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Annotatsiya. Kremniy sirtini o‘rganish uchun to‘liq tok elektron spektroskopiya 

uslubi ishlatilgan. 0,5-0,9 eV qo‘zg‘alish energiyasi oralig‘ida to‘liq tok spektrlarida 

kis lorod yetishmovchiligi markazlari borligi aniqlangan. Kremniyni yuqori 

haroratlarda qizdirish bu cho‘qqining intensivligi pasayishiga olib kelishi aniqlangan. 

Kislorod yetishmovchiligi markazlarining intensivligi ortishi bilan kremniy yuzasida 

oksidlanish darajasi ham oshib borishi ko‘rsatilgan. 
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Аннотатция. Методом электронной спектроскопии полного тока 

проведены исследования на поверхности  кремния. В спектрах полного тока н 

при энергии возбуждения 0,5-0,9 эВ, найдено кислородно дефицитный центр. 

Обнаружено, что при высоких температурах кремния, интенсивность данного 

пика низкая. Показано, что с увеличением интенсивности кислородно 

дефицитного центра, скорость окисления на поверхности кремния тоже 

увеличивается.  

Ключевые слова: кремний; электронная спектроскопия; отжиг; 

поверхность;  

Abstract: The total current electron spectroscopy was used to study the silicon 

surface. In the spectra of the total current n at an excitation energy of 0,5-0,9 eV, an 

oxygen-deficient center was found. It was found that at high silicon temperatures, the 

intensity of this peak is low. It is shown that with an increase in the intensity of the 

oxygen-deficient center, the oxidation rate on the silicon surface also increases. 

Keywords: silicon; electron spectroscopy; annealing; surface; 

Introduction. Before obtaining the gates of semiconductor devices, it is 

necessary to the purification of the silicon substrate surface from the oxigen at ion 

bombardment wiht after 800 °С annealing. In this technological process, many times 

one has to collide with the silicon surface during oxidation, chemical and physical 

adsorption of gases, ion bombardment, etching, and after annealing [1–3]. 

The results of studies of the band structures of silicon and silicon dioxide show that 

the distributions of the density of states of these semiconductors are similar, in the 

valence band (0-15 eV) there are 3 maximums of the density of electron occupied states 

[4, 5].  

The conduction band is characterized by 2 extremums in the energy range between 

the vacuum and Fermi levels. According to the density-of-state function, the total 

current spectrum of silicon and silicon oxide should not contain an intense fine 

structure. However, as already noted in [6–9], the surface of these substances is 
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characterized by a high degree of covalent bond (51%), the energy structure of the 

near-surface region can differ significantly from the bulk one and undergo a strong 

geometric rearrangement. Also, many oxide crystals are being actively studied in terms 

of their large band gap [10–14]. 

In the course of research, it was repeatedly determined that in the process of 

oxidation and cleaning of the surface, silicon has a great influence on the formed 

surface defects, and their participation in a particular physical process, affecting the 

surface state of the substrate. In this regard, a comparative study of the total current   

spectra of silicon and silicon oxide is of certain interest. 

Thus, we were tasked with experimentally finding the role and influence of surface 

states, vacancies, interstitial and impurity defects on the cleaning and oxidation of the 

silicon surface. In this work, we consider the experimental results of studies of the 

formation of defects and their effect on oxidation on the surface of Si (111) and SiОх 

crystals under irradiation with electrons and ions using various techniques. The objects 

of research were wide-gap crystals of oxidized silicon. 

Experimental methods and materials. To get acquainted of the methods of total 

current spectrometry you need to follow the link [15–19]. For the obtained total current 

spectra of silicon crystals is irradiated with electrons an energy of 0-20 eV, and with 

current of ~ 10-8 A. For surface purification was used mass spectrometry. Wafers of p-

type silicon crystals with (111) face orientation (KDB-7.5) was used. The surface of 

the silicon wafers was purificated at ion bombardment and after annealing [5]. The 

working vacuum during the research was 10–9 Torr. 

The interval between registrations is 5 minutes, the recording time of spectra is 

15 seconds. This allows us to determine the oxidation time with an accuracy of 1 

minute. 

Results and its discussion. As we have already stated several times, each time 

before carrying out the research, the silicon substrate was cleaned from oxide by ion 

irradiation and after annealing; we obtained the total current   spectra of pure silicon 

with a 7x7 structure (Fig. 1). As mentioned earlier, an intense peak is observed in the 

low-energy side of the total current   spectrum at an absorption energy with a spread of 

0,5-0,9 eV. With a decrease in the substrate temperature below 100 ° C, its intensity 

begins to increase to room temperature. Also, its intensity is inversely dependent on 

oxidation and temperature, which gives it surface properties. Thus, the existence of an 

oxygen-deficient center - HBOHC - was found at the interface of the silicon surface 

[20]. When oxygen is adsorbed onto the silicon surface, its intensity decreases 

significantly. 

In fig. 1 shows the spectrum of total current   silicon after ion etching and after 

annealing at a temperature of 700 °C (1), 2- during annealing at a temperature of 500 

°C for two hours, 3- half an hour after annealing without action and 4- one hour after 

annealing without action. As can be seen, an intense peak is observed in the total 

current   spectrum at an absorption energy with a spread of 0,5-0,9 eV. Its intensity 

decreases during annealing at a temperature of 500 °C for an hour (curve 2). Half an 

hour after annealing, the intensity of this peak increases again. As can be seen (curve 

4), after an hour, the elements of the total current   spectra of the physical adsorption 

of the residual gas again appear on the surface of the sample. According to the literature 
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[21] Skudzha, in his works on silicon, an intense peak formed at an absorption energy 

of 0.9 eV, calls the E '- center or surface variant of HBOHC, POR and ODC defects. 

Thus, it was determined that after cleaning by ion etching, the stabilization of the 

surface by thermal annealing (slow decrease in temperature to room temperature) for 

several hours leads to an increase in the surface oxidation time up to an hour. An 

increase in the annealing time decreases the intensity of the 0.5 eV peak by several 

times. With a sharp cooling of silicon, the intensity of this center increases. 

Thus, with an increase in the concentration of a given center on the silicon surface, 

the surface oxidation rate also increases. Defects on the silicon surface create 

conditions for a chemical reaction with residual gas atoms in a vacuum. 

 

 
 

Figure 1. Silicon total current   spectrum: 

1-pure silicon with the structure (7x7), 2- passivation at a temperature of 500 °C 

for an hour, 3- after half an hour without action, 4- after an hour without action 

(physical adsorption of residual gas) 
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Figure 2. Crystal structure of the SiO2 surface and possible defects 

In fig. 2 shows an approximate crystal structure of the SiO2 surface, and possible 

centers on the silicon surface [22]. 

To complete the picture of such defects at the semiconductor-oxide interface, we need 

to carry out further research. 

Numerous studies of the 0.5 eV peak in the total current   spectrum of silicon allowed 

us to obtain the following temperature and kinetic dependences (Fig. 3). After 

irradiation of the silicon surface with cesium ions, the substrate was annealed at a 

temperature of 700˚C to obtain pure silicon with the Si (111) 7x7 structure. After 

obtaining the total current   spectrum, stabilization was carried out, or, one might say, 

passivation at different temperatures for an hour. Then the total current   spectrum was 

again recorded and the intensity of the 0.5 eV peak was monitored. Then, without any 

action, the spectrum of pure silicon was monitored. We received the following data: 

The surface passivation was carried out at a temperature of 700˚С. After 15 minutes, 

the spectrum of the pure silicon surface did not change. In our case, passivation is the 

transition of the crystal surface to an inactive, passive state associated with deactivation 

of defects to reduce the role of chemical reactions promoting adsorption. In technology, 

passivation refers to the technological process of protecting metals from corrosion 

using special solutions or processes that lead to the creation of an oxide film. 

Then the surface was passivated at a temperature of 600˚С. After that, the spectrum of 

the surface of pure silicon did not change for 25 minutes. Then the surface was 

passivated at a temperature of 500˚С. In this case, the silicon surface remained clean 

for an hour. Further passivation at temperatures below 500˚С on the surface of pure 

silicon was the adsorption of residual gas for 10 minutes. (fig. 3). 
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Figure 3. Kinetic and temperature dependence of the relative intensity of the 0.5 

eV peak on the silicon crystal surface, (h is the defect concentration, t is the time 

during which the silicon substrate remained pure without oxide) 

Voronkov obtained a similar result in his studies [14]. Experiments have shown 

that the generation of low-temperature thermal donors in silicon is sensitive to the 

sample cooling rate (from the annealing temperature to room temperature) and to the 

atmosphere (air or vacuum). This effect is most pronounced in the case of annealing at 

500˚C, noticeable at 480˚C, but almost absent at 450˚C. The results are well explained 

by the acceleration of the generation of thermal donors in the presence of intrinsic 

silicon interstitials. These atoms are emitted by thermal donors and then absorbed by 

sinks - the sample surface and bulk microdefects (vacancy pores). During vacuum 

annealing, the main drain is the surface. When annealed in air, this drain is "passivated" 

due to oxidation or contamination, and the pores become the main drain; as a result, 

the concentration of silicon atoms increases significantly and the generation rate 

increases. Rapid cooling of the samples leads to partial passivation of the pores (due to 

their decoding by rapidly diffusing impurities) and to an additional increase in the 

generation rate. 

Thus, the observed 0.5 eV peak in the total current   spectrum really belongs to 

local states on the silicon crystal surface. Apparently, its concentration on the silicon 

surface affects the rate of gas adsorption. Defects on the silicon surface create 

conditions for a chemical reaction with residual gas atoms in a vacuum. Further studies 

are needed to complete the picture of such defects at the semiconductor-oxide interface. 

Conclusion. It was noticed that after cleaning by ion etching, stabilization of the 

surface by thermal annealing for several hours leads to an increase in the oxidation 

time of the surface up to an hour. An increase in the annealing time decreases the 

intensity of the 0,5-0,9 eV peak in the total current   spectrum by several times. It is 

shown that this maximum is associated with surface oxidation. Thus, in the total current   

spectra on the silicon surface, the existence of a surface center at an excitation energy 

of 0,5-0,9eV was found, which is called an oxygen-deficient center in the literature. 

With a sharp cooling of silicon, the intensity of the detected peak increases. With an 

increase in the intensity of the peaks of the found centers on the silicon surface, the rate 

of surface oxidation also increases. Defects on the silicon surface create conditions for 

a chemical reaction with residual gas atoms in a vacuum. When oxygen is adsorbed 

onto the silicon surface, its intensity decreases significantly. 
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