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Annotatsiya. SRIM va VIMS uslubi asosida Si sirtini ionlar bilan nurlantirilganda 

hosil bo‘lgan nuqsonlar o‘rganildi. Sirtda hosil bo‘lgan bo‘shliqlar esa yakka 

atomlarining changlanishiga, oraliq nuqsonlar klasterlarning hosil bo‘lish chegarasiga 

ta'sir qilishi aniqlandi. 
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Аннотатция. Исследовано дефектообразование на поверхности кристаллов 

Si при облучении ионами методом ВИМС и TRIM. Показано, что образованные 

вакансии на поверхности приводят к распылению решеточных ионов, а 

междоузельные дефекты влияют на порог образования кластерных ионов. 
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Abstract: The fluence of the mass of bombardment atoms on the formation of 

defects and there clusters on the surface of Si crystals using the SIMS and SRIM 

methods is investigated. It is shown that the formed interstitial defects on the surface 

lead to the sputtering of cluster ions, and vacancies affect the threshold for the 

formation of lattice ions. 
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Introduction. The study of the physical and physicochemical properties of the 

surface of a solid is a topical area of science and technology [1–4]. This is due to the 

most important practical applications, the number of which is constantly increasing, 

micro, nano, emission electronics, optics of thin film systems, the production of thin 

layers for various purposes, heterogeneous catalysis, etc [3, 5–8]. As a result of the 

development of technology and technology of ultrahigh vacuum, samples with 

monocrystalline surfaces close to ideal have appeared, and subtle quantitative methods 

for the analysis of surface properties have been developed. Due to this, great advances 

have been made in surface research over the past 20-30 years, so that we can talk about 

a new qualitative level of scientific research. The flow of information on the properties 

of the surface has sharply increased, and there is a need for theoretical and experimental 

studies to study the surface properties of solids [6, 9–16]. 

The formation of point defects on the surface is an integral part of a wide range of 

various phenomena occurring in semiconductor devices and integrated microcircuits 

when exposed to ionizing radiation [17, 18]. At present, silicon planar devices are most 

widely used in discrete and integrated versions, an integral part of which is a dielectric 

film deposited on the semiconductor surface [5, 19, 20]. 

In recent years, charged and neutral polyatomic particles (clusters) have been 

intensively studied. This is due to the fact that clusters can become elements of a new 
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direction in materials science - nanostructure technology, which contributes to the 

development of the microelectronic industry and is associated with a further decrease 

in the size of semiconductor devices. Moreover, there is a contradiction between the 

most frequently used models to explain the emission of clusters upon sputtering (the 

recombination model of cluster formation [21], the alternative model of direct emission 

[22–24], and sputtering of clusters stimulated by defects on the crystal surface [25–

27]). The available experimental data on cluster sputtering do not make it possible to 

finally clarify the question of which of the mechanisms of cluster formation is 

dominant. To test the validity and assess the role of these models (in particular, 

recombination) in the formation of clusters, an attempt was made to bring some clarity 

to the existing contradictions between the models. For this purpose, we carried out 

directed experimental studies and measured the yields of negatively charged cluster 

ions emitted from a silicon Si(111) target upon bombarding the surface with ions of 

various alkali metals with energies from 0.1 to 3 keV. For this purpose, a comparative 

study of the formation of defects under ion irradiation on the silicon surface by methods 

of secondary ion mass spectrometry (SIMS) and total current (TC) spectroscopy and 

computer simulation (SRIM) has been carried out. 

Experimental methods. Detailed descriptions of the TC spectroscopy [28–32] 

and SIMS techniques are given in the [27, 33] references. Si(111) substrate, the sample 

surface was cleaned by ion etching followed by annealing in a high vacuum with a 

short-term increase in temperature to 700 °C [34]. p-type silicon plates of single 

crystals (SiHB-10) with a (111) face orientation were used as substrate. Silicon wafers 

are squares (15x15 mm). All investigations were carried out at room temperature. The 

surface cleanliness was monitored using with SIMS spectra. The working vacuum 

during the research was 10–8 Torr. Additionally, the SRIM method was used to compare 

the results [35].  

TC spectroscopy has now become an effective tool for studying the surface 

properties of solids. This technique has a number of attractive qualities: it is simple for 

experimental implementation and at the same time has a high information content, has 

a high surface sensitivity (of the order of 10Ǻ), and does not destroy the surface under 

study when it is used. 

However, when studying surface properties, one should not look for one "best" 

method, but use, if possible, a combination of independent techniques, each of which 

provides information on those properties that are most clearly manifested in the chosen 

technique. For example, in SIMS, the characteristics of individual atoms of a substance 

are determined, on which the possibility of elemental analysis of a surface by mass 

spectra is based. Each technique provides information only about certain properties of 

the surface area, and only the use of several independent techniques allows a more 

accurate and unambiguous solution of research problems, provided that the results of 

independent measurements are correctly compared. 

The design of the TC spectrometer makes it possible to effectively solve the 

problem of the cleanliness and orderliness of the surface, and the mass spectrometer to 

determine the elemental composition of the sample under study. To solve the set tasks, 

it was necessary to improve the ultrahigh-vacuum device for TC spectroscopy. To 
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increase the energy of electrons, a 1 keV power supply unit was installed and the 

electronics of the dust were redone. 

A focused monokinetic electron beam is directed to the sample surface using an 

electron-optical system. In the space between the forming system and the flat sample, 

electrons move in a uniform decelerating field and arrive at the sample with an energy 

determined by the bias potential. The primary electron current I1 is determined by the 

value of the current that forms between the cathode of the electron gun and the sample 

under study. When the primary electrons interact with the target, some of the electrons 

are reflected and create a secondary electron current I2, and some remain in the target 

and contribute to the current passing through sample I. The current balance is written 

as: 

I1 = I + I2 

Since the relative potentials of the electrostatic system remain unchanged when the 

value of the retarding field above the sample changes, the primary electron beam does 

not lose focus, and the current I1 remains unchanged in magnitude [36]. 

Taking this fact into account, it can be seen that it is possible to judge the value of 

the secondary electron current I2 by measuring the current in the target circuit I: 

I = I1 - I2                   I1 = const. 

By applying a small (0.1 ÷ 0.2 V) sinusoidal voltage with a frequency to the cathode 

unit, one can modulate the primary beam in terms of energy, and with the help of a 

synchrodetection system, select the first derivative of the current in the sample circuit. 

Then the expression for the current balance will be written as: 
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Thus, the TC spectrum S (Ep) is the derivative of the current in the target circuit 

with respect to the energy of the incident electrons. 

A number of works carried out using the method of TC spectroscopy to study 

dielectrics, semiconductors and metals have shown that the TC spectra have a fine 

structure characteristic of each substance in the low-energy region (0 ÷15 eV) [37]. In 

works [38] based on the analysis of the energy dependences of elastic and inelastic 

reflection of electrons from the surface of a solid, taking into account the influence of 

inelastic interaction on the intensity of elastic reflection, model concepts of the 

formation of the TC spectroscopy signal were developed. This made it possible to 

unambiguously relate the structure of the TC spectra with the features of the density of 

electronic states of the valence and free bands of the object under study. 

Results and its discussion. The results of measuring the yields of cluster ions Sin 

(n = 1÷5) (Fig. 1) with a change in the energy of the bombarding ions of cesium, 

rubidium, and sodium show that the silicon target is sputtered in the form of cluster 

ions Sin
-, and the mass of the bombarding ions has a significant effect on the population 

spectra of cluster ions. It was found that with an increase in the mass of bombarding 

ions, the relative yield of polyatomic ions, clusters, increases. 

As is known [33], during ion irradiation of a solid, elastic energy losses of ions 

have a decisive influence on physicochemical processes in the near-surface layer. At 

the same time, there are limiting values of the energy of bombarding ions (the so-called 
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threshold energies En), below which, as the value of n increases, the sputtering of a 

solid in the form of Mn
- cluster ions stop (table). And in the range of energies close to 

or slightly higher than the threshold, the yield of cluster ions increases sharply with 

increasing energy of bombarding ions: the emission of clusters with a given number of 

atoms n will occur with sufficient probability only if the target sputtering coefficient 

exceeds a certain critical value. 

 

 
 

Figure 1. Comparison of the yield of negative cluster ions Sin depending on the 

energy of primary ions: - cesium, - rubidium, - sodium. 

Table 

Threshold energies Ep (eV) of negative ionic clusters upon sputtering of Si by 

positive Cs, Rb, Na ions. 

Ions Cs Rb Na 

Si 310 310 180 
Si2 1100 1100 400 
Si3 1200 1100 500 
Si4 1600 ‒ ‒ 
Si5 2200 ‒ ‒ 

 

The dynamics of the change in the yield of secondary atomic ions with an increase 

in the energy of primary ions differs sharply from that for cluster ions (especially in 

the case of emission of cluster ions from a silicon target) not only when bombarded 

with cesium ions, but also when bombarded with rubidium and sodium ions. 

Consequently, the emission of cluster ions must be considered separately from the 

emission of atomic ions, and therefore the normalization of the intensity of cluster ions 

with respect to the intensity of the monomer in a number of works [39] led to an 

apparent dependence of the yield of cluster ions on the energy of primary ions and, 

consequently, to an incorrect interpretation of the experimental results. The 

experimental results make it possible to conclude that the normalized yields of cluster 

ions Sin are independent of the average value of the sputtering coefficients, which 

contradicts the conclusions of the recombination model of cluster formation. 

The specific feature of cluster formation during bombardment of the investigated 

surfaces with Cs+, Rb+, Na+ ions allowed us to notice the presence of threshold energies 

and to study the laws governing the formation of negatively charged polyatomic ions 

in the range of energies close to the threshold. Experimental measurements of the yield 

of sputtered atoms in the near-threshold energy range are complicated by the extremely 
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low emission efficiency, and therefore the experimental study of the mechanisms of 

near-threshold sputtering is a very laborious procedure; therefore, the sputtering 

thresholds can be estimated by calculation using the results of [33, 39]. According to 

these results of measuring the yield of negative ionic clusters, the value of the 

sputtering threshold increases with an increase in the mass of the incident ion, in 

contrast to the data for the yield of atomic particles. Obviously, this is due to the 

charged state of cluster ions and the energy of affinity. 

 

 

 
Figure 2. Distributions of vacancies (top row), interstitial defects (bottom row) 

on the silicon surface under bombardment with ions (from left to right) of cesium, 

rubidium, sodium, obtained by the SRIM program 

 

It was shown by the molecular dynamic’s method [35] that with an increase in the 

mass of the primary ion, a larger number of vacancies and interstitial defects are formed 

in the near-surface region than in the bulk of the crystal. With a decrease in the mass 

of primary ions, the number of defects in the volume increases, which affects the 

energy threshold of sputtering. In fig. 2 shows the distribution of defects over the 

sample depth obtained by the SRIM program. 

As can be seen from fig. 2, heavy ions form more defects on the surface than in 

the bulk of the crystal, which affect the etching of the surface. When bombarded with 

light ions, the concentration of vacancies and interstitial defects on the surface is 

usually lower. Therefore, in the case of bombardment of the surface with low-energy 

Na ions (300 eV) and at low doses, an insignificant amount of cluster ions is observed. 

An increase in the yield of cluster ions with an increase in the mass and energy of 

primary ions is due to the fact that the number of vacancies and interstitial defects 

increases significantly, and an increasing number of crystal atoms are pushed into the 

positions of interstitial interstitial defects and vacancies near other atoms, which 

contributes to the process of cluster formation on the surface. 
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Conclusion. When sputtering by ions, the impact mechanism of the formation of 

defects works, in which, with an increase in the mass of the bombarding ion, the 

concentration and distribution of vacancies and interstitial atoms (defects) on the 

surface is greater than in the bulk, because of this, the yield of atomic and cluster ions 

increases. And when bombarded with light ions, more vacancies and interstitial defects 

are formed in the volume of the crystal than on the surface, this leads to a decrease in 

the threshold for the release of atomic ions. 
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