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In the presented article, samples were studied using Auger electron spectroscopy, recording the angu-
lar dependences of the coefficient of elastically reflected electrons η, and spectroscopy of elastically
reflected electrons. A change in the composition and degree of disorder of the surface layers of Si (111)
was detected when bombarded with Ar+ and K+ ions with a change in energy E0 ∼ from 1 to 10
keV and ion dose from ∼ 1013 to 1017 cm−2. It was found that although the Ar and K atoms have
the same masses, at the same ion energies, the degree of disordering of the near-surface Si(111) layer
differs significantly. The observed effect is explained by the significant difference in their ionic radii.
It is shown that at E0 ≥ 3 keV, the complete amorphization of near-surface layers occurs at relatively
lower doses than surface amorphization.
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Introduction

In recent years, the low-energy ion bombardment method has been widely used
to obtain nanosized phases and films (layers) with desired physical properties on
the surface of metals, semiconductors, and dielectric films [1–8]. In the process of
ion bombardment of single crystals, along with a change in the composition of
ion-doped layers, due to the formation of a large number of radiation defects, the
surface layers are disordered up to amorphization. The latter leads to a significant
change in the electronic structure, emission, optical and electrical properties of
ion-implanted layers. At present, there is a large number of publications on
the study of the dependence of the degree of disordering of the near-surface
layers of single crystals on the dose and type of ions. These studies mainly
refer to the implantation of high-energy ions ( E0 ≥ 20–30 keV) [9, 10]. In the
case of low-energy ions ( E0 ≤ 5–10 keV), the results of studying the effect of ion
implantation on their composition, electronic structure and properties are rather
few devoted to the study of structures [11–21] and there are no reliable data.

In this work, we tried to study the effects of low-energy bombardment with
Ar+ and K+ ions and subsequent annealing on the composition and crystal
structure of ion-doped Si(111) layers.

Materials and Methods

The objects of study were well-polished single-crystal samples of p-type Si(111)
(boron concentration ∼ 3 · 1018 cm−3 ) with dimensions of 10× 10× 0.3 mm. All
technological treatments (heating, bombardment with Ar+ and K+ ions) and
studies of the composition, structure using Auger electron spectroscopy (AES),
registration of the angular dependences of the coefficient of inelastically reflected
electrons (CIRE) η ( ϕ ) and the dependence of dR/dEp on dEp spectroscopy of
elastically reflected slow electrons (SERSE) were carried out in the same device
(USU–2 type) in vacuum P ≤ 10−7 Pa. In this relation R is the coefficient of
elastically reflected electrons, Ep is the energy of primary electrons. The energy
of Ar+ and K+ ions varied within E0 =1–10 keV, and their dose was from 1013 –
1017 cm−2 . Before ion bombardment, the Si surface was degassed at T ≈ 1150 K
for 4–5 hours in combination with short-term heating to T =1300 K. The depth
distribution profiles of potassium atoms were determined by the AES method in
combination with etching of the Si surface with Ar+ ions with E0 ≈ 1.5 keV at
an angle of 10–15 ◦ relative to the surface.

Since at low ion energies the thickness d of disordered layers is only 100–150
Å, the methods of recording η ( ϕ ) and dR/dEp ( dEp ) were used to estimate the
degree of disorder.

The η(ϕ) curves were recorded at an energy of primary electrons Ep =600
eV. In this case, the depth of the SERSE exit dη at ϕ =0 for Si, calculated by the
Bronstein formula [22]: de = Le/2 = 3 · 10−6 AEP1.4/ρZ is∼ 80–100 Å, which
completely covers the ion bombarded Si layers. At ϕ ≈ 50–60 ◦ , the value of
dη fits in ∼ 1.5 times. Here Le is the depth of penetration of primary electrons
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in cm, ρ is the density in g/cm3 ; A – is the atomic weight, Z – is the ordinal
number of the element.

Dependence η(ϕ) gives exhaustive information about the degree of disorder-
ing of near-surface layers of single crystals up to a thickness of 100–120 Å, and
SERSE gives information about surface layers ∼ 2–3 monolayers thick.

Results and discussion

The study of the effect of ion bombardment on the composition, structure and
properties of even elementary semiconductors is associated with great difficulties,
in particular, ion bombardment is accompanied by the decomposition of covalent
bonds between atoms, disorder due to the appearance of radiation defects and
dislocations in ion-implanted layers, the formation of new compounds, diffusion
and desorption of atoms, and annealing of radiation defects can also occur. These
changes depend on the energy, dose and type of bombarding ions. In this work,
the main attention was paid to the change in the crystal structure of Si(111)
during ion bombardment and subsequent annealing. To exclude defect annealing,
bombardment was carried out at low current densities: J ≤ 0.5 µ A/cm2 . Figure
1 shows the angular dependences η ( ϕ ) for Si bombarded with Ar+ ions with
E0 =5 keV at different irradiation doses D. Here η600 is the value of the electron
inelastic reflection coefficient at Ep =600 eV.

Figure 1. Angular dependences η(ϕ) for Si bombarded with Ar+ ions with E0 =5 keV at different doses D, cm−2 : 1
– 0; 2 – 6 · 1013 ; 3 – 2 · 1014 ; 4 – 2 · 1015.

It can be seen that the dependence η(ϕ) of pure Si samples pronounced
maxima corresponding to different crystal directions of Si(111). In the case of
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ion bombardment with low doses, the intensity of all maxima decreases. In
this case, the peak intensities at angles less than ∼ 20–30 ◦ fit faster. Already at
D ≈ 2 · 1014 cm−2 , all the maxima are practically smoothed out, i.e. complete
disordering of the near-surface Si layers occurs.

Figure 2 shows the dependence of the intensity of the first maximum, ∆Iη ,
on the irradiation dose for Si(111) bombarded by Ar+ and K+ ions with E0 =3
keV at different doses. Dependences, regardless of the type of ion, show three
characteristic areas: at low doses, ∆Iη decreases slightly, then there is a sharp
decrease, and starting from a certain dose, the value of ∆Iη approaches zero,
i.e. there is a complete disordering (amorphization) of ion-bombarded layers. In
the case of Ar+ ions, disordering starts from D ≈ 2 · 1014 cm−2 , and complete
amorphization occurs from D ≈ 6 · 1014 cm−2 . In the case of Na+ , disordering
starts from D ≈ 5 · 1014 cm−2 , and complete amorphization from 2 · 10 15 cm−2 .
The masses and atomic radii of Ar+ and K+ differ little from each other. There-
fore, the observed differences in the degree of amorphization can be explained
by a sharp difference in their ionic radii: rAr+ ≈ 1.88 Å, rK+ ≈ 1.33 Å.

Figure 2. Dependence of the relative intensity of the main maximum of silicon ∆Iη on the irradiation dose at E0 =3
keV: 1 – Ar+ ; 2 – K+.

The degree of amorphization depends on the energy of the ions. Figure 3
shows the dependence of ∆Iη on the radiation dose for Si(111) bombarded with
Ar+ ions with E0 =1, 3, and 10 keV.

It can be seen from Figure 3 that at E0 =1 keV the disordering occurs slowly
and the characteristic regions are not sharply distinguished. In the case of E0 =10
keV, the characteristic regions are very similar for E0 =3 keV and slightly shift
towards lower doses. Apparently, at low ion energies, the relative number of
breaking bonds between Si atoms is much less than in the case of E0 ≥ 3 keV.
Note that at E0 >10 keV, as E0 increases, the behavior of the curves ∆Iη(D) and
the degree of amorphization of Si change insignificantly.

It is known that the dependences of dR/dEp on Ep spectra elastically re-
flected electrons (SERE) in the region of Ep ≈ 30–200 eV, along with the peaks
characteristic of interband transitions, show well features associated with diffrac-
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Figure 3. Dependence ∆Iη(D) for Si(111) bombarded with Ar+ ions with E0 : 1–1 keV; 2–3 keV; and 3–10 keV.

Figure 4. SERSE spectra of Ge(111) bombarded with Ar+ ions with E0 =3 keV at doses D, cm−2 : 1 – 0; 2 – 2 · 1014 ; 3
– 8 · 1014 ; 4 – 2 · 1015 , 5 – 6 · 1015.

tion phenomena. Figure 4 shows the dependences of dR/dEp (Ep) for Ge(111)
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bombarded with Ar+ ions with E0 =3 keV at different doses. It can be seen that
the intensity of the diffraction peaks Dp decreases with increasing D , while
the intensity of the peaks of interband transitions does not noticeably change.
Apparently, during the bombardment, the composition of the ion-bombarded
layers does not noticeably change, only disordering occurs. Curve 2 shows that
the diffraction peaks do not disappear up to a dose of 8 · 10 14 cm−2 . In the
case of η(ϕ ), the diffraction maxima are completely smoothed out at D =5 · 10 14

cm−2 . Apparently, due to the uneven distribution of defects, in cases of E0 ≥ 5
keV, amorphization begins from the depths of the projected path [23, 24]. Note
that at E0 ≤ 1–2 keV, the diffraction peaks in the dependences dR/dEp (Ep) and
η(ϕ) are completely smoothed out at approximately the same doses. At these
energies E0 , the Rp value is very close to the surface and amounts to ≈ 20–30 Å.

Conclusion

It is shown that, at the same ion energies, the complete disordering of the near-
surface layers of single-crystal Si(111) in the case of Ar+ ions occurs at lower
doses than in the case of Na+ ions. The difference in the degree of amorphization
is related to the difference between the ionic radii of Ar+ and K+.

The dependence of the degree of amorphization on the ion energy is deter-
mined. At low ion energies ( E0 ≈ 1 keV), amorphization begins at relatively
higher doses than at E0 ≥ 3 keV.

It is shown that, at E0 ≥ 5 keV, the disordering of the Si(111) layers starts
from the depth of the projected range. Therefore, for example, in the case of Ar+

ions with E0 =5 keV, although the complete disordering of the near-surface layers
occurs at 6 · 1014 cm−2 , and the surface is disordered only at ∼ 2 · 1015 cm−2 .
At low ion energies ( E0 =1 keV), due to the small value of RP, the surface and
near-surface region of Si(111) are disordered almost simultaneously.
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