the required amount, but also leads to the spraying

of foreign impurities (oxygen, carbon, etc.) from the surface

area of the substrate [15–20].
In this work, we first tried to obtain nanoscale phases

of the BaSi2 at various depths of Si and create nanoscale

heterosystems of the Si/BaSi2/Si type.

2. Procedure

Implantation of Ba+ ions, heating of samples, investiga-

tion of their composition and parameters of energy bands

using AES methods and measurement of the intensity

of light passing through the sample were carried out

in the same device under ultrahigh vacuum conditions

(P = 10−7 Pa). The surface morphology was studied by

scanning electron microscopy SEM (Jeol).
Nanoscale phases and layers of BaSi2 in various depths of

the near-surface layer of Si were obtained by implantation

of Ba+ ions with energy variation E0 within limits of

20−40 keV and dose D = 1014−1017 cm−2, at vacuum no

worse 10−7 Pa.

3. Results and discussion

Figure 1 shows the concentration profiles of the distribu-

tion of Ba in depth h for Si(111) implanted with Ba+ ions

with E0 = 20 keV at the saturation dose of D ≈ 1017 cm−2

before and after warming up at T = 950K within the period

of 40min.
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Optimal modes of ion implantation and annealing for obtaining nanocrystals (NC) BaSi2 at various depths of Si (111)

Subject E0 = 20 keV E0 = 30 keV

of study D, cm−2 T , K d, nm h, nm D, cm−2 T , K d, nm h′, nm

Ba+
→ Si(111) 5 · 1014 950 6−8 16−18 5 · 1014 950 6−8 25−30

1015 950 8−10 1015 1000 8−10

5 · 1015 1100 10−12 5 · 1015 1100 10−12

The analysis of Auger spectra showed that the curves pass

through the maximum at a depth of h = 16−18 nm. The

dependence CBa(h), measured before warming up, exhibits

the broad maximum with concentration of ∼ 20 at%. After

warming up, there are the concentration of atoms in the

maximum region increases to 30−35 at% and the significant

decrease in the half-width of the distribution curve CVa(h).
In this case, the position of the Auger peak of silicon

L2,3VV (E = 92 eV) is shifted to the energy ∼ 96 eV, which

is typical for BaSi2. It can be seen from the curve 2 that the

width of the layer BaSi2 is ∼ 10−12 nm. At the boundaries

of Si/BaSi2/Si, transition layer with a thickness of ∼ 6−8 nm

is formed, which is significantly larger than in the case of

CoSi2/Si/CoSi2 [14].
For this system, Fig. 2 shows the dependence of IBaSi2/ISi

on the photon energy hν , where ISi and IBaSi2 are the

intensity of the transmitted light through pure Si(111) and

through Si(111) with hidden nanolayer BaSi2, respectively.

It can be seen from Fig. 2 that the light intensity of

the studied samples up to certain value of hν practically

does not change. In the case of pure Si, the sharp

decrease of I begins with hν ≈ 1 eV, and in the case

of Si with the BaSi2 nanolayer — with hν ≈ 0.55 eV.

Extrapolation of this part of the curves to the hν axis
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Figure 1. Profiles of the distribution of Ba atoms in depth h
for Si implanted with Ba+ ions with energy E0 = 15 keV at

D ≃ 1017 cm−2 : 1 — before warming up, 2 — after warming

up at T = 900K IBaSi2/ISi .
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Figure 2. The dependence of the intensity of the transmitting

light on the photon energy for pure Si (curve 1), and Si with the

nanolayer BaSi2 (curve 2).

gives the approximate value of the band gap. It can be

seen that Eg for pure Si is ∼ 1.1 eV, and for BaSi2 —
∼ 0.67 eV. After warming up of Si implanted with Ba+ ions

with the low dose (D ≤ 5 · 1015 cm−2), regularly arranged

nanocrystalline phases BaSi2 are formed in the near-surface

layer.

The table shows the optimal modes of ion implanta-

tion and annealing for obtaining of NC BaSi2 in two

different depths of the Si(111) single crystal. After

each ion implantation cycle, the sample was warmed

up at the appropriate temperature within the period

of 30min.

It can be seen from the table that after warming up of Si

implanted with Ba+ ions with E0 = 30 keV, nanocrystalline

phases in the form of spheres were formed at a depth

of 25−30 nm. In both cases up to D ≈ 1015 cm−2 these

phases have the shape close to spherical. With further

growth D, the boundaries of neighboring phases overlap

each other and layers of BaSi2 begin to form. How-

ever, the uniform thickness layer of BaSi2 is formed at

D ≈ 1017 cm−2.

Figure 3 shows the dependence of IBaSi2/ISi on hν for

Si with hidden nanophases BaSi2 obtained by implanta-

tion of Ba+ ions with E0 = 20 keV at D = 1015 cm−2.

Averaged values of the distance between phases, which
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Figure 3. The dependence of the intensity of the transmitting light

on the photon energy for Si with the nanophases BaSi2 (curve 1),
and the nanolayer BaSi2 (curve 2).

were estimated by scanning electron microscopy (SEM)
by the means of the image, were ∼ 45−50 nm. It can

be seen that the dependence has the stepwise character

and the average value of Eg for BaSi2 nanocrystals is

0.8−0.85 eV, and the relative area of the NC BaSi2 in

these layers of Si is ∼ 0.25−0.3. Thus, varying the

ion dose in the range of ∼ 5 · 1014−5 · 1015 cm−2, it is

possible to change the volumes of nanocrystalline phases

within limits from ∼ 10−19 up to 10−18 cm3. In this

case, the band gap decreases monotonically from ∼ 1

to ∼ 0.67 eV. At D ≤ 1014 cm−2, we did not detect the

formation of nanocrystalline phases of BaSi2 with good

stoichiometry. In addition, due to the low concentration

of Ba atoms, the dependence I(hν) does not show a

noticeable decrease in the intensity of the transmitting light

up to the values hν ∼ 1 eV. At D > 5 · 1015 cm−2, the

overlapping of the boundaries of individual cluster phases

is observed.

4. Conclusion

The optimal modes of ion implantation and annealing

are determined for obtaining hidden nanoscale phases and

layers of BaSi2 in the near-surface region of Si. Using

the method of light absorption spectroscopy, the band

gap and the degree of coverage of the layer with BaSi2
nanophases are estimated. It is shown that at a dose of

D ≤ 5 · 1015 cm−2 nanoscale BaSi2 phases are formed, and

quantum-size effects are manifested in them. At high doses

D = Dn = 1017 cm−2 the nanolayer of BaSi2 ∼ 10−12 nm

thick is formed.
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