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Abstract: Thin SiO2 films were obtained by implanting O2+ ions into Si 

combined with thermal annealing. Oxide films obtained in an UHV setup by 

thermal oxidation were also used for comparison. Auger electron spectra 

revealed that these regions contain Si atoms (Figure 2). The degree of 

coverage of the Si surface with silicon oxide was estimated by the ratio of the 

area of the Auger peak L23VV of silicon in Si (91 eV) and in SiO2 (76 eV). By 

varying the ion dose within the range from ~ 8•1015 to 4•1016, the sizes of 

nanosites can be regulated within the range from 5 – 10 nm to 20 – 25. At D 

≤ 8•1016 cm-2, the formation of an island film of SiO2 was observed. Based 

on experimental studies, it was established that when bombarding SiO2 with 

Ar+ ions in the surface region of SiO2 at low doses (D ≤5• 1015 cm-2), 

individual nanocluster regions enriched with up to 50−60 at.%. 
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Introduction 

Nanoscale structures and multilayer systems based on Si and SiO2 hold promise for the creation 

of nano- and optoelectronic devices. In particular, SiO2/Si heterostructures with various nanoinclusions 

serve as the basis for the development of new types of high-frequency MOS transistors, integrated 

circuits, optical converters, and solar cells. In this regard, obtaining structurally perfect nanoscale films 

of molybdenum and silicon oxides, studying their electronic and crystalline structure, emission and 

optical properties and modifying these properties by ion bombardment is a pressing task of modern 

physical electronics[1-6].  

 In this regard, special attention is being paid to improving the technology for 

producing and studying the formation patterns of nanoscale structures with new physical properties. 

The creation of nanoscale multilayer structures with tailored physical properties is of greatest scientific 
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and applied significance[7-9]. However, issues related to producing continuous, homogeneous films 

with a thickness of less than 50-60 Å on the surface of various materials remain unresolved. 

 

Methods 

To accomplish the tasks set in the work, it was necessary to carry out technological processing 

of samples (thermal annealing, ion implantation, film deposition on the surface, laser annealing) in the 

same experimental device and under identical conditions, as well as to study their physicochemical 

properties using a set of methods of secondary electron spectroscopy (SES) and photoelectron 

spectroscopy (PES). Individual experiments were conducted in an LAS-2200 ultrahigh vacuum (UHV) 

setup. The objects of study were single-crystal Si(111) samples, amorphous films, and single-crystal 

SiO2 (α-quartz) samples. Thin SiO2 films were obtained by implanting O2+ ions into Si combined with 

thermal annealing. Oxide films obtained in an UHV setup by thermal oxidation were also used for 

comparison. Si preparation was performed as follows: after polishing, the samples were rinsed in 

acetone, boiled in a mixture of hydrogen peroxide (~6%) and HSE (48%) solutions for 5 minutes, then a 

portion of the silicon oxide was removed from the surface in a hydrofluoric acid solution, and then the 

samples were rinsed several times in distilled water. After drying, the samples were installed in the 

UHV device. 

 

Results and discussions 

In the case of Si(111) samples, their degassing was carried out at T≈ 1200 K for 4-5 hours and at 

T=1500 K for a short time in combination with gentle etching of the surface with Ar+ ions. Amorphous 

films and single-crystal SiO2 samples were degassed at T≈ 900 K for 2-3 hours in a vacuum of no worse 

than 10-7 Pa. 

As an example, Fig. 1 shows an SEM image of the surface of a SiO2 film obtained after heating 

at T = 1100 K of silicon implanted with O2+ ions with an energy of E0 = 3 keV at D = 1016 cm-2. 

 

 
Figure 1. SEM images of the SiO2/Si(111) surface with nanocrystalline phases of Si atoms 

 

Figure 1 shows that clearly defined regions are forming between the crystalline phases, and the 

boundaries of individual crystalline phases are beginning to emerge. Analysis of the Auger electron 

spectra revealed that these regions contain Si atoms (Figure 2). The degree of coverage of the Si surface 

with silicon oxide was estimated by the ratio of the area of the Auger peak L23VV of silicon in Si (91 eV) 

and in SiO2 (76 eV): 
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 (1) 

 

This ratio for this case was 0.90 – 0.92. Moreover, if we take into account that the distance 

between the centers of neighboring clusters is within 50 – 60 nm [69], then the density of nanosites that 

are sinks for Si is 1010–1011 cm-2. 

 

 
Figure 2. The initial part of the Auger spectrum of SiO2 films obtained after annealing Si 

implanted with ions with energy E0 = 3 keV at doses D, cm2; 1– 1016; 2– 8 1016 cm-2. 

 

The average diameter of each individual nanosite is ~ 12 – 15 nm. By varying the ion dose 

within the range from ~ 8•1015 to 4•1016, the sizes of nanosites can be regulated within the range from 

5 – 10 nm to 20 – 25. At D ≤ 8•1016 cm-2, the formation of an island film of SiO2 was observed.  

Based on experimental studies, it was established that when bombarding SiO2 with Ar+ ions in 

the surface region of SiO2 at low doses (D ≤5• 1015 cm-2), individual nanocluster regions enriched with 

up to 50−60 at.% Si atoms are formed, and at high doses (D ≥ 6•1016 cm-2 1016 cm2), a thin layer (d = 

2.5−3.0 nm) of pure silicon in the form of individual blocks is formed (Fig. 3). After heating, the film 

decomposes into individual cluster phases of pure Si. At T = 700 K, the surface dimensions of these 

phases are ~200-400 nm, and the distance between them is ~300-500 nm. The thickness of the cluster 

phases increases to 3.0-4.0 nm. Increasing T to 900 K leads to evaporation of the silicon phases. 
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Figure 3. SEM images of the SiO2 surface irradiated with Ar+ ions with E0 = 1 keV at doses D, 

cm2, a – 1015 b - 6ˑ1016, c - 6ˑ1016, after heating the samples at T=700K. 

 

In [5-12] it is shown that when bombarding SiO2 films with Ba+ ions at a high dose, the value of 

еᵠ surface  decreases to 2.3 eV, and the value increases to 3.8. In this case, the surface is covered 

with a monolayer of BaO with some excess of Ba, and in the near-surface layer a compound of the type 

BaO, Ba – Si – O, Ba – Si with a thickness of 50–60 Å is formed. In the case of ion-implanted SiO2 films, 

the Ba0.4Si0.6O2 type compound exhibits the highest emission efficiency.  

To evaluate the emission efficiency of the constituent ion-implanted layers, the authors of the 

work [6-20] created BaO, BaSi2, and Ba0.4Si0.6O2 films by sputtering them onto the SiO2 surface and 

investigated their emission properties. These results are presented in Table 1, which are compared with 

the data obtained for a SiO2 film implanted with Ba+ ions with E0=1 keV at D = 6 ꞏ1016 cm-2. 

 

Table 1. Composition and emission properties of the studied films. 

Еg*- average values Еg. 

 

Objects of research Film composition Film 

thickness, Å 

еφ Еg 
 

λ  ̸ Å 

SiO2 ̸Si 

 

Ba+  SiO2(Е0 =1 кэВD = 6 

1016 cm-2) 

 

BaО/SiO2 

 

Ba0,4Si0,6О2 ̸ SiO2 

 

SiO2 с  monolayer film 

 

BaО+Ba 

SiO2 

 

BaО, Ba- Si-О 

Ba- Si, Ba, Si, 

 

BaО 

 

Ba0,4Si0,6О2 

 

 

1000 

 

50-60 

 

 

300 

 

300 

4,7 

 

2,3 

 

 

2,6 

 

4,6 

 

 

2,3 

8,9 

 

5,3 

 

 

3,9 

 

6,6 

 

 

8,9 

2,8 

 

3,8 

 

 

2,3 

 

3,2 

 

 

4,8 

300-350 

500-550 

 

 

- 

 

- 

 

 

- 
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From Table 1 it can be seen that the band gap width Eg and, consequently, the emission 

efficiency of the Ba0,4Si0,6О2  film is significantly greater than Eg for BaO and BaSi2, but less than Eg for 

the undoped SiO2 film. Despite this, the zone of exit λ of truly secondary electrons after ion implantation 

increases by 1.5 times or more and is 500-550 Å, which significantly exceeds the thickness of the ion-

doped layer, even taking into account the diffusion of implanted Ba atoms into the depth of the sample, 

caused by the concentration gradientIt should be noted that for the same values of еφ, the values of 

ion-doped Si are noticeably (~ 1.2-2 times) greater than for SiO2 in the presence of a monolayer BaO+Ba 

film. 

 

Сonclusion 

In the case of ion-implanted SiO2 films, the Ba0.4Si0.6O2 type compound exhibits the highest 

emission efficiency. To evaluate the emission efficiency of the constituent ion-implanted layers, the 

authors of the work created BaO, BaSi2, and Ba0.4Si0.6O2 films by sputtering them onto the SiO2 surface 

and investigated their emission properties. Determination of the size, chemical state and their influence 

on the electronic structure (in particular, the band gap) of nanostructures at localized different depths 

of the SiO2 film under ion bombardment. 
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