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XVI ʂʦʥʬʝʨʝʥʮʠʷ ʧʦ ʘʢʪʫʘʣʴʥʳʤ ʧʨʦʙʣʝʤʘʤ ʬʠʟʠʢʠ, 

ʤʘʪʝʨʠʘʣʦʚʝʜʝʥʠʷ, ʪʝʭʥʦʣʦʛʠʠ ʠ ʜʠʘʛʥʦʩʪʠʢʠ ʢʨʝʤʥʠʷ, 
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ʊʝʟʠʩʳ ʜʦʢʣʘʜʦʚ XVI ʂʦʥʬʝʨʝʥʮʠʠ ʧʦ ʘʢʪʫʘʣʴʥʳʤ ʧʨʦʙʣʝʤʘʤ ʬʠʟʠʢʠ, ʤʘʪʝʨʠʘʣʦʚʝʜʝʥʠʷ, 

ʪʝʭʥʦʣʦʛʠʠ ʠ ʜʠʘʛʥʦʩʪʠʢʠ ʢʨʝʤʥʠʷ, ʥʘʥʦʤʝʪʨʦʚʳʭ ʩʪʨʫʢʪʫʨ ʠ ʧʨʠʙʦʨʦʚ ʥʘ ʝʛʦ ʦʩʥʦʚʝ çʂʨʝʤʥʠʡï

2026è (ɺʣʘʜʠʚʦʩʪʦʢ, 13ï17 ʠʶʣʷ 2026 ʛ.). ï ɺʣʘʜʠʚʦʩʪʦʢ, ɼʘʣʴʥʘʫʢʘ, 2026. ï 122 ʩ.  

 

ʂʦʥʬʝʨʝʥʮʠʷ çʂʨʝʤʥʠʡ-2026è ʷʚʣʷʝʪʩʷ ʧʨʦʜʦʣʞʝʥʠʝʤ ʩʝʨʠʠ ʥʘʫʯʥʳʭ ʢʦʥʬʝʨʝʥʮʠʡ 

ʧʦʩʚʷʱʝʥʥʳʭ ʢʨʝʤʥʠʶ. ʉʚʦʶ ʠʩʪʦʨʠʶ ʦʥʘ ʚʝʜʝʪ ʩ ʦʙʱʝʨʦʩʩʠʡʩʢʦʛʦ ʩʦʚʝʱʘʥʠʷ ʧʦ ʢʨʝʤʥʠʶ, 

ʧʨʦʚʝʜʝʥʥʦʛʦ ʚ ʄʀʉʠʉ ʚ 1999 ʛʦʜʫ. ɿʘ ʵʪʠ ʛʦʜʳ ʤʝʨʦʧʨʠʷʪʠʝ ʧʨʝʚʨʘʪʠʣʦʩʴ ʚ ʦʩʥʦʚʥʦʡ ʬʦʨʫʤ, ʛʜʝ 

ʫʯʝʥʳʝ, ʧʨʝʜʩʪʘʚʣʷʶʱʠʝ ʘʢʘʜʝʤʠʯʝʩʢʦʝ ʩʦʦʙʱʝʩʪʚʦ, ɺʋɿʳ ʠ ʧʨʦʤʳʰʣʝʥʥʦʩʪʴ ʈʦʩʩʠʠ ʠ ʩʪʨʘʥ 

ʉʅɻ, ʤʦʛʫʪ ʦʙʩʫʜʠʪʴ ʘʢʪʫʘʣʴʥʳʝ ʧʨʦʙʣʝʤʳ ʧʦ ʚʩʝʤʫ ʢʨʫʛʫ ʚʦʧʨʦʩʦʚ, ʚʢʣʶʯʘʶʱʝʤʫ ʚ ʩʝʙʷ 

ʧʦʣʫʯʝʥʠʝ ʤʝʪʘʣʣʫʨʛʠʯʝʩʢʦʛʦ ʠ ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ ʢʨʝʤʥʠʷ, ʨʦʩʪ ʠ ʤʘʪʝʨʠʘʣʦʚʝʜʝʥʠʝ 

ʦʙʲʝʤʥʳʭ ʢʨʠʩʪʘʣʣʦʚ ʠ ʪʦʥʢʠʭ ʧʣʝʥʦʢ ʢʨʝʤʥʠʷ ʠ ʨʦʜʩʪʚʝʥʥʳʭ ʤʘʪʝʨʠʘʣʦʚ, ʘ ʪʘʢʞʝ ʬʠʟʠʢʫ, 

ʪʝʭʥʦʣʦʛʠʶ ʠ ʜʠʘʛʥʦʩʪʠʢʫ ʥʘʥʦʩʪʨʫʢʪʫʨ ʥʘ ʠʭ ʦʩʥʦʚʝ.  

 

ʅʘ ʢʦʥʬʝʨʝʥʮʠʠ ʧʨʝʜʩʪʘʚʣʝʥʳ ʜʦʢʣʘʜʳ ʚʝʜʫʱʠʭ ʫʯʝʥʳʭ, ʨʘʙʦʪʘʶʱʠʭ ʚ ʦʙʣʘʩʪʠ 

ʤʘʪʝʨʠʘʣʦʚʝʜʝʥʠʷ ʢʨʝʤʥʠʷ ʠ ʝʛʦ ʧʨʠʤʝʥʝʥʠʡ.  
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ʇʨʦʛʨʘʤʤʥʳʡ ʢʦʤʠʪʝʪ 
 

ʇʨʝʜʩʝʜʘʪʝʣʴ ʂʦʥʬʝʨʝʥʮʠʠ - ɻʘʣʢʠʥ ʅ.ɻ., ʀɸʇʋ ɼɺʆ ʈɸʅ, ɺʣʘʜʠʚʦʩʪʦʢ  

ʋʯʝʥʳʡ ʩʝʢʨʝʪʘʨʴ - ɻʘʣʢʠʥ ʂ.ʅ., ʀɸʇʋ ɼɺʆ ʈɸʅ, ɺʣʘʜʠʚʦʩʪʦʢ  

 

ʏʣʝʥʳ ʧʨʦʛʨʘʤʤʥʦʛʦ ʢʦʤʠʪʝʪʘ 

 

ɸʩʝʝʚ ɸ.ʃ. ʀʌʇ ʉʆ ʈɸʅ  

ɹʝʨʜʥʠʢʦʚ ɺ.ʉ. ʀʊ ʉʆ ʈɸʅ 

ɺʣʘʜʠʤʠʨʦʚ ɺ.ʄ. ʂʅʎ ʉʆ ʈɸʅ 

ɺʷʪʢʠʥ ɸ.ʌ. ʀʇʊʄ ʈɸʅ 

ɻʦʨʥʝʚ ɽ.ʉ. ɸʆ çʅʀʀʄʕè 

ɼʚʫʨʝʯʝʥʩʢʠʡ ɸ.ɺ. ʀʌʇ ʉʆ ʈɸʅ 

ɽʞʣʦʚ ɺ.ʉ. ʅʀʊʋ ʄʀʉʠʉ 

ɽʣʠʩʝʝʚ ʀ.ɸ. ʀɻʍ ʉʆ ʈɸʅ 

ʀʚʦʥʠʥ ʀ.ɺ. ʊɻʋ 

ʂʚʝʜʝʨ ɺ.ɺ. ʀʌʊʊ ʈɸʅ 

ʂʦʙʝʣʝʚʘ ʉ.ʇ. ʅʀʊʋ ʄʀʉʠʉ 

ʂʨʘʩʠʣʴʥʠʢ ɿ.ʌ. ʀʌʄ ʈɸʅ 

ʃʘʪʳʰʝʚ ɸ.ɺ. ʀʌʇ ʉʆ ʈɸʅ 

ʃʫʢʠʯʝʚ ɺ.ʌ. ʅʀʎ çʂʫʨʯʘʪʦʚʩʢʠʡ 

ʠʥʩʪʠʪʫʪè - ʌʊʀɸʅ ʠʤ. ʂ.ɸ. ɺʘʣʠʝʚʘ 

ʅʝʧʦʤʥʷʱʠʭ ɸ.ʀ. ʀɻʍ ʉʆ ʈɸʅ 

ʅʝʭʘʤʠʥ ʉ.ʄ. ʆʆʆ çʅʇʌ ʂʆʄʊɽʈʄè 

ʅʠʢʠʪʦʚ ʉ.ɸ. ʀʈʕ ʈɸʅ 

ʅʦʚʠʢʦʚ ɸ.ɺ. ʀʌʄ ʈɸʅ 

ʅʦʤʦʝʚ ɸ.ɺ. ʀʌʄ ʉʆ ʈɸʅ 

ʇʘʨʭʦʤʝʥʢʦ ʖ.ʅ. ʅʀʊʋ ʄʀʉʠʉ 

ʇʦʧʦʚ ɺ.ʇ. ʀʌʇ ʉʆ ʈɸʅ 

ʈʦʤʘʰʢʦ ʈ.ɺ. ʀɸʇʋ ɼɺʆ ʈɸʅ 

ʈʫʜʝʥʢʦ ʂ.ɺ. ʅʀʎ çʂʫʨʯʘʪʦʚʩʢʠʡ 

ʠʥʩʪʠʪʫʪè - ʌʊʀɸʅ ʠʤ. ʂ.ɸ. ɺʘʣʠʝʚʘ 

ʉʘʨʘʥʠʥ ɸ.ɸ. ʀɸʇʋ ɼɺʆ ʈɸʅ 

ʉʘʫʨʦʚ ɸ.ʅ. ʀʅʄʕ ʈɸʅ 

ʉʦʙʦʣʝʚ ʅ.ɸ. ʌʊʀ ʠʤ. ɸ.ʌ. ʀʦʬʬʝ 

ʉʦʨʦʢʠʥ ʃ.ʄ. ʌʊʀ ʠʤ. ɸ.ʌ. ʀʦʬʬʝ 

ʊʝʨʫʢʦʚ ɽ.ʀ. ʌʊʀ ʠʤ. ɸ.ʌ. ʀʦʬʬʝ 

ʐʘʨʘʧʦʚ ɸ.ɸ. ɸʆ "ʅʀʀʄʕ", ʄʌʊʀ 

ʗʢʠʤʦʚ ɽ.ɹ. ʀʇʊʄ ʈɸʅ 

 

ʆʨʛʘʥʠʟʘʮʠʦʥʥʳʡ ʢʦʤʠʪʝʪ 

 
ɻʘʣʢʠʥʘ ɸ.ʅ. ʀɸʇʋ ɼɺʆ ʈɸʅ 

ɻʦʨʦʰʢʦ ɼ.ʃ. ʀɸʇʋ ɼɺʆ ʈɸʅ 

ɻʦʨʦʰʢʦ ʆ.ɸ. ʀɸʇʋ ɼɺʆ ʈɸʅ 

ɿʤʝʫ ʉ.ɹ. ʇʨʝʟʠʜʠʫʤ ɼɺʆ ʈɸʅ 

ʂʦʣʙʠʥʘ ɽ.ɸ. ʇʨʝʟʠʜʠʫʤ ɼɺʆ ʈɸʅ 

ʂʨʦʧʘʯʝʚ ʆ.ɺ. ʀɸʇʋ ɼɺʆ ʈɸʅ 

ʉʫʙʙʦʪʠʥ ɽ.ʖ. ʀɸʇʋ ɼɺʆ ʈɸʅ 

ʊʨʠʬʦʥʦʚʘ ɸ.ʉ. ʀɸʇʋ ɼɺʆ ʈɸʅ  

ʏʝʨʥʝʚ ʀ.ʄ. ʀɸʇʋ ɼɺʆ ʈɸʅ 

ʏʫʩʦʚʠʪʠʥʘ ʉ.ɺ. ʀɸʇʋ ɼɺʆ ʈɸʅ
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ʉʦʜʝʨʞʘʥʠʝ 

 ʇʣʝʥʘʨʥʳʝ ʜʦʢʣʘʜʳ  

Plenary 01 ʂʨʠʦʛʝʥʥʳʝ ʧʣʘʟʤʝʥʥʳʝ ʪʝʭʥʦʣʦʛʠʠ ʚ ʢʨʝʤʥʠʝʚʦʡ ʤʠʢʨʦʵʣʝʢʪʨʦʥʠʢʝ:  3D ʠʥʪʝʛʨʘʣʴʥʳʝ ʩʭʝʤʳ 

 ʠʣʠ ʢʘʢ ʧʨʦʜʣʠʪʴ ʞʠʟʥʴ ʟʘʢʦʥʘ ʤʫʨʘ  
ʈʫʜʝʥʢʦ ʂ.ɺ., ʄʷʢʦʥʴʢʠʭ ɸ.ɺ., ʃʫʢʠʯʝʚ ɺ.ʌ. ........................................................................................ 17 

Plenary 02 ʕʥʝʨʛʦʵʬʬʝʢʪʠʚʥʳʝ ʵʣʝʤʝʥʪʳ ʀʉ - ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʢʠ ʚ ʢʨʝʤʥʠʠ  
ʇʦʧʦʚ ɺ.ʇ., ʊʘʨʢʦʚ ʄ.ʉ., ʊʠʭʦʥʝʥʢʦ ʌ.ɺ., ʄʷʢʦʥʴʢʠʭ ɸ.ɺ., ʈʫʜʝʥʢʦ ʂ.ɺ. ......................................... 18 

Plenary 03 ʕʧʠʪʘʢʩʠʘʣʴʥʳʝ Si/SiGe ʠ Ge/GeSi ʩʪʨʫʢʪʫʨʳ ʜʣʷ ʢʚʘʥʪʦʚʳʭ ʚʳʯʠʩʣʝʥʠʡ  
ʅʦʚʠʢʦʚ ɸ.ɺ., ʐʘʣʝʝʚ ʄ.ɺ., ʖʨʘʩʦʚ ɼ.ɺ., ɼʝʤʠʜʦʚ ɽ.ɺ., ɼʨʦʟʜʦʚ ʄ.ʅ., ʈʝʚʠʥ ʃ.ʉ.,  

ʇʘʥʢʨʘʪʦʚ ɸ.ʃ., ɸʥʪʦʥʦʚ ɸ.ɺ., ʂʨʘʩʠʣʴʥʠʢʦʚʘ ʃ.ɺ., ʐʤʳʨʠʥ ɼ.ɸ., ʉʠʪʥʠʢʦʚ ʉ.ɺ.,  

ʑʝʛʣʦʚ ɼ.ɺ., ʂʨʘʩʠʣʴʥʠʢ ɿ.ʌ.................................................................................................................. 19 

Plenary 04 ɿʘʢʦʥʦʤʝʨʥʦʩʪʠ ʩʦʧʨʷʞʝʥʥʦʛʦ ʢʦʥʚʝʢʪʠʚʥʦʛʦ ʠ ʨʘʜʠʘʮʠʦʥʥʦ-ʢʦʥʚʝʢʪʠʚʥʦʛʦ ʪʝʧʣʦʦʙʤʝʥʘ 

 ʚ ʤʝʪʦʜʘʭ ʥʘʧʨʘʚʣʝʥʥʦʡ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ ʨʘʩʧʣʘʚʦʚ  
ɹʝʨʜʥʠʢʦʚ ɺ.ʉ., ɺʠʥʦʢʫʨʦʚ ɺ.ɸ., ɺʠʥʦʢʫʨʦʚ ɺ.ɺ., ɻʨʠʰʢʦʚ ɺ.ɸ., ʂʠʩʣʠʮʳʥ ʉ.ɸ.,  ʄʠʪʠʥ ʂ.ɸ.,  

ʄʠʭʘʡʣʦʚ ɸ.ɺ. ........................................................................................................................................... 20 

Plenary 05  ʉʧʠʥ-ʦʨʙʠʪʨʦʥʠʢʘ - ʧʣʘʪʬʦʨʤʘ ʜʣʷ ʨʘʟʨʘʙʦʪʢʠ ʵʣʝʢʪʨʦʥʥʦʡ ʢʦʤʧʦʥʝʥʪʥʦʡ ʙʘʟʳ  ʥʘ ʥʦʚʳʭ  

ʬʠʟʠʯʝʩʢʠʭ ʧʨʠʥʮʠʧʘʭ  
ʉʘʤʘʨʜʘʢ ɸ.ʉ. .......................................................................................................................................... 21 

Plenary 06 ʇʦʣʫʯʝʥʠʝ ʚʳʩʦʢʦʯʠʩʪʳʭ ʤʘʪʝʨʠʘʣʦʚ ʜʣʷ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʭ ʧʨʠʤʝʥʝʥʠʡ  
ɸʥʦʰʠʥ ʆ.ʉ., ɻʨʠʰʥʦʚʘ ʅ.ɼ., ʇʦʣʝʞʘʝʚ ɼ.ʄ., ʈʘʜʴʢʦʚ ʖ.ʌ., ɿʘʡʮʝʚ ɸ.ɺ., ʂʦʪʢʦʚ ɸ.ʇ. .............. 22 

Plenary 07 ʉʦʩʪʦʷʥʠʝ ʩʪʘʥʜʘʨʪʠʟʘʮʠʠ ʚ ʦʙʣʘʩʪʠ ʠʟʤʝʨʝʥʠʷ ʦʩʥʦʚʥʳʭ ʧʘʨʘʤʝʪʨʦʚ  ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʭ 

ʤʘʪʝʨʠʘʣʦʚ  
ʂʦʙʝʣʝʚʘ ʉ.ʇ., ʑʝʤʝʨʦʚ ʀ.ɺ., ɸʥʬʠʤʦʚ ʀ.ʄ., ʂʦʣʦʢʦʣʦʚ ɼ.ɻ. .......................................................... 23 

Plenary 08 ʆʩʦʙʦ-ʯʠʩʪʳʝ ʢʚʘʨʮʝʚʳʝ ʢʦʥʮʝʥʪʨʘʪʳ, ʢʘʢ ʥʝʦʙʭʦʜʠʤʘʷ ʦʩʥʦʚʘ ʧʦʣʫʯʝʥʠʷ ʢʨʝʤʥʠʷ ʜʣʷ  

ʩʦʣʥʝʯʥʦʡ ʵʥʝʨʛʝʪʠʢʠ ʠ ʤʠʢʨʦʵʣʝʢʪʨʦʥʠʢʠ  
ʅʝʧʦʤʥʷʱʠʭ ɸ.ʀ., ɽʣʠʩʝʝʚ ʀ.ɸ., ɾʘʙʦʝʜʦʚ ɸ.ʇ., ʌʝʜʦʨʦʚ ɸ.ʄ. ....................................................... 24 

Plenary 09 ʉʣʝʜʳ ʟʘ ʜʠʩʣʦʢʘʮʠʷʤʠ ʚ ʢʨʝʤʥʠʠ, 50 ʣʝʪ ʠʩʩʣʝʜʦʚʘʥʠʡ  
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ʂʨʠʦʛʝʥʥʳʝ ʧʣʘʟʤʝʥʥʳʝ ʪʝʭʥʦʣʦʛʠʠ ʚ ʢʨʝʤʥʠʝʚʦʡ ʤʠʢʨʦʵʣʝʢʪʨʦʥʠʢʝ:  

3D ʠʥʪʝʛʨʘʣʴʥʳʝ ʩʭʝʤʳ ʠʣʠ ʢʘʢ ʧʨʦʜʣʠʪʴ ʞʠʟʥʴ ʟʘʢʦʥʘ ʤʫʨʘ 

ʈʫʜʝʥʢʦ ʂ.ɺ., ʄʷʢʦʥʴʢʠʭ ɸ.ɺ., ʃʫʢʠʯʝʚ ɺ.ʌ. 

ʆʌʊʀ ʠʤ. ʂ.ɸ. ɺʘʣʠʝʚʘ, ʎʝʥʪʨ ʧʝʨʩʧʝʢʪʠʚʥʦʡ ʤʠʢʨʦʵʣʝʢʪʨʦʥʠʢʠ  

ʅʀʎ çʂʫʨʯʘʪʦʚʩʢʠʡ ʠʥʩʪʠʪʫʪè, ʄʦʩʢʚʘ 

e-mail: rudenko@ftian.ru 

 

ɺ ʩʦʚʨʝʤʝʥʥʳʭ ʠʥʪʝʛʨʘʣʴʥʳʭ ʩʭʝʤʘʭ (ʀʉ), ʧʦʩʪʨʦʝʥʥʳʭ ʥʘ MOSFET, ʜʣʠʥʘ ʢʘʥʘʣʦʚ 

ʪʨʘʥʟʠʩʪʦʨʦʚ ʧʦʜʦʰʣʘ ʢ ʬʠʟʠʯʝʩʢʦʤʫ ʧʨʝʜʝʣʫ ~ 10 ʥʤ. ɺʦʟʥʠʢʣʠ ʦʛʨʘʥʠʯʝʥʠʷ ʥʘ ʧʣʦʪʥʦʩʪʴ 

ʧʣʘʥʘʨʥʳʭ ʪʨʘʥʟʠʩʪʦʨʦʚ ʥʘ ʢʨʠʩʪʘʣʣʝ ʀʉ. ʏʪʦʙʳ ʧʦʜʜʝʨʞʘʪʴ ʧʨʦʛʨʝʩʩ ʤʠʢʨʦʵʣʝʢʪʨʦʥʠʢʠ ʚ 

ʩʦʦʪʚʝʪʩʪʚʠʝ ʩ ʟʘʢʦʥʦʤ ʄʫʨʘ, ʥʘʯʠʥʘʷ ʩ ʧʨʦʝʢʪʥʳʭ ʥʦʨʤ < 22 ʥʤ (ʈʠʩ.1ʘ), ʢʦʥʩʪʨʫʢʮʠʷ FinFET 

ʚʳʚʝʣʘ ʢʘʥʘʣʳ ʠʟ ʧʣʦʩʢʦʩʪʠ ʧʣʘʩʪʠʥʳ, ʘ, ʥʘʯʠʥʘʷ c 5 ʥʤ (GAAFET), ʠʥʜʝʢʩʳ ʧʨʦʝʢʪʥʦʡ ʥʦʨʤʳ ʥʝ 

ʦʟʥʘʯʘʶʪ ʤʠʥʠʤʘʣʴʥʦʛʦ ʣʠʪʦʛʨʘʬʠʯʝʩʢʦʛʦ ʨʘʟʤʝʨʘ, ʘ ʣʠʰʴ ʦʪʨʘʞʘʶʪ ʥʦʨʤʠʨʦʚʢʫ ʧʣʦʱʘʜʠ, 

ʟʘʥʠʤʘʝʤʦʡ ʥʘ ʢʨʠʩʪʘʣʣʝ ʪʨʘʥʟʠʩʪʦʨʦʤ. ʇʨʝʜʧʦʣʘʛʘʝʪʩʷ, ʯʪʦ ʧʦʩʣʝ 2030 ʛʦʜʘ ʪʨʘʥʟʠʩʪʦʨʳ 

ʤʠʢʨʦʧʨʦʮʝʩʩʦʨʦʚ ʙʫʜʫʪ ʧʦʣʥʦʩʪʴʶ ʚʝʨʪʠʢʘʣʴʥʳʤʠ (3D). ʋʞʝ ʩʝʡʯʘʩ ʚ ʤʦʥʦʣʠʪʥʳʭ ʀʉ ʧʘʤʷʪʠ 3D 

NAND (ʈʠʩ.1ʙ) ʚʝʨʪʠʢʘʣʴʥʳʝ ʪʨʘʥʟʠʩʪʦʨʳ FG-FET, SONOS-ʩʪʨʫʢʪʫʨʳ, ʩ ʚʝʨʪʠʢʘʣʴʥʳʤʠ ʣʠʥʠʷʤʠ 

ʩʚʷʟʠ word lines, ʨʘʟʤʝʱʝʥʥʳʝ ʚ 200-300 ʩʣʦʷʭ p-Si ʦʙʝʩʧʝʯʠʚʘʶʪ ʤʘʢʩʠʤʘʣʴʥʳʡ ʫʨʦʚʝʥʴ 

ʠʥʪʝʛʨʘʮʠʠ, ʙʝʟ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʧʨʝʜʝʣʴʥʳʭ ʚʦʟʤʦʞʥʦʩʪʝʡ ʣʠʪʦʛʨʘʬʠʠ. ʋʩʧʝʰʥʦ ʨʝʘʣʠʟʫʝʪʩʷ 

ʛʝʪʝʨʦʛʝʥʥʘʷ 3D-ʠʥʪʝʛʨʘʮʠʷ ʤʠʢʨʦʩʭʝʤ ʧʨʠ ʧʦʤʦʱʠ ʢʨʝʤʥʠʝʚʳʭ ʧʣʘʩʪʠʥ-ʠʥʪʝʨʧʦʟʝʨʦʚ ʩʦ 

ʩʪʨʫʢʪʫʨʘʤʠ ʤʠʢʨʦʦʪʚʝʨʩʪʠʡ TSV. 
 

ʂʣʶʯʝʚʳʤ ʤʦʤʝʥʪʦʤ ʜʣʷ 3D-ʩʭʝʤ ʷʚʣʷʝʪʩʷ ʩʦʟʜʘʥʠʝ ʧʨʝʮʠʟʠʦʥʥʳʭ ʛʣʫʙʦʢʠʭ 

ʚʳʩʦʢʦʘʩʧʝʢʪʥʳʭ (HAR) ʤʠʢʨʦʩʪʨʫʢʪʫʨ ʪʨʝʥʯʝʡ ʠ ʦʪʚʝʨʩʪʠʡ ʚ Si, SiO2, Si3N4 ʩ ʘʩʧʝʢʪʥʳʤ 

ʦʪʥʦʰʝʥʠʝʤ ʜʦ 1:200 ʠ ʘʧʝʨʪʫʨʦʡ < 100 ʥʤ, ʪʨʝʙʫʶʱʝʝ ʨʘʩʰʠʨʝʥʠʷ ʪʝʭʥʦʣʦʛʠʯʝʩʢʦʛʦ 

ʠʥʩʪʨʫʤʝʥʪʘʨʠʷ. ʅʦʚʳʝ ʚʦʟʤʦʞʥʦʩʪʠ ʧʨʝʜʣʘʛʘʝʪ ʢʨʠʦʛʝʥʥʦʝ ʘʥʠʟʦʪʨʦʧʥʦʝ ʛʣʫʙʦʢʦʝ ʧʣʘʟʤʝʥʥʦʝ 

ʪʨʘʚʣʝʥʠʝ ʵʪʠʭ ʠ ʜʨʫʛʠʭ ʤʘʪʝʨʠʘʣʦʚ [3]. ʇʦʢʘʟʘʥʦ, ʯʪʦ ʝʛʦ ʫʥʠʢʘʣʴʥʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ, ʚ 

ʢʦʥʮʝʧʮʠʠ ñclean processesò, ʦʙʝʩʧʝʯʠʚʘʶʪ ʬʦʨʤʠʨʦʚʘʥʠʝ HAR-ʩʪʨʫʢʪʫʨ ʜʦ 120 ʤʢʤ ʛʣʫʙʠʥʦʡ, 

ʥʘʥʦʤʝʪʨʦʚʫʶ ʰʝʨʦʭʦʚʘʪʦʩʪʴ ʠ ʫʧʨʘʚʣʷʝʤʳʡ ʫʛʦʣ ʥʘʢʣʦʥʘ ʩʪʝʥʦʢ [4], ʯʪʦ, ʚ ʢʦʥʝʯʥʦʤ ʩʯʝʪʝ, 

ʧʦʚʳʰʘʝʪ ʥʘʜʝʞʥʦʩʪʴ ʩʣʦʞʥʳʭ 3D ʀʉ. ʅʝʩʤʦʪʨʷ ʥʘ ʦʩʪʦʨʦʞʥʦʝ ʦʪʥʦʰʝʥʠʝ ʧʨʦʤʳʰʣʝʥʥʦʩʪʠ ʢ 

ʢʨʠʦʪʝʭʥʦʣʦʛʠʷʤ, ʢʦʤʧʘʥʠʷ Lam Research Corp. (ʪʝʭʥʦʣʦʛʠʷ Lam CryoÊ 3.0) ʢ ʥʘʩʪʦʷʱʝʤʫ ʚʨʝʤʝʥʠ 

ʚʳʧʫʩʪʠʣʘ ʠʥʥʦʚʘʮʠʦʥʥʦʝ ʦʙʦʨʫʜʦʚʘʥʠʝ ʜʣʷ ʧʣʘʟʤʝʥʥʦʛʦ ʢʨʠʦʪʨʘʚʣʝʥʠʷ 3D NAND ʯʠʧʦʚ, ʯʪʦ 

ʦʙʦʟʥʘʯʠʣʦ ʧʝʨʝʭʦʜ ʪʝʭʥʦʣʦʛʠʠ ʦʪ ʩʪʘʪʫʩʘ ʦʧʳʪʥʦʡ ʢ ʧʨʦʠʟʚʦʜʩʪʚʝʥʥʦʡ. 

ʈʘʙʦʪʘ ʧʦʜʜʝʨʞʘʥʘ ʛʨʘʥʪʦʤ ʈʅʌ ˉ 24-69-00039, https://rscf.ru/project/24-69-00039/. 

ʃʠʪʝʨʘʪʫʨʘ 

1. Q. Zhang et al. New structure transistors for advanced technology node CMOS ICs. // Natl. Sci. Rev. 

11, 2024, P. nwae008. doi:10.1093/nsr/nwae008. 

2. A. Goda. Review: Recent Progress on 3D NAND Flash Technologies. // Electronics, 10, 2021, P. 3156. 

doi:10.3390/electronics10243156.; ISSCC at https://www.isscc.org/past-conferences 

3. K.Kim. Cryogenic Etching in Advanced Electronics Manufacturing: Applications and Challenges. // 

Appl. Sci. Converg. Technol. 33 (5), 2024, P. 108. doi:10.5757/ASCT.2024.33.5.108 

K. Rudenko et al. Physical Principles of In Situ Sidewall Profile Control in Cryogenic Plasma Etching of 

HAR Silicon Microstructures.// Russ. Microelectron. 54 (8), 2025, P. 1297. 

 
a) 

 
ʙ) 

ʈʠʩʫʥʦʢ 1 ï ʈʦʩʪ ʧʣʦʪʥʦʩʪʠ ʵʣʝʤʝʥʪʦʚ ʚ ʩʦʚʨʝʤʝʥʥʳʭ ʢʨʝʤʥʠʝʚʳʭ ʀʉ: (ʘ) ʵʚʦʣʶʮʠʷ ʦʪ ʧʣʘʥʘʨʥʦʛʦ ʢ 

ʚʝʨʪʠʢʘʣʴʥʦʤʫ ʪʨʘʥʟʠʩʪʦʨʫ ʚ ʤʠʢʨʦʩʭʝʤʘʭ MPU [1]; (ʙ) ʨʦʩʪ ʯʠʩʣʘ ʩʣʦʝʚ ʠ ʧʣʦʪʥʦʩʪʴ ʷʯʝʝʢ ʚ ʯʠʧʘʭ ʧʘʤʷʪʠ 3D 

NAND [2]]  

https://rscf.ru/project/24-69-00039/
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ʕʥʝʨʛʦʵʬʬʝʢʪʠʚʥʳʝ ʵʣʝʤʝʥʪʳ ʀʉ - ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʢʠ ʚ ʢʨʝʤʥʠʠ 

ʇʦʧʦʚ ɺ.ʇ.1), ʊʘʨʢʦʚ ʄ.ʉ.1), ʊʠʭʦʥʝʥʢʦ ʌ.ɺ.1), ʄʷʢʦʥʴʢʠʭ ɸ.ɺ.2), ʈʫʜʝʥʢʦ ʂ.ɺ.2) 
1)ʀʥʩʪʠʪʫʪ ʬʠʟʠʢʠ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚ ʉʆ ʈɸʅ ʠʤ.ɸ.ɺ. ʈʞʘʥʦʚʘ, ʅʦʚʦʩʠʙʠʨʩʢ 

2)ʅʀʎ çʂʫʨʯʘʪʦʚʩʢʠʡ ʠʥʩʪʠʪʫʪ - ʆʌʊʀ ʠʤ. ʂ.ɸ. ɺʘʣʠʝʚʘ, ʄʦʩʢʚʘ 

e-mail: popov@isp.nsc.ru 

 

ʀʟʤʝʥʝʥʠʷ ʚʦʣʴʪ-ʘʤʧʝʨʥʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ (ɺɸʍ) ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʯʝʩʢʠʭ ʤʝʤʨʠʩʪʦʨʦʚ, 

ʜʠʦʜʦʚ ʠ ʪʨʘʥʟʠʩʪʦʨʦʚ (ʨʠʩʫʥʦʢ 1) ʧʦʩʣʝ ʧʝʯʥʳʭ (FA) ʠ ʙʳʩʪʨʳʭ (RTA) ʪʝʨʤʦʦʙʨʘʙʦʪʦʢ ʚʘʞʥʦ ʜʣʷ 

ʠʭ ʧʨʠʤʝʥʝʥʠʷ ʚ ʢʨʦʩʩ-ʙʘʨ ʥʝʡʨʦʤʦʨʬʥʳʭ 

ʤʘʪʨʠʮʘʭ, ʉɺʏ, ʦʧʪʦ- ʠ ʨʘʜʠʦʵʣʝʢʪʨʦʥʠʢʠ ʩ 

ʨʘʩʰʠʨʝʥʥʳʤ ʬʫʥʢʮʠʦʥʘʣʦʤ. ʂʨʠʪʠʯʝʩʢʠʤʠ 

ʚʝʣʠʯʠʥʘʤʠ ʩʢʨʳʪʦʛʦ ʜʠʵʣʝʢʪʨʠʢʘ (BOX) ʚ 

ʩʪʨʫʢʪʫʨʘʭ ʷʚʣʷʶʪʩʷ ʦʩʪʘʪʦʯʥʘʷ ʧʦʣʷʨʠʟʘʮʠʷ Pr ʠ 

ʢʦʵʨʮʠʪʠʚʥʦʝ ʧʦʣʝ Ec, ʚʝʣʠʯʠʥʳ ʢʦʪʦʨʳʭ 

ʦʧʨʝʜʝʣʷʶʪʩʷ ʜʦʣʝʡ ʤʝʪʘʩʪʘʙʠʣʴʥʦʡ 

ʦʨʪʦʨʦʤʙʠʯʝʩʢʦʡ ʬʘʟʳ R3m ʠ ʥʘʧʨʷʞʝʥʠʷʤʠ ʠʟ-

ʟʘ ʧʨʠʤʝʩʠ Al  ʚ HfO2:Al 2O3 10:1 (HAO) ʠ 

HfO2:ZrO2:Al 2O3 5:5:1 (HZA). ʎʝʣʴʶ 

ʠʩʩʣʝʜʦʚʘʥʠʡ ʙʳʣʦ ʦʧʨʝʜʝʣʝʥʠʝ 

ʵʣʝʢʪʨʦʬʠʟʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʂʅʀ ʩʪʨʫʢʪʫʨ ʩ 

ʪʫʥʥʝʣʴʥʦ ʪʦʥʢʠʤ ʩʢʨʳʪʳʤ ʦʢʩʠʜʦʤ (BOX) ʜʣʷ 

ʤʥʦʛʦʬʫʥʢʮʠʦʥʘʣʴʥʦʡ ʵʣʝʢʪʨʦʥʠʢʠ ʜʣʷ 

ʚʳʷʚʣʝʥʠʷ ʧʨʝʜʝʣʦʚ ʩʫʱʝʩʪʚʦʚʘʥʠʷ ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʢʘ ʚ FTJ ʜʠʦʣʘʭ ʠ FeFET ʂʅʀ ʪʨʘʥʟʠʩʪʦʨʘʭ 

ʧʦʩʣʝ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʭ FA ʠ RTA ʦʙʨʘʙʦʪʦʢ ʚ ʜʠʘʧʘʟʦʥʝ 600-1100ÁC (ʨʠʩʫʥʦʢ 1), ʯʪʦ ʚʘʞʥʦ ʜʣʷ 

ʩʦʚʤʝʩʪʠʤʦʩʪʠ ʩ ʂʄʆʇ-ʪʝʭʥʦʣʦʛʠʝʡ, ʚ ʪʦʤ ʯʠʩʣʝ ʚ ʨʝʞʠʤʘʭ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʛʦ ʪʝʨʤʦʦʢʠʩʣʝʥʠ ̫ʠ 

ʪʨʘʚʣʝʥʠ ̫ʜʠʦʢʩʠʜʘ ʢʨʝʤʥʠʷ ʜʣʷ ʜʦʩʪʠʞʝʥʠʷ ʥʘʥʦʤʝʪʨʦʚʳʭ ʪʦʣʱʠʥ Si-ʩʣʦʷ ʂʅʀ. ʊʝʢʩʪʫʨʳ ʩʣʦʝʚ 

ʠ ʩʦʜʝʨʞʘʥʠʝ ʬʘʟ ʠʟʤʝʨʝʥʳ ʧʨʦʩʚʝʯʠʚʘʶʱʝʡ ʵʣʝʢʪʨʦʥʥʦʡ ʤʠʢʨʦʩʢʦʧʠʝʡ ʚʳʩʦʢʦʛʦ ʨʘʟʨʝʰʝʥʠʷ ʥʘ 

ʧʦʧʝʨʝʯʥʳʭ ʩʝʯʝʥʠʷʭ (x-HRTEM), ʢʦʤʙʠʥʘʮʠʦʥʥʳʤ ʨʘʩʩʝʷʥʠʝʤ ʩʚʝʪʘ (ʂʈʉ) ʚ ʛʝʦʤʝʪʨʠʠ "ʣʠʮʦʤ ʢ 

ʣʠʮʫ" ʠ ʤʘʣʦʫʛʣʦʚʦʡ ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʜʠʬʨʘʢʮʠʝʡ (GIXRD), ʧʦʢʘʟʳʚʘʶʱʝʡ ʦʩʥʦʚʥʫʶ ʦʨʠʝʥʪʘʮʠʶ 

ʩʢʨʳʪʳʭ ʩʣʦʝʚ HAʆ ʠ HZA ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʯʝʩʢʦʡ ʬʘʟʳ R3m [1].  

ʇʦʩʢʦʣʴʢʫ ʂʅʀ-ʩʪʨʫʢʪʫʨʳ ʠ ʂʅʀ ʂʄʆʇ-ʠʥʪʝʛʨʘʣʴʥʳʝ ʩʭʝʤʳ (ʀʉ), ʩʬʦʨʤʠʨʦʚʘʥʥʳʝ 

ʧʫʪʝʤ ʩʨʘʱʠʚʘʥʠʷ, ʪʨʝʙʫʶʪ ʪʝʤʧʝʨʘʪʫʨ ʪʝʨʤʦʦʙʨʘʙʦʪʢʠ ʥʝ ʤʝʥʝʝ 900 Áʉ, ʤʳ ʪʝʩʪʠʨʦʚʘʣʠ ʪʝ ʞʝ 20-

ʥʤ ʠʟʦʣʷʪʦʨʳ ʟʘʪʚʦʨʦʚ high-k HfO2:Al 2O3 (10:1) ʩ ʪʦʣʱʠʥʦʡ TBOX = 20 ʥʤ (EOT = 2,0 ʥʤ) ʚ 

ʧʨʦʤʳʰʣʝʥʥʦʤ ʧʨʦʮʝʩʩʝ ʚ ʢʘʯʝʩʪʚʝ ʠʟʦʣʷʪʦʨʦʚ ʟʘʪʚʦʨʘ ʜʣʷ ʂʄʆʇ-ʜʚʫʭʟʘʪʚʦʨʥʳʭ ʂʅʀ-

ʪʨʘʥʟʠʩʪʦʨʦʚ, ʩʦʭʨʘʥʷʷ ʥʠʟʢʦʝ ʥʘʧʨʷʞʝʥʠʝ ʧʠʪʘʥʠʷ. ʇʦʩʣʝ RTA ʧʨʠ 950ÁC ʧʩʝʚʜʦ- FeFET ʩʦ ʩʣʦʝʤ 

ʅɸʆ BOX ʧʦʢʘʟʳʚʘʶʪ ʦʢʥʦ ʛʠʩʪʝʨʝʟʠʩʘ 1.2 ɺ. ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʦʧʪʠʤʘʣʴʥʳʤ ʩʦʩʪʘʚʦʤ ʜʣʷ FeFET 

ʂʅʀ ʪʨʘʥʟʠʩʪʦʨʦʚ ʩ ʥʘʠʙʦʣʴʰʠʤʠ ʧʦʜʚʠʞʥʦʩʪʴʶ Õe,h (1300 ʠ 300 ʩʤ
2/ɺʩ) ʠ ʦʩʪʘʪʦʯʥʦʡ 

ʧʦʣʷʨʠʟʘʮʠʝʡ Pr ~10-12 ʤʢʂʣ/ʩʤ2 ʷʚʣʷʶʪʩʷ ʩʣʦʠ HZA ʧʨʠ RTA ʚʧʣʦʪʴ ʜʦ 900ʦʉ, ʪʦʛʜʘ ʢʘʢ HAO Pr 

< 5 ʤʢʂʣ/ʩʤ2 ʧʦʩʣʝ RTA ʧʨʠ 950ʦʉ [1, 2]. ʇʨʝʜʣʦʞʝʥʦ ʨʝʰʝʥʠʝ ʧʨʦʙʣʝʤʳ MTJ ʢʨʦʩʩ-ʙʘʨ ʤʘʪʨʠʮ, 

ʩʚʷʟʘʥʥʦʡ ʩ ʦʪʥʦʩʠʪʝʣʴʥʦ ʥʝʙʦʣʴʰʦʡ (<10) ʨʘʟʥʦʩʪʴʶ ʪʦʢʦʚ ʜʣʷ ʜʚʫʭ ʧʦʣʷʨʠʟʘʮʠʡ, ʧʝʨʝʭʦʜʦʤ ʦʪ 

ʄɼʄ ʫʟʣʘʤ ʢ ʨʝʟʦʥʘʥʩʥʳʤ ʜʠʦʜʘʤ (RFTJ).  

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʧʦʜʜʝʨʞʢʝ ʄʆʅ ʈʌ ʚ ʨʘʤʢʘʭ ʧʨʦʝʢʪʘ ɻɿ ˉ FWGW-2025-0010. 

ʃʠʪʝʨʘʪʫʨʘ 

1. ɺ.ʇ. ʇʦʧʦʚ, ɺ.ɸ. ɸʥʪʦʥʦʚ, ɺ.ɽ. ɾʠʣʠʮʢʠʡ, ɸ.ɸ. ʃʦʤʦʚ, ɸ.ɺ. ʄʷʢʦʥʴʢʠʭ, ʂ.ɺ. ʈʫʜʝʥʢʦ. 
ʊʝʨʤʦʩʪʘʙʠʣʴʥʳʡ ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʢ HfO2:Al2O3 (10:1) ʚ SOI ʠ SOS ʛʝʪʝʨʦʩʪʨʫʢʪʫʨʘʭ ʧʦʩʣʝ RTA 

ʦʙʨʘʙʦʪʦʢ ʠ ʫʪʦʥʯʝʥʠʷ ʢʨʝʤʥʠʷ ʦʢʠʩʣʝʥʠʝʤ // ʇʠʩʴʤʘ ʚ ɾʕʊʌ, 121(12), 2025, ʩʪʨ. 945-951.  

2. V.Popov, ʄ.Tarkov Mikhail; V.Antonov, F.Tikhonenko, A.Miakonkikh, K. Rudenko. Energy-

Efficient VLSI Ferroelectric Elements for Neuromorphic Artificial Intelligence Systems // IEEE 

Xplore: 2025 IEEE 26th International Conference of Young Professionals in Electron Devices and 

Materials (EDM). -2025. 

 

 
ʈʠʩʫʥʦʢ 1 ï ʂʨʦʩʩ-ʙʘʨ ʷʯʝʡʢʠ ʅʉ ʩ ʵʣʝʤʝʥʪʘʤʠ ʅʉ  

ReRAM (a), FeFET (b), and FTJ (c) ʠ 

ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʤʠ ʠʤ ɺɸʍ [1] 
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ʕʧʠʪʘʢʩʠʘʣʴʥʳʝ Si/SiGe ʠ Ge/GeSi ʩʪʨʫʢʪʫʨʳ ʜʣʷ ʢʚʘʥʪʦʚʳʭ ʚʳʯʠʩʣʝʥʠʡ 

ʅʦʚʠʢʦʚ ɸ.ɺ.1), ʐʘʣʝʝʚ ʄ.ɺ.1), ʖʨʘʩʦʚ ɼ.ɺ.1), ɼʝʤʠʜʦʚ ɽ.ɺ.1), ɼʨʦʟʜʦʚ ʄ.ʅ.1), ʈʝʚʠʥ ʃ.ʉ.1), 

ʇʘʥʢʨʘʪʦʚ ɸ.ʃ.1), ɸʥʪʦʥʦʚ ɸ.ɺ.1), ʂʨʘʩʠʣʴʥʠʢʦʚʘ ʃ.ɺ.1), ʐʤʳʨʠʥ ɼ.ɸ.1), ʉʠʪʥʠʢʦʚ ʉ.ɺ.2), 

ʑʝʛʣʦʚ ɼ.ɺ.2), ʂʨʘʩʠʣʴʥʠʢ ɿ.ʌ.1) 
1)ʀʥʩʪʠʪʫʪ ʬʠʟʠʢʠ ʤʠʢʨʦʩʪʨʫʢʪʫʨ ʈɸʅ, ʅʠʞʥʠʡ ʅʦʚʛʦʨʦʜ 

2)ʀʥʩʪʠʪʫʪ ʬʠʟʠʢʠ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚ ʠʤ. ɸ.ɺ. ʈʞʘʥʦʚʘ ʉʆ ʈɸʅ, ʅʦʚʦʩʠʙʠʨʩʢ 

 e-mail: anov@ipmras.ru 

 

ʉʨʝʜʠ ʨʘʟʣʠʯʥʳʭ ʤʘʪʝʨʠʘʣʴʥʳʭ ʩʠʩʪʝʤ, ʨʘʩʩʤʘʪʨʠʚʘʝʤʳʭ ʜʣʷ ʩʦʟʜʘʥʠʷ ʢʚʘʥʪʦʚʦʛʦ 

ʢʦʤʧʴʶʪʝʨʘ, ʙʝʟʫʩʣʦʚʥʳʤ ʧʨʝʠʤʫʱʝʩʪʚʦʤ ʢʫʙʠʪʦʚ ʥʘ ʦʩʥʦʚʝ Si ʠ ʝʛʦ ʛʝʪʝʨʦʩʪʨʫʢʪʫʨ ʩ Ge ̫ ʚʣʷʝʪʩʷ 

ʚʦʟʤʦʞʥʦʩʪʴ ʠʭ ʬʦʨʤʠʨʦʚʘʥʠʷ ʚ ʧʨʦʤʳʰʣʝʥʥʳʭ ʤʘʩʰʪʘʙʘʭ ʠ ʨʘʟʚʠʪʳʝ ʪʝʭʥʦʣʦʛʠʠ ʠʟʦʪʦʧʥʦʡ 

ʦʯʠʩʪʢʠ ʵʪʠʭ ʤʘʪʝʨʠʘʣʦʚ ʦʪ ʠʟʦʪʦʧʦʚ ʩ ʥʝʥʫʣʝʚʳʤ ʷʜʝʨʥʳʤ ʩʧʠʥʦʤ. ʅʘ SiGe ʩʪʨʫʢʪʫʨʘʭ ʟʘ ʩʯʝʪ 

ʚʳʙʦʨʘ ʠʭ ʜʠʟʘʡʥʘ ʚʦʟʤʦʞʥʦ ʩʦʟʜʘʥʠʝ ʨʘʟʣʠʯʥʳʭ ʢʫʙʠʪʦʚ, ʦʩʥʦʚʘʥʥʳʭ ʥʘ ʤʘʥʠʧʫʣʷʮʠʠ ʢʘʢ 

ʷʜʝʨʥʳʤ ʩʧʠʥʦʤ ʧʨʠʤʝʩʥʦʛʦ ʘʪʦʤʘ, ʪʘʢ ʠ ʩʧʠʥʦʤ ʵʣʝʢʪʨʦʥʘ ʠʣʠ ʜʳʨʢʠ [1]. ʇʨʠ ʵʪʦʤ ʢ ʥʘʩʪʦʷʱʝʤʫ 

ʚʨʝʤʝʥʠ ʚʳʙʦʨ ʚ ʧʦʣʴʟʫ ʥʘʠʙʦʣʝʝ ʧʝʨʩʧʝʢʪʠʚʥʦʛʦ ʪʠʧʘ ʢʫʙʠʪʘ ʥʝ ʩʜʝʣʘʥ. ɺ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʝ 

ʧʨʠʚʝʜʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʧʦ ʬʦʨʤʠʨʦʚʘʥʠʶ ʵʧʠʪʘʢʩʠʘʣʴʥʳʭ SiGe ʛʝʪʝʨʦʩʪʨʫʢʪʫʨ, ʢʦʪʦʨʳʝ ʤʦʛʫʪ 

ʙʳʪʴ ʠʩʧʦʣʴʟʦʚʘʥʳ ʜʣʷ ʩʦʟʜʘʥʠʷ ʨʘʟʣʠʯʥʳʭ ʪʠʧʦʚ ʢʫʙʠʪʦʚ. 

ʀʟ-ʟʘ ʨʝʘʣʠʟʘʮʠʠ ʚ Si/Ge ʛʝʪʝʨʦʧʘʨʝ ʧʦʪʝʥʮʠʘʣʴʥʦʡ ʷʤʳ ʜʣʷ ʜʳʨʦʢ ʚ ʩʣʦʷʭ ʩ ʙʦʣʝʝ ʚʳʩʦʢʠʤ 

ʩʦʜʝʨʞʘʥʠʝʤ Ge, ʜʣʷ ʢʫʙʠʪʦʚ, ʦʩʥʦʚʘʥʥʳʭ ʥʘ ʤʘʥʠʧʫʣʷʮʠʠ ʩʧʠʥʦʤ ʜʳʨʦʢ, ʥʝʦʙʭʦʜʠʤ ʨʦʩʪ SiGe 

ʛʝʪʝʨʦʩʪʨʫʢʪʫʨ ʩ Ge ʢʚʘʥʪʦʚʳʤʠ ʧʨʦʚʦʣʦʢʘʤʠ ʠ Ge ʢʚʘʥʪʦʚʦʡ ʷʤʦʡ (ʂʗ) [2]. ɻʣʘʚʥʦʝ ʧʨʝʠʤʫʱʝʩʪʚʦ 

ʜʘʥʥʦʛʦ ʪʠʧʘ ʢʫʙʠʪʘ ï ʵʪʦ ʫʧʨʘʚʣʝʥʠʝ ʢʫʙʠʪʦʤ ʪʦʣʴʢʦ ʟʘ ʩʯʝʪ ʵʣʝʢʪʨʠʯʝʩʢʠʭ ʩʠʛʥʘʣʦʚ ʠʟ-ʟʘ 

ʩʠʣʴʥʦʛʦ ʩʧʠʥ-ʦʨʙʠʪʘʣʴʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʜʣʷ ʜʳʨʦʢ ʠ ʚʦʟʤʦʞʥʦʩʪʴ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʩʪʨʫʢʪʫʨ 

ʧʨʠʨʦʜʥʦʛʦ ʦʙʦʛʘʱʝʥʠʷ [2]. ɼʣʷ ʜʘʥʥʦʛʦ ʪʠʧʘ ʢʫʙʠʪʦʚ ʤʝʪʦʜʦʤ ʄʇʕ ʟʘ ʩʯʝʪ ʪʱʘʪʝʣʴʥʦʛʦ ʧʦʜʙʦʨʘ 

ʫʩʣʦʚʠʡ ʦʩʘʞʜʝʥʠʷ Ge ʠ ʧʦʩʪʨʦʩʪʦʚʦʛʦ ʦʪʞʠʛʘ ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʩʪʨʫʢʪʫʨʳ ʩ Ge 

ʩʘʤʦʬʦʨʤʠʨʫʶʱʠʤʠʩʷ ʥʘʥʦʧʨʦʚʦʣʦʢʘʤʠ ʜʣʠʥʦʡ ʙʦʣʝʝ 500 ʥʤ [3]. ɼʘʥʥʦʡ ʜʣʠʥʳ ʜʦʩʪʘʪʦʯʥʦ ʜʣʷ 

ʩʦʟʜʘʥʠʷ ʥʘ ʥʠʭ ʢʫʙʠʪʦʚ [2]. ɼʣʷ ʧʦʣʫʯʝʥʠʷ ʩʪʨʫʢʪʫʨ ʩ ʥʘʧʨʷʞʝʥʥʦʡ Ge ʂʗ ʙʳʣʘ ʦʪʨʘʙʦʪʘʥʘ 

ʪʝʭʥʦʣʦʛʠʷ ʬʦʨʤʠʨʦʚʘʥʠʷ ʥʘ Ge(001) ʠ Si(001) ʧʦʜʣʦʞʢʘʭ ʨʝʣʘʢʩʠʨʦʚʘʥʥʳʭ SiGe ʙʫʬʝʨʦʚ ʩ 

ʚʳʩʦʢʦʡ (²80%) ʜʦʣʝʡ Ge. ɹʳʣʠ ʠʩʩʣʝʜʦʚʘʥʳ ʪʨʘʥʩʧʦʨʪʥʳʝ ʩʚʦʡʩʪʚʘ ʜʚʫʤʝʨʥʦʛʦ ʜʳʨʦʯʥʦʛʦ ʛʘʟʘ ʚ 

ʚʳʨʘʱʝʥʥʳʭ ʩʪʨʫʢʪʫʨʘʭ ʩ Ge ʂʗ. 

ʇʨʝʠʤʫʱʝʩʪʚʦʤ ʢʫʙʠʪʦʚ, ʦʩʥʦʚʘʥʥʳʭ ʥʘ ʤʘʥʠʧʫʣʷʮʠʠ ʩʧʠʥʦʤ ʵʣʝʢʪʨʦʥʦʚ, ʷʚʣʷʶʪʩʷ 

ʙʦʣʴʰʠʝ ʚʨʝʤʝʥʘ ʩʧʠʥʦʚʦʡ ʢʦʛʝʨʝʥʮʠʠ ʚʩʣʝʜʩʪʚʠʝ ʩʣʘʙʦʛʦ ʩʧʠʥ-ʦʨʙʠʪʘʣʴʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʜʣʷ 

ʵʣʝʢʪʨʦʥʦʚ ʚ SiGe ʩʪʨʫʢʪʫʨʘʭ [1]. ʆʜʥʘʢʦ, ʜʣʷ ʜʦʩʪʠʞʝʥʠʷ ʵʪʠʭ ʚʨʝʤʝʥ ʥʝʦʙʭʦʜʠʤʦ ʦʯʠʱʝʥʠʝ 

ʩʪʨʫʢʪʫʨ ʦʪ ʠʟʦʪʦʧʦʚ 29Si ʠ 73Ge ʩ ʥʝʥʫʣʝʚʳʤ ʷʜʝʨʥʳʤ ʩʧʠʥʦʤ ʠʟ-ʟʘ ʩʠʣʴʥʦʛʦ ʩʚʝʨʭʪʦʥʢʦʛʦ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʜʣʷ ʵʣʝʢʪʨʦʥʦʚ. ɺ ʨʘʙʦʪʝ ʥʘ ʨʝʣʘʢʩʠʨʦʚʘʥʥʳʭ SiGe/Si(001) ʙʫʬʝʨʘʭ ʤʝʪʦʜʦʤ ʄʇʕ 

ʧʦʣʫʯʝʥʳ ʠʟʦʪʦʧʥʦʦʙʦʛʘʱʝʥʥʳʝ ʩʪʨʫʢʪʫʨʳ Si/SiGe ʩ ʨʝʢʦʨʜʥʦ ʥʠʟʢʠʤ ʩʫʤʤʘʨʥʳʤ ʩʦʜʝʨʞʘʥʠʝʤ 

ʠʟʦʪʦʧʦʚ 29Si ʠ 73Ge ʥʘ ʫʨʦʚʥʝ 10 ʘʪʦʤʦʚ ʥʘ ʤʠʣʣʠʦʥ [4]. ʇʦʜʚʠʞʥʦʩʪʴ ʵʣʝʢʪʨʦʥʦʚ ʚ ʧʦʣʫʯʝʥʥʳʭ 

28Si ʂʗ ʧʨʝʚʳʰʘʝʪ 105 ʩʤ2/(ɺĬʩ) ʧʨʠ 2ʂ, ʯʪʦ ʫʢʘʟʳʚʘʝʪ ʥʘ ʠʭ ʚʳʩʦʢʦʝ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʝ ʢʘʯʝʩʪʚʦ. 

ʅʘ ʜʘʥʥʳʭ ʩʪʨʫʢʪʫʨʘʭ ʩʦʟʜʘʥʳ ʢʫʙʠʪʳ, ʩʦʩʪʦʷʱʠʝ ʠʟ ʩʠʩʪʝʤʳ ʫʧʨʘʚʣʷʶʱʠʭ ʵʣʝʢʪʨʦʜʦʚ ʠ 

ʤʠʢʨʦʤʘʛʥʠʪʘ, ʥʘ ʢʦʪʦʨʳʭ ʧʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʥʦ ʬʦʨʤʠʨʦʚʘʥʠʝ ʜʦ ʜʚʫʭ ʢʚʘʥʪʦʚʳʭ ʪʦʯʝʢ ʠ 

ʦʜʥʦʵʣʝʢʪʨʦʥʥʳʡ ʪʨʘʥʩʧʦʨʪ ʯʝʨʝʟ ʥʠʭ. 

ʈʘʙʦʪʳ ʧʦ ʠʟʦʪʦʧʥʦʦʙʦʛʘʱʝʥʥʳʤ Si/SiGe ʛʝʪʝʨʦʩʪʨʫʢʪʫʨʘʤ ʚʳʧʦʣʥʝʥʳ ʧʨʠ ʧʦʜʜʝʨʞʢʝ 

ʈʦʩʘʪʦʤʘ ʚ ʨʘʤʢʘʭ ɼʦʨʦʞʥʦʡ ʢʘʨʪʳ çʂʚʘʥʪʦʚʳʝ ʚʳʯʠʩʣʝʥʠʷè (ɼʦʛʦʚʦʨ ˉ 868/1817-ɼ ʦʪ 20 ʦʢʪʷʙʨʷ 

2025 ʛ. ʠ ɼʦʛʦʚʦʨ ˉ 868/1818-ɼ ʦʪ 17.10.2025 ʛ.) 
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ʇʦʜʘʚʣʷʶʱʝʝ ʙʦʣʴʰʠʥʩʪʚʦ ʤʥʦʛʦʬʫʥʢʮʠʦʥʘʣʴʥʳʭ ʤʦʥʦʢʨʠʩʪʘʣʣʦʚ ʧʦʣʫʯʘʶʪ ʠʟ ʨʘʩʧʣʘʚʦʚ 

ʥʘʠʙʦʣʝʝ ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʳʤʠ ʤʝʪʦʜʘʤʠ ʥʘʧʨʘʚʣʝʥʥʦʡ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ, ʢ ʢʦʪʦʨʳʤ ʦʪʥʦʩʷʪʩʷ 

ʤʝʪʦʜ r ʏʦʭʨʘʣʴʩʢʦʛʦ, ɹʨʠʜʞʤʝʥʘ-ʉʪʦʢʙʘʨʛʝʨʘ, ʙʝʩʪʠʛʝʣʴʥʦʡ ʟʦʥʥʦʡ ʧʣʘʚʢʠ (ɹɿʇ) ʠ 

ʛʦʨʠʟʦʥʪʘʣʴʥʦʡ ʥʘʧʨʘʚʣʝʥʥʦʡ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ (ɻʅʂ). ɺʦ ʚʩʝʭ ʵʪʠʭ ʤʝʪʦʜʘʭ ʥʘ ʢʘʯʝʩʪʚʦ ʢʨʠʩʪʘʣʣʦʚ 

ʚʣʠʷʝʪ ʢʦʥʚʝʢʪʠʚʥʳʡ ʪʝʧʣʦ- ʠ ʤʘʩʩʦʦʙʤʝʥ ʚ ʨʘʩʧʣʘʚʝ, ʦʩʦʙʝʥʥʦ ʚʙʣʠʟʠ ʬʨʦʥʪʘ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ 

(ʌʂ) ʥʘ ʩʪʘʜʠʠ ʧʝʨʝʭʦʜʘ ʨʘʩʧʣʘʚ-ʢʨʠʩʪʘʣʣ [1-3]. ʉʫʱʝʩʪʚʝʥʥʦ ʚʣʠʷʝʪ ʠ ʪʝʧʣʦʦʪʜʘʯʘ ʦʪ ʢʨʠʩʪʘʣʣʘ ʚ 

ʦʢʨʫʞʘʶʱʫʶ ʩʨʝʜʫ ʚ ʨʦʩʪʦʚʦʡ ʢʘʤʝʨʝ, ʦʪ ʦʩʦʙʝʥʥʦʩʪʝʡ ʢʦʪʦʨʦʡ ʟʘʚʠʩʷʪ ʧʦʣʷ ʪʝʤʧʝʨʘʪʫʨʳ ʠ 

ʛʨʘʜʠʝʥʪʦʚ ʪʝʤʧʝʨʘʪʫʨʳ ʚ ʢʨʠʩʪʘʣʣʘʭ ʚ ʧʨʦʮʝʩʩʝ ʨʦʩʪʘ [4]. ʆʪ ʨʝʞʠʤʦʚ ʩʦʧʨʷʞʝʥʥʦʛʦ ʪʝʧʣʦʦʙʤʝʥʘ 

ʟʘʚʠʩʠʪ ʦʜʥʦʨʦʜʥʦʩʪʴ ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʢʨʠʩʪʘʣʣʦʚ. ʅʝʧʦʩʨʝʜʩʪʚʝʥʥʦ ʥʘ 

ʨʦʩʪʦʚʳʭ ʫʩʪʘʥʦʚʢʘʭ ʠʟʫʯʘʪʴ ʦʩʦʙʝʥʥʦʩʪʠ ʢʦʥʚʝʢʪʠʚʥʳʭ ʧʨʦʮʝʩʩʦʚ ʚ ʨʘʩʧʣʘʚʘʭ, ʚʢʣʶʯʘʷ 

ʣʘʤʠʥʘʨʥʦ-ʪʫʨʙʫʣʝʥʪʥʳʝ ʧʝʨʝʭʦʜʳ ʚ ʨʘʩʧʣʘʚʝ ʫ ʌʂ ʠ ʚ ʧʦʛʨʘʥʠʯʥʳʭ ʩʣʦʷʭ ʥʘ ʦʙʨʘʟʫʶʱʠʭ 

ʢʨʠʩʪʘʣʣʦʚ ʧʨʠ ʨʘʜʠʘʮʠʦʥʥʦ-ʢʦʥʚʝʢʪʠʚʥʦʡ  ʪʝʧʣʦʦʪʜʘʯʝ ʦʪ ʢʨʠʩʪʘʣʣʦʚ ʚ ʦʢʨʫʞʘʶʱʫʶ ʩʨʝʜʫ ʚ 

ʨʦʩʪʦʚʦʡ ʢʘʤʝʨʝ ʧʨʘʢʪʠʯʝʩʢʠ ʥʝʚʦʟʤʦʞʥʦ. ʇʦʵʪʦʤʫ ʮʝʣʝʩʦʦʙʨʘʟʥʦ ʠʩʩʣʝʜʦʚʘʥʠʷ ʦʩʥʦʚʥʳʭ 

ʟʘʢʦʥʦʤʝʨʥʦʩʪʝʡ ʢʦʥʚʝʢʪʠʚʥʳʭ ʧʨʦʮʝʩʩʦʚ ʧʨʦʚʦʜʠʪʴ ʢʦʤʧʣʝʢʩʥʦ, ʩʦʯʝʪʘʷ ʚʦʟʤʦʞʥʦʩʪʠ 

ʬʠʟʠʯʝʩʢʦʛʦ ʠ ʯʠʩʣʝʥʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠ ̫ [1-4]. ʇʨʦʚʝʜʝʥʳ ʠʩʩʣʝʜʦʚʘʥʠʷ ʛʠʜʨʦʜʠʥʘʤʠʢʠ ʠ 

ʪʝʧʣʦʦʙʤʝʥʘ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʠ ʯʠʩʣʝʥʥʦ ʚ ʫʩʣʦʚʠʷʭ, ʭʘʨʘʢʪʝʨʥʳʭ ʜʣʷ ʦʩʥʦʚʥʳʭ ʤʝʪʦʜʦʚ 

ʥʘʧʨʘʚʣʝʥʥʦʡ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ. ʀʟʫʯʝʥʦ ʚʣʠʷʥʠʝ ʢʦʥʚʝʢʪʠʚʥʦʛʦ ʪʝʧʣʦʦʙʤʝʥʘ ʥʘ ʬʦʨʤʳ ʌʂ ʠ 

ʨʘʜʠʘʮʠʦʥʥʦ-ʢʦʥʚʝʢʪʠʚʥʦʛʦ ʪʝʧʣʦʦʙʤʝʥʘ ʥʘ ʧʦʣʷ ʪʝʤʧʝʨʘʪʫʨʳ ʚ ʢʨʠʩʪʘʣʣʘʭ. ʀʩʩʣʝʜʦʚʘʥʠʷ 

ʚʳʧʦʣʥʝʥʳ ʚ ʰʠʨʦʢʦʤ ʜʠʘʧʘʟʦʥʝ ʟʥʘʯʝʥʠʡ ʯʠʩʝʣ ʇʨʘʥʜʪʣʷ: 0,05 ¢ Pr ¢ 2700, ʚ ʨʝʞʠʤʘʭ ʪʝʧʣʦʚʦʡ 

ʛʨʘʚʠʪʘʮʠʦʥʥʦ-ʢʘʧʠʣʣʷʨʥʦʡ ʠ ʩʤʝʰʘʥʥʦʡ ʢʦʥʚʝʢʮʠʠ. ʇʨʠ ʨʘʟʣʠʯʥʳʭ ʦʪʥʦʩʠʪʝʣʴʥʳʭ ʚʳʩʦʪʘʭ 

ʩʣʦʝʚ ʨʘʩʧʣʘʚʦʚ ʚ ʥʝʧʦʜʚʠʞʥʳʭ ʠ ʚʨʘʱʘʶʱʠʭʩʷ ʪʠʛʣʷʭ. ʇʨʠ ʨʘʟʣʠʯʥʳʭ ʦʪʥʦʰʝʥʠʷʭ ʨʘʜʠʫʩʦʚ 

ʪʠʛʣʝʡ ʠ ʢʨʠʩʪʘʣʣʦʚ ʠʩʩʣʝʜʦʚʘʥʦ ʚʣʠʷʥʠʝ ʧʝʨʝʧʘʜʦʚ ʪʝʤʧʝʨʘʪʫʨʳ ʤʝʞʜʫ ʩʪʝʥʢʘʤʠ ʪʠʛʣʝʡ ʠ ʌʂ ʠ 

ʩʢʦʨʦʩʪʝʡ ʚʨʘʱʝʥʠʷ ʢʨʠʩʪʘʣʣʦʚ ʥʘ ʬʦʨʤʳ ʌʂ. ʊʝʧʣʦʦʪʜʘʯʘ ʦʪ ʢʨʠʩʪʘʣʣʦʚ ʠʟʫʯʝʥʘ ʧʨʠ ʨʘʟʣʠʯʥʳʭ 

ʜʣʠʥʘʭ ʠ ʧʨʠ ʨʘʟʣʠʯʥʳʭ ʨʝʞʠʤʘʭ ʪʝʧʣʦʦʙʤʝʥʘ ʢʨʠʩʪʘʣʣʦʚ ʩ ʦʢʨʫʞʘʶʱʝʡ ʩʨʝʜʦʡ. ɺʦ ʚʩʝʭ ʩʣʫʯʘʷʭ 

ʦʧʨʝʜʝʣʝʥʳ ʛʨʘʥʠʮʳ ʧʝʨʝʭʦʜʦʚ ʦʪ ʣʘʤʠʥʘʨʥʳʭ ʢ ʪʫʨʙʫʣʝʥʪʥʳʤ ʨʝʞʠʤʘʤ ʪʝʯʝʥʠʷ. ɺ 

ʥʝʩʪʘʮʠʦʥʘʨʥʳʭ ʨʝʞʠʤʘʭ ʠʟʫʯʝʥʦ ʚʣʠʷʥʠʝ ʘʤʧʣʠʪʫʜʥʦ-ʯʘʩʪʦʪʥʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʧʫʣʴʩʘʮʠʡ 

ʪʝʤʧʝʨʘʪʫʨʳ ʥʘ ʤʛʥʦʚʝʥʥʳʝ ʬʦʨʤʳ ʌʂ ʠ ʥʘ ʛʨʘʜʠʝʥʪʳ ʪʝʤʧʝʨʘʪʫʨʳ ʚ ʢʨʠʩʪʘʣʣʘʭ. ʀʩʩʣʝʜʦʚʘʥʦ 

ʚʣʠʷʥʠʝ ʠʥʚʝʨʩʥʦʡ ʟʘʚʠʩʠʤʦʩʪʠ ʧʣʦʪʥʦʩʪʠ ʨʘʩʧʣʘʚʘ ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ ʥʘ ʦʩʦʙʝʥʥʦʩʪʠ 

ʛʠʜʨʦʜʠʥʘʤʠʢʠ, ʪʝʧʣʦʦʙʤʝʥ ʠ ʬʦʨʤʳ ʌʂ.  

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʚ ʨʘʤʢʘʭ ɻʦʩ. ʟʘʜʘʥʠʷ ʀʊ ʉʆ ʈɸʅ 0257-2021-0003, ʥʦʤʝʨ ʛʦʩ. 
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ʉʘʤʘʨʜʘʢ ɸ.ʉ. 
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ɼʠʥʘʤʠʯʝʩʢʦʝ ʨʘʟʚʠʪʠʝ ʠʥʬʦʨʤʘʮʠʦʥʥʳʭ ʪʝʭʥʦʣʦʛʠʡ ʚʳʟʳʚʘʝʪ ʩʧʨʦʩ ʥʘ 

ʵʥʝʨʛʦʵʬʬʝʢʪʠʚʥʳʝ ʵʣʝʢʪʨʦʥʥʳʝ ʢʦʤʧʦʥʝʥʪʳ ʠ ʵʣʝʤʝʥʪʳ ʧʘʤʷʪʠ, ʯʪʦ ʧʦʜʚʠʛʘʝʪ ʫʯʝʥʳʭ ʢ ʧʦʠʩʢʫ 

ʘʣʴʪʝʨʥʘʪʠʚʥʳʭ ʂʄʆʇ-ʪʝʭʥʦʣʦʛʠʠ ʨʝʰʝʥʠʡ. ɺ ʵʪʦʤ ʢʦʥʪʝʢʩʪʝ ʩʧʠʥ-ʦʨʙʠʪʨʦʥʥʳʝ ʤʘʪʝʨʠʘʣʳ ʠ 

ʫʩʪʨʦʡʩʪʚʘ ʥʘ ʠʭ ʦʩʥʦʚʝ ʚʳʜʝʣʷʶʪʩʷ ʚ ʢʘʯʝʩʪʚʝ ʢʦʥʢʫʨʝʥʪʦʩʧʦʩʦʙʥʳʭ ʢʘʥʜʠʜʘʪʦʚ, ʦʩʦʙʝʥʥʦ ʜʣʷ 

ʧʨʠʤʝʥʝʥʠʡ ʚ ʵʥʝʨʛʦʥʝʟʘʚʠʩʠʤʦʡ ʧʘʤʷʪʠ ʠ ʩʚʝʨʭʙʳʩʪʨʦʡ ʣʦʛʠʢʝ. ʇʨʠ ʪʘʢʦʤ ʧʦʜʭʦʜʝ ʠʩʧʦʣʴʟʫʶʪ 

ʫʥʠʢʘʣʴʥʳʝ ʪʨʘʥʩʧʦʨʪʥʳʝ ʩʚʦʡʩʪʚʘ, ʚʦʟʥʠʢʘʶʱʠʝ ʚ ʨʝʟʫʣʴʪʘʪʝ ʩʧʠʥ-ʦʨʙʠʪʘʣʴʥʦʡ ʩʚʷʟʠ ʚ 

ʤʘʛʥʠʪʥʳʭ ʥʘʥʦʛʝʪʝʨʦʩʪʨʫʢʪʫʨʘʭ, ʣʠʰʝʥʥʳʭ ʠʥʚʝʨʩʠʦʥʥʦʡ ʩʠʤʤʝʪʨʠʠ. ɺ ʵʪʠʭ ʩʠʩʪʝʤʘʭ, ʦʙʳʯʥʦ 

ʩʦʩʪʦʷʱʠʭ ʠʟ ʤʥʦʛʦʩʣʦʡʥʳʭ ʬʝʨʨʦʤʘʛʥʝʪʠʢʦʚ ʧʝʨʝʭʦʜʥʳʭ ʤʝʪʘʣʣʦʚ (Co, Ni, Fe ʠ ʠʭ ʩʧʣʘʚʦʚ) ʠ 

ʪʷʞʝʣʳʭ ʤʝʪʘʣʣʦʚ (Pt, Pd, W, Ta, Ru ʠ ʩʧʣʘʚʦʚ ʪʠʧʘ Bi2Se3, WTe2 ʠ ʜʨ.), ʤʝʞʠʥʪʝʨʬʝʡʩʥʘʷ ʩʧʠʥ-

ʦʨʙʠʪʘʣʴʥʘʷ ʩʚʷʟʴ ʩʧʦʩʦʙʩʪʚʫʝʪ ʚʦʟʥʠʢʥʦʚʝʥʠʶ ʤʥʦʞʝʩʪʚʘ ʠʥʪʝʨʝʩʥʳʭ ʬʠʟʠʯʝʩʢʠʭ ʷʚʣʝʥʠʡ: 

ʛʝʥʝʨʘʮʠʠ ʩʧʠʥ-ʦʨʙʠʪʘʣʴʥʳʭ ʢʨʫʪʷʱʠʭ ʤʦʤʝʥʪʦʚ (ʘʥʛʣ. spin-orbit torques, SOT), ʚʟʘʠʤʥʦʤʫ 

ʧʨʝʚʨʘʱʝʥʠʶ ʩʧʠʥʦʚʦʛʦ ʠ ʟʘʨʷʜʦʚʦʛʦ ʪʦʢʦʚ ʠ ʩʪʘʙʠʣʠʟʘʮʠʠ ʪʦʧʦʣʦʛʠʯʝʩʢʠʭ ʤʘʛʥʠʪʥʳʭ 

ʩʢʠʨʤʠʦʥʦʚ [1]. ʆʪʢʨʳʪʠʝ ʵʪʠʭ ʵʬʬʝʢʪʦʚ ʚʳʟʚʘʣʦ ʥʦʚʫʶ ʚʦʣʥʫ ʠʥʪʝʨʝʩʘ ʢ ʤʘʛʥʠʪʥʳʤ ʤʘʪʝʨʠʘʣʘʤ, 

ʯʪʦ ʚ ʠʪʦʛʝ ʧʨʠʚʝʣʦ ʢ ʥʘʫʯʥʦ-ʪʝʭʥʠʯʝʩʢʠʤ ʧʨʦʨʳʚʘʤ, ʚʢʣʶʯʘʷ ʩʚʝʨʭʙʳʩʪʨʦʝ ʧʝʨʝʢʣʶʯʝʥʠʝ 

ʤʘʛʥʠʪʥʦʛʦ ʩʦʩʪʦʷʥʠʷ, ʛʝʥʝʨʘʮʠʶ ʪʝʨʘʛʝʨʮʝʚʦʛʦ ʠʟʣʫʯʝʥʠ ̫ [2] ʠ ʫʧʨʘʚʣʷʝʤʦʝ ʪʦʢʦʤ ʜʚʠʞʝʥʠʝ 

ʩʢʠʨʤʠʦʥʦʚ ʠ ʜʦʤʝʥʥʳʭ ʩʪʝʥʦʢ.  

 ʆʜʥʠʤ ʠʟ ʥʘʠʙʦʣʝʝ ʧʝʨʩʧʝʢʪʠʚʥʳʭ ʥʘʧʨʘʚʣʝʥʠʡ ʨʘʟʚʠʪʠʷ ʤʠʢʨʦʵʣʝʢʪʨʦʥʠʢʠ ʷʚʣʷʝʪʩʷ 

ʤʘʛʥʠʪʦʨʝʟʠʩʪʠʚʥʘʷ ʧʘʤʷʪʴ ʩ ʧʨʦʠʟʚʦʣʴʥʳʤ ʜʦʩʪʫʧʦʤ (SOT-MRAM), ʦʙʣʘʜʘʶʱʘʷ 

ʵʥʝʨʛʦʥʝʟʘʚʠʩʠʤʦʩʪʴʶ, ʚʳʩʦʢʦʡ ʩʢʦʨʦʩʪʴʶ ʠ ʥʘʜʝʞʥʦʩʪʴʶ. ɺ ʦʩʥʦʚʝ SOT-ʫʩʪʨʦʡʩʪʚʘ ʣʝʞʠʪ 

ʛʝʪʝʨʦʩʪʨʫʢʪʫʨʘ çʪʷʞʝʣʳʡ ʤʝʪʘʣʣ/ʩʚʦʙʦʜʥʳʡ ʬʝʨʨʦʤʘʛʥʠʪʥʳʡ ʩʣʦʡ/ʪʫʥʥʝʣʴʥʳʡ 

ʙʘʨʴʝʨ/ʬʠʢʩʠʨʦʚʘʥʥʳʡ ʩʣʦʡè. ʊʦʢ ʚ ʪʷʞʝʣʦʤ ʤʝʪʘʣʣʝ (ʥʘʧʨʠʤʝʨ, Pt, Ta, W) ʛʝʥʝʨʠʨʫʝʪ ʩʧʠʥʦʚʳʡ 

ʪʦʢ, ʢʦʪʦʨʳʡ ʚʦʟʜʝʡʩʪʚʫʝʪ ʥʘ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʴ ʩʦʩʝʜʥʝʛʦ ʬʝʨʨʦʤʘʛʥʠʪʥʦʛʦ ʩʣʦʷ, ʚʳʟʳʚʘʷ ʝʛʦ 

ʧʝʨʝʢʣʶʯʝʥʠʝ [3]. ʅʝʩʤʦʪʨʷ ʥʘ ʧʨʝʠʤʫʱʝʩʪʚʘ, ʰʠʨʦʢʦʤʫ ʚʥʝʜʨʝʥʠʶ SOT-ʫʩʪʨʦʡʩʪʚ ʧʨʝʧʷʪʩʪʚʫʶʪ 

ʬʫʥʜʘʤʝʥʪʘʣʴʥʳʝ ʠ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʝ ʧʨʦʙʣʝʤʳ: ʥʠʟʢʘʷ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʛʝʥʝʨʘʮʠʠ SOT, 

ʥʝʦʙʭʦʜʠʤʦʩʪʴ ʚʥʝʰʥʝʛʦ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʜʣʷ ʧʝʨʝʢʣʶʯʝʥʠʷ ʠ ʜʝʬʝʢʪʥʦʩʪʴ ʠʥʪʝʨʬʝʡʩʦʚ ʚ 

ʪʨʘʜʠʮʠʦʥʥʳʭ ʪʦʥʢʦʧʣʝʥʦʯʥʳʭ ʩʠʩʪʝʤʘʭ. ʈʝʰʝʥʠʝʤ ʷʚʣʷʝʪʩʷ ʧʝʨʝʭʦʜ ʢ ʥʦʚʳʤ ʤʘʪʝʨʠʘʣʘʤ. ɺ 

ʧʦʩʣʝʜʥʠʝ ʛʦʜʳ ʜʚʫʤʝʨʥʳʝ (2D) ʚʘʥ-ʜʝʨ-ʚʘʘʣʴʩʦʚʳ ʤʘʪʝʨʠʘʣʳ, ʪʘʢʠʝ ʢʘʢ ʤʘʛʥʠʪʥʳʝ Fe GeTe , CrI , 

Cr Ge Te , ʦʪʢʨʳʣʠ ʫʥʠʢʘʣʴʥʳʝ ʚʦʟʤʦʞʥʦʩʪʠ ʜʣʷ ʩʦʟʜʘʥʠʷ ʫʣʴʪʨʘʪʦʥʢʠʭ ʛʝʪʝʨʦʩʪʨʫʢʪʫʨ ʩ 

ʘʪʦʤʘʨʥʦ ʛʣʘʜʢʠʤʠ ʠʥʪʝʨʬʝʡʩʘʤʠ ʠ ʫʧʨʘʚʣʷʝʤʳʤʠ ʩʚʦʡʩʪʚʘʤʠ [4]. ɺ ʜʦʢʣʘʜʝ ʙʫʜʫʪ ʧʨʝʜʩʪʘʚʣʝʥʳ 

ʧʝʨʩʧʝʢʪʠʚʥʳʝ ʨʘʟʨʘʙʦʪʢʠ ʃʘʙʦʨʘʪʦʨʠʠ ʩʧʠʥ-ʦʨʙʠʪʨʦʥʠʢʠ ɼɺʌʋ ʠ ʧʨʝʜʣʦʞʝʥʘ ʩʪʨʘʪʝʛʠʷ 

ʜʘʣʴʥʝʡʰʝʛʦ ʨʘʟʚʠʪʠʷ ʦʪʝʯʝʩʪʚʝʥʥʦʡ ʤʠʢʨʦʵʣʝʢʪʨʦʥʠʢʠ ʥʘ ʥʦʚʳʭ ʬʠʟʠʯʝʩʢʠʭ ʧʨʠʥʮʠʧʘʭ. ʈʘʙʦʪʘ 

ʚʳʧʦʣʥʝʥʘ ʚ ʨʘʤʢʘʭ ʛʦʩʟʘʜʘʥʠʷ ˉ FZNS-2026-0013. 
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ɸʢʪʫʘʣʴʥʦʩʪʴ ʨʘʙʦʪʳ ʦʙʫʩʣʦʚʣʝʥʘ ʧʨʷʤʦʡ ʟʘʚʠʩʠʤʦʩʪʴʶ ʧʘʨʘʤʝʪʨʦʚ ʩʦʚʨʝʤʝʥʥʳʭ 

ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʭ ʧʨʠʙʦʨʦʚ (ʛʝʪʝʨʦʩʪʨʫʢʪʫʨ ʜʣʷ ʉɺʏ-ʵʣʝʢʪʨʦʥʠʢʠ, ʦʧʪʦʵʣʝʢʪʨʦʥʠʢʠ ʠ ʩʠʣʦʚʦʡ 

ʵʣʝʢʪʨʦʥʠʢʠ) ʦʪ ʩʦʜʝʨʞʘʥʠʷ ʦʩʪʘʪʦʯʥʳʭ ʧʨʠʤʝʩʝʡ ʚ ʠʩʭʦʜʥʳʭ ʧʨʝʢʫʨʩʦʨʘʭ. ʉʥʠʞʝʥʠʝ ʫʨʦʚʥʷ 

ʬʦʥʦʚʦʛʦ ʣʝʛʠʨʦʚʘʥʠʷ ʠ ʢʦʤʧʝʥʩʘʮʠʠ ʚ ʵʧʠʪʘʢʩʠʘʣʴʥʳʭ ʩʣʦʷʭ, ʚʳʨʘʱʠʚʘʝʤʳʭ ʤʝʪʦʜʘʤʠ ʄʆʉ-

ʛʠʜʨʠʜʥʦʡ ʵʧʠʪʘʢʩʠʠ (CVD, MBE), ʪʨʝʙʫʝʪ ʧʨʠʤʝʥʝʥʠʷ ʤʘʪʝʨʠʘʣʦʚ ʩ ʙʝʩʧʨʝʮʝʜʝʥʪʥʦ ʚʳʩʦʢʦʡ 

ʯʠʩʪʦʪʦʡ (6N ʠ ʚʳʰʝ). ʂʨʦʤʝ ʪʦʛʦ, ʚ ʫʩʣʦʚʠʷʭ ʠʤʧʦʨʪʦʟʘʤʝʱʝʥʠʷ ʢʨʠʪʠʯʝʩʢʠ ʚʘʞʥʳʤ ʷʚʣʷʝʪʩʷ 

ʩʦʟʜʘʥʠʝ ʧʦʣʥʦʩʪʴʶ ʦʪʝʯʝʩʪʚʝʥʥʦʡ ʩʳʨʴʝʚʦʡ ʙʘʟʳ ʜʣʷ ʵʣʝʢʪʨʦʥʥʦʡ ʧʨʦʤʳʰʣʝʥʥʦʩʪʠ. 

ʅʘ ʙʘʟʝ ɸʆ çʅʇʇ çʉʘʣʶʪè ʩʦʟʜʘʥ ʠ ʙʦʣʝʝ 25 ʣʝʪ ʧʦʜ ʨʫʢʦʚʦʜʩʪʚʦʤ ɸʥʘʪʦʣʠʷ ʇʘʚʣʦʚʠʯʘ 

ʂʦʪʢʦʚʘ ʨʘʟʚʠʚʘʝʪʩʷ ʧʦʣʥʳʡ ʮʠʢʣ ʧʨʦʠʟʚʦʜʩʪʚʘ ʢʣʶʯʝʚʳʭ ʢʦʤʧʦʥʝʥʪʦʚ ʛʘʟʦʚʦʡ ʠ ʪʚʝʨʜʦʪʝʣʴʥʦʡ 

ʵʣʝʤʝʥʪʥʦʡ ʙʘʟʳ. ɺ ʨʘʤʢʘʭ ʝʜʠʥʦʛʦ ʥʘʫʯʥʦ-ʧʨʦʠʟʚʦʜʩʪʚʝʥʥʦʛʦ ʮʝʥʪʨʘ ʩʬʦʨʤʠʨʦʚʘʥʘ ʢʦʤʧʣʝʢʩʥʘʷ 

ʪʝʭʥʦʣʦʛʠʯʝʩʢʘʷ ʧʣʘʪʬʦʨʤʘ, ʦʭʚʘʪʳʚʘʶʱʘʷ ʩʠʥʪʝʟ, ʛʣʫʙʦʢʫʶ ʦʯʠʩʪʢʫ ʠ ʢʦʥʪʨʦʣʴ ʩʚʦʡʩʪʚ 

ʦʩʥʦʚʥʳʭ ʢʣʘʩʩʦʚ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʭ ʤʘʪʝʨʠʘʣʦʚ. ʕʪʦ ʧʦʟʚʦʣʠʣʦ ʧʝʨʝʡʪʠ ʢ ʠʤʧʦʨʪʦʥʝʟʘʚʠʩʠʤʦʤʫ 

ʧʨʦʠʟʚʦʜʩʪʚʫ ʧʨʝʢʫʨʩʦʨʦʚ ʢʚʘʣʠʬʠʢʘʮʠʠ çʰʝʩʪʴ ʜʝʚʷʪʦʢè (6N) ʠ ʚʳʰʝ. 

ʉʠʥʪʝʟʠʨʦʚʘʥʳ ʠ ʘʪʪʝʩʪʦʚʘʥʳ ʚʳʩʦʢʦʯʠʩʪʳʝ ʛʠʜʨʠʜʥʳʝ ʛʘʟʳ ʢʚʘʣʠʬʠʢʘʮʠʠ 6N (ʘʨʩʠʥ, 

ʬʦʩʬʠʥ, ʘʤʤʠʘʢ), ʧʦʣʫʯʝʥʥʳʝ ʤʝʪʦʜʦʤ ʥʠʟʢʦʪʝʤʧʝʨʘʪʫʨʥʦʡ ʨʝʢʪʠʬʠʢʘʮʠʠ. ʅʘ ʠʭ ʦʩʥʦʚʝ ʧʦʣʫʯʝʥʳ 

ʧʨʝʮʠʟʠʦʥʥʳʝ ʛʘʟʦʚʳʝ ʩʤʝʩʠ (ʤʦʥʦʩʠʣʘʥ, ʬʦʩʬʠʥ, ʘʨʩʠʥ ʚ H2/He) ʩ ʟʘʜʘʥʥʳʤ ʫʨʦʚʥʝʤ ʣʝʛʠʨʫʶʱʠʭ 

ʢʦʤʧʦʥʝʥʪʦʚ, ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ ʧʨʠʛʦʜʥʳʝ ʜʣʷ ʧʨʦʚʝʜʝʥʠʷ ʧʨʦʮʝʩʩʦʚ ʵʧʠʪʘʢʩʠʠ. 

ʄʝʪʦʜʦʤ ʛʣʫʙʦʢʦʡ ʦʯʠʩʪʢʠ ʧʦʣʫʯʝʥʳ ʚʳʩʦʢʦʯʠʩʪʳʝ ʛʘʣʦʛʝʥʠʜʳ: ʪʝʪʨʘʭʣʦʨʠʜ ʢʨʝʤʥʠʷ, 

ʪʨʠʭʣʦʨʠʜʳ ʤʳʰʴʷʢʘ ʠ ʙʦʨʘ, ʘ ʪʘʢʞʝ ʪʨʠʬʪʦʨʠʜ ʙʦʨʘ. ɼʦʩʪʠʛʥʫʪʦʝ ʩʦʜʝʨʞʘʥʠʝ ʦʩʪʘʪʦʯʥʳʭ 

ʧʨʠʤʝʩʝʡ (ʥʘ ʫʨʦʚʥʝ 10-6 ʤʘʩ.%) ʧʦʟʚʦʣʷʝʪ ʠʩʧʦʣʴʟʦʚʘʪʴ ʜʘʥʥʳʝ ʩʦʝʜʠʥʝʥʠʷ ʚ ʢʘʯʝʩʪʚʝ ʠʩʭʦʜʥʳʭ 

ʨʝʘʛʝʥʪʦʚ ʜʣʷ CVD-ʧʨʦʮʝʩʩʦʚ, ʚʢʣʶʯʘʷ ʩʠʥʪʝʟ ʟʘʛʦʪʦʚʦʢ ʜʣʷ ʧʨʦʠʟʚʦʜʩʪʚʘ ʢʚʘʨʮʝʚʦʛʦ ʦʧʪʦʚʦʣʦʢʥʘ 

ʩ ʥʠʟʢʠʤʠ ʦʧʪʠʯʝʩʢʠʤʠ ʧʦʪʝʨʷʤʠ. 

ʇʦʣʫʯʝʥʳ ʢʨʠʩʪʘʣʣʠʯʝʩʢʠʝ ʤʘʪʝʨʠʘʣʳ: ʤʦʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʝ ʩʣʠʪʢʠ ʢʨʝʤʥʠʷ ʤʝʪʦʜʦʤ 

ʙʝʩʪʠʛʝʣʴʥʦʡ ʟʦʥʥʦʡ ʧʣʘʚʢʠ (FZ-Si), ʘ ʪʘʢʞʝ ʤʳʰʴʷʢ ʚʳʩʦʢʦʡ ʯʠʩʪʦʪʳ, ʧʦʣʫʯʝʥʥʳʡ ʪʝʨʤʠʯʝʩʢʠʤ 

ʨʘʟʣʦʞʝʥʠʝʤ ʚʳʩʦʢʦʯʠʩʪʦʛʦ ʘʨʩʠʥʘ (6N). ʇʦʣʫʯʝʥʥʳʡ ʤʳʰʴʷʢ ʧʨʠʛʦʜʝʥ ʜʣʷ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʚ 

ʢʘʯʝʩʪʚʝ ʠʩʪʦʯʥʠʢʘ ʣʝʛʠʨʫʶʱʝʡ ʧʨʠʤʝʩʠ ʠʣʠ ʢʦʤʧʦʥʝʥʪʘ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʭ ʩʦʝʜʠʥʝʥʠʡ A3B5. 

ʈʘʟʨʘʙʦʪʘʥʘ ʥʦʤʝʥʢʣʘʪʫʨʘ ʚʳʩʦʢʦʯʠʩʪʳʭ ʤʝʪʘʣʣʦʦʨʛʘʥʠʯʝʩʢʠʭ ʩʦʝʜʠʥʝʥʠʡ (ʄʆʉ) ʜʣʷ 

ʄʆʉ-ʛʠʜʨʠʜʥʦʡ ʵʧʠʪʘʢʩʠʠ: ʪʨʠʤʝʪʠʣʛʘʣʣʠʡ (TMGa), ʪʨʠʤʝʪʠʣʘʣʶʤʠʥʠʡ (TMAl), ʜʠʵʪʠʣʮʠʥʢ 

(DEZn), ʘ ʪʘʢʞʝ ʪʨʠʵʪʠʣʴʥʳʝ ʘʥʘʣʦʛʠ ʛʘʣʣʠʷ ʠ ʘʣʶʤʠʥʠʷ. ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʩʦʜʝʨʞʘʥʠʝ 

ʣʠʤʠʪʠʨʫʝʤʳʭ ʧʨʠʤʝʩʝʡ ʚ ʧʦʣʫʯʝʥʥʳʭ ʄʆʉ ʥʝ ʧʨʝʚʳʰʘʝʪ 10-4 ʤʘʩ.%, ʯʪʦ ʩʦʦʪʚʝʪʩʪʚʫʝʪ 

ʪʨʝʙʦʚʘʥʠʷʤ ʜʣʷ ʨʦʩʪʘ ʘʢʪʠʚʥʳʭ ʦʙʣʘʩʪʝʡ ʧʨʠʙʦʨʥʳʭ ʛʝʪʝʨʦʩʪʨʫʢʪʫʨ. 

ɺ ʨʝʟʫʣʴʪʘʪʝ ʧʨʦʚʝʜʝʥʥʳʭ ʨʘʙʦʪ ʩʦʟʜʘʥʘ ʠ ʚʥʝʜʨʝʥʘ ʣʠʥʝʡʢʘ ʚʳʩʦʢʦʯʠʩʪʳʭ ʚʝʱʝʩʪʚ 

(ʛʠʜʨʠʜʳ, ʛʘʣʦʛʝʥʠʜʳ, ʄʆʉ, ʢʨʠʩʪʘʣʣʠʯʝʩʢʠʝ ʤʘʪʝʨʠʘʣʳ), ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ ʧʨʠʛʦʜʥʳʭ ʜʣʷ 

ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʚ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʭ ʮʠʢʣʘʭ ʧʨʦʠʟʚʦʜʩʪʚʘ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʭ ʧʨʠʙʦʨʦʚ. 

ʈʘʟʨʘʙʦʪʘʥʥʳʝ ʤʘʪʝʨʠʘʣʳ ʦʙʝʩʧʝʯʠʚʘʶʪ ʚʦʟʤʦʞʥʦʩʪʴ ʧʦʣʫʯʝʥʠʷ ʵʧʠʪʘʢʩʠʘʣʴʥʳʭ ʩʪʨʫʢʪʫʨ ʩ 

ʥʠʟʢʠʤ ʫʨʦʚʥʝʤ ʦʩʪʘʪʦʯʥʦʛʦ ʬʦʥʦʚʦʛʦ ʣʝʛʠʨʦʚʘʥʠʷ (ʤʝʥʝʝ 1015 ʩʤ-3), ʯʪʦ ʷʚʣʷʝʪʩʷ ʥʝʦʙʭʦʜʠʤʳʤ 

ʫʩʣʦʚʠʝʤ ʜʣʷ ʩʦʟʜʘʥʠʷ ʧʨʠʙʦʨʦʚ ʩ ʚʳʩʦʢʦʡ ʧʦʜʚʠʞʥʦʩʪʴʶ ʥʦʩʠʪʝʣʝʡ ʟʘʨʷʜʘ ʠ ʨʝʘʣʠʟʘʮʠʠ 

ʠʤʧʦʨʪʦʟʘʤʝʱʝʥʠʷ ʚ ʩʝʢʪʦʨʝ ʧʨʦʠʟʚʦʜʩʪʚʘ ʤʘʪʝʨʠʘʣʦʚ ʜʣʷ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʦʡ ʵʣʝʢʪʨʦʥʠʢʠ.  
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ʉʦʩʪʦʷʥʠʝ ʩʪʘʥʜʘʨʪʠʟʘʮʠʠ ʚ ʦʙʣʘʩʪʠ ʠʟʤʝʨʝʥʠʷ ʦʩʥʦʚʥʳʭ ʧʘʨʘʤʝʪʨʦʚ  

ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʭ ʤʘʪʝʨʠʘʣʦʚ 

ʂʦʙʝʣʝʚʘ ʉ.ʇ.1,2), ʑʝʤʝʨʦʚ ʀ.ɺ.1,2), ɸʥʬʠʤʦʚ ʀ.ʄ.2), ʂʦʣʦʢʦʣʦʚ ɼ.ɻ.3) 
1)ʅʘʮʠʦʥʘʣʴʥʳʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʡ ʫʥʠʚʝʨʩʠʪʝʪ çʄʀʉʠʉè, ʛ. ʄʦʩʢʚʘ,  

2)ʆʆʆ çʈʘʟʨʘʙʦʪʢʘ ʠ ʠʟʛʦʪʦʚʣʝʥʠʝ ʠʟʤʝʨʠʪʝʣʴʥʳʭ ʩʠʩʪʝʤè, ʛ. ʄʦʩʢʚʘ. 
3)ɸʢʮʠʦʥʝʨʥʦʝ ʦʙʱʝʩʪʚʦ çʅʘʫʯʥʦ-ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʠʥʩʪʠʪʫʪ ʧʨʠʙʦʨʦʚè, ʛ. ʃʳʪʢʘʨʠʥʦ 

 e-mail: kob@misis.ru 

 

ɺ ʜʦʢʣʘʜʝ ʘʥʘʣʠʟʠʨʫʝʪʩʷ ʩʠʩʪʝʤʘ ʤʝʞʜʫʥʘʨʦʜʥʳʭ ʩʪʘʥʜʘʨʪʦʚ ʦʨʛʘʥʠʟʘʮʠʠ SEMI 

(Semiconductor Equipment and Manufacturing International), ʚʢʣʶʯʘʶʱʠʭ ʠʟʤʝʨʝʥʠʷ ʫʜʝʣʴʥʦʛʦ ʠ 

ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ ʵʣʝʢʪʨʦʩʦʧʨʦʪʠʚʣʝʥʠʷ (r ʠ Rʢʚ), ʨʝʢʦʤʙʠʥʘʮʠʦʥʥʦʛʦ ʚʨʝʤʝʥʠ ʞʠʟʥʠ ʩʚʦʙʦʜʥʳʭ 

ʥʦʩʠʪʝʣʝʡ ʟʘʨʷʜʘ (t) ʠ ʧʘʨʘʤʝʪʨʦʚ, ʠʟʤʝʨʷʝʤʳʭ ʧʦ ʵʬʬʝʢʪʫ ʍʦʣʣʘ. 

ɼʦʩʪʠʛʥʫʪ ʦʧʨʝʜʝʣʝʥʥʳʡ ʧʨʦʛʨʝʩʩ ʚ ʦʪʥʦʰʝʥʠʠ ʠʟʤʝʨʝʥʠʷ  r ʠ Rʢʚ  ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ 

ʩʠʪʫʘʮʠʝʡ, ʘʥʘʣʠʟʠʨʦʚʘʥʥʦʡ ʚ [1], ʥʦ ʧʦ ʩʫʱʝʩʪʚʫ ʘʥʘʣʦʛʦʚ ʧʨʝʜʣʘʛʘʝʤʳʭ ʨʘʩʯʝʪʦʚ, 

ʤʠʥʠʤʠʟʠʨʫʶʱʠʭ ʩʠʩʪʝʤʘʪʠʯʝʩʢʫʶ ʧʦʛʨʝʰʥʦʩʪʴ ʠʟʤʝʨʝʥʠʷ ʵʪʠʭ ʧʘʨʘʤʝʪʨʦʚ, ʚ ʈʌ ʥʘ ʥʘʩʪʦʷʱʠʡ 

ʤʦʤʝʥʪ ʥʝʪ, ʢʘʢ ʥʝ ʚʳʨʘʙʦʪʘʥ ʦʙʱʠʡ ʧʦʜʭʦʜ ʢ ʤʝʪʨʦʣʦʛʠʯʝʩʢʠʤ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤ ʧʨʠʙʦʨʦʚ, 

ʠʟʤʝʨʷʶʱʠʭ ʵʪʠ ʧʘʨʘʤʝʪʨʳ. 

ɽʱʝ ʙʦʣʝʝ ʩʣʦʞʥʘʷ ʩʠʪʫʘʮʠʷ ʥʘʙʣʶʜʘʝʪʩʷ ʚ ʦʪʥʦʰʝʥʠʠ ʦʮʝʥʦʢ t  ʧʦ ʩʧʘʜʫ 

ʬʦʪʦʧʨʦʚʦʜʠʤʦʩʪʠ (ʌʇ). ʆʩʦʙʝʥʥʦ ʢʦʛʜʘ ʵʪʦ ʢʘʩʘʝʪʩʷ ʠʟʤʝʨʝʥʠʷ t  ʥʘ ʥʝʧʘʩʩʠʚʠʨʦʚʘʥʥʳʭ 

ʧʦʚʝʨʭʥʦʩʪʷʭ ʤʦʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ ʢʨʝʤʥʠʷ (ʄʂ), ʚ ʯʘʩʪʥʦʩʪʠ ʥʘ ʩʣʠʪʢʘʭ ʄʂ. ʕʪʦ ʩʚʷʟʘʥʦ ʩ 

ʦʧʨʝʜʝʣʷʶʱʠʤ ʚʣʠʷʥʠʝʤ ʧʦʚʝʨʭʥʦʩʪʥʦʡ ʨʝʢʦʤʙʠʥʘʮʠʠ ʠ ʥʝʦʜʥʦʨʦʜʥʦʡ ʛʝʥʝʨʘʮʠʠ ʥʘ ʢʨʠʚʫʶ 

ʩʧʘʜʘ ʌʇ [2]. ʇʨʝʜʣʦʞʝʥʥʳʝ ʚ ʜʚʫʭ ʩʪʘʥʜʘʨʪʘʭ SEMI ʚʘʨʠʘʥʪʳ ʨʘʩʯʝʪʦʚ ʧʦʩʪʦʷʥʥʳʭ ʩʧʘʜʘ ʌʇ 

[3,4] ʟʘʤʝʪʥʦ ʦʪʣʠʯʘʶʪʩʷ ʠ ʥʝ ʚʩʝʛʜʘ ʫʩʣʦʚʠʷ ʨʘʩʯʝʪʦʚ ʜʦʩʪʠʞʠʤʳ. ʇʦʵʪʦʤʫ ʚʦʟʥʠʢʘʝʪ ʧʦʪʨʝʙʥʦʩʪʴ 

ʚ ʨʘʟʨʘʙʦʪʢʝ ʦʪʝʯʝʩʪʚʝʥʥʦʛʦ ʩʪʘʥʜʘʨʪʘ ʩ ʫʢʘʟʘʥʠʝʤ ʤʝʪʦʜʠʢʠ ʦʮʝʥʢʠ ʧʦʩʪʦʷʥʥʦʡ ʩʧʘʜʘ ʌʇ ʢʘʢ ʥʘ 

ʧʘʩʩʠʚʠʨʦʚʘʥʥʳʭ, ʪʘʢ ʠ ʥʝʧʘʩʩʠʚʠʨʦʚʘʥʥʳʭ ʦʙʨʘʟʮʘʭ. 

ɺ ʨʘʙʦʪʝ ʥʘ ʦʩʥʦʚʝ ʨʘʩʯʝʪʘ ʯʠʩʣʝʥʥʳʤʠ ʤʝʪʦʜʘʤʠ ʘʥʘʣʠʟʠʨʫʶʪʩʷ ʧʨʦʙʣʝʤʳ, ʚʦʟʥʠʢʘʶʱʠʝ 

ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʨʝʢʦʤʝʥʜʘʮʠʡ [4] ʜʣʷ ʨʘʩʯʝʪʦʚ ʧʦʩʪʦʷʥʥʦʡ ʩʧʘʜʘ ʌʇ ʠ ʩʚʷʟʠ ʵʪʦʛʦ ʧʘʨʘʤʝʪʨʘ ʩ 

t ʚ ʦʙʲʝʤʝ ʦʙʨʘʟʮʘ. ʀʤʝʥʥʦ ʵʪʦʪ ʧʘʨʘʤʝʪʨ ʧʨʝʜʩʪʘʚʣʷʝʪ ʠʥʪʝʨʝʩ ʜʣʷ ʦʮʝʥʢʠ ʢʘʯʝʩʪʚʘ ʄʂ. 

ʇʨʝʜʣʦʞʝʥʠʷ ʧʦ ʨʘʟʚʠʪʠʶ ʩʠʩʪʝʤʳ ʩʪʘʥʜʘʨʪʠʟʘʮʠʠ ʚ ʤʝʪʨʦʣʦʛʠʠ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʭ 

ʤʘʪʝʨʠʘʣʦʚ ʦʙʩʫʞʜʘʶʪʩʷ. 

ʃʠʪʝʨʘʪʫʨʘ 

1. ʉ.ʇ. ʂʦʙʝʣʝʚʘ, ʃ.ʇ. ʍʦʣʦʜʥʳʡ. ʄʝʪʨʦʣʦʛʠʯʝʩʢʦʝ ʦʙʝʩʧʝʯʝʥʠʝ ʠʟʤʝʨʝʥʠʷ ʫʜʝʣʴʥʦʛʦ 

ʵʣʝʢʪʨʦʩʦʧʨʦʪʠʚʣʝʥʠʷ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʭ ʤʘʪʝʨʠʘʣʦʚ ʠ ʧʨʦʚʦʜʷʱʠʭ ʥʘʥʦʢʦʤʧʦʟʠʪʦʚ / 5-ʷ 

ʰʢʦʣʘ çʄʝʪʨʦʣʦʛʠʷ ʠ ʩʪʘʥʜʘʨʪʠʟʘʮʠʷ ʚ ʥʘʥʦʪʝʭʥʦʣʦʛʠʷʭ ʠ ʥʘʥʦʠʥʜʫʩʪʨʠʠè / ʏʝʨʥʦʛʦʣʦʚʢʘ, 

2012, ʊʝʟ. ɼʦʢʣʘʜʦʚ, ʩ. 35. 

2. ʀ.ʄ. ɸʥʬʠʤʦʚ, ʉ.ʇ. ʂʦʙʝʣʝʚʘ ʠ ʜʨ. ʂ ʚʦʧʨʦʩʫ ʦʙ ʦʧʨʝʜʝʣʝʥʠʠ ʦʙʲʝʤʥʦʛʦ ʚʨʝʤʝʥʠ ʞʠʟʥʠ ʧʦ 

ʩʧʘʜʫ ʬʦʪʦʧʨʦʚʦʜʠʤʦʩʪʠ ʥʘ ʥʝʧʘʩʩʠʚʠʨʦʚʘʥʥʳʭ ʦʙʨʘʟʮʘʭ ʤʦʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ ʢʨʝʤʥʠʷ. 

ʀʟʚʝʩʪʠʷ ɺʋɿʦʚ. ʄʕʊ. ʊʦʤ 19 ˉ3, 2016, ʩ. 210-216. 

3. Test method for carrier recombination lifetime in silicon wafers by non-contact measurement of 

photoconductivity decay by microwave reflectance.SEMI MF1535.  

4. Test Method for Contactless Excess-Charge-Carrier Recombination Lifetime Measurement in Silicon 

Wafers, Ingots, and Bricks Using an Eddy- Current Sensor, SEMI PV13ï0211, 2011. 
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ʆʩʦʙʦ-ʯʠʩʪʳʝ ʢʚʘʨʮʝʚʳʝ ʢʦʥʮʝʥʪʨʘʪʳ, ʢʘʢ ʥʝʦʙʭʦʜʠʤʘʷ ʦʩʥʦʚʘ ʧʦʣʫʯʝʥʠʷ ʢʨʝʤʥʠʷ ʜʣʷ 

ʩʦʣʥʝʯʥʦʡ ʵʥʝʨʛʝʪʠʢʠ ʠ ʤʠʢʨʦʵʣʝʢʪʨʦʥʠʢʠ 

ʅʝʧʦʤʥʷʱʠʭ ɸ.ʀ., ɽʣʠʩʝʝʚ ʀ.ɸ., ɾʘʙʦʝʜʦʚ ɸ.ʇ., ʌʝʜʦʨʦʚ ɸ.ʄ. 

ʀʥʩʪʠʪʫʪ ʛʝʦʭʠʤʠʠ ʠʤ. ɸ.ʇ. ɺʠʥʦʛʨʘʜʦʚʘ ʉʆ ʈɸʅ, ʀʨʢʫʪʩʢ  

e-mail: ainep@igc.irk.ru 

 

ʆʩʦʙʦ-ʯʠʩʪʳʡ ʧʨʠʨʦʜʥʳʡ ʢʚʘʨʮ ʠʤʝʝʪ ʰʠʨʦʢʠʡ ʩʧʝʢʪʨ ʧʨʦʤʳʰʣʝʥʥʳʭ ʠ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʭ 

ʧʨʠʤʝʥʝʥʠʡ. ʂʚʘʨʮʠʪʳ ʚʳʩʦʢʦʡ ʯʠʩʪʦʪʳ ʥʝʦʙʭʦʜʠʤʳ ʜʣʷ ʧʨʷʤʦʛʦ ʧʨʦʠʟʚʦʜʩʪʚʘ (ʙʝʟ ʧʨʠʤʝʥʝʥʠʷ 

ʪʝʭʥʦʣʦʛʠʠ ʭʠʤʠʯʝʩʢʦʛʦ ʭʣʦʨʠʨʦʚʘʥʠʷ) ʢʨʝʤʥʠʷ ʜʣʷ ʩʦʣʥʝʯʥʦʡ ʵʥʝʨʛʝʪʠʢʠ [1-3]. ʇʨʠʨʦʜʥʳʡ ʢʚʘʨʮ 

ʷʚʣʷʝʪʩʷ ʠʩʭʦʜʥʳʤ ʤʘʪʝʨʠʘʣʦʤ ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʢʚʘʨʮʝʚʳʭ ʢʦʥʮʝʥʪʨʘʪʦʚ ʚʳʩʦʢʦʡ ʠ ʫʣʴʪʨʘʚʳʩʦʢʦʡ 

ʩʪʝʧʝʥʠ ʯʠʩʪʦʪʳ. ʅʘ ʦʩʥʦʚʝ ʢʚʘʨʮʝʚʳʭ ʢʦʥʮʝʥʪʨʘʪʦʚ ʧʨʦʠʟʚʦʜʠʪʩʷ ʦʧʪʠʯʝʩʢʦʝ ʢʚʘʨʮʝʚʦʝ ʩʪʝʢʣʦ 

ʜʣʷ ʚʠʜʠʤʦʡ ʠ ʙʣʠʞʥʝʡ ʠʥʬʨʘʢʨʘʩʥʦʡ ʦʙʣʘʩʪʝʡ ʩʧʝʢʪʨʘ ʠ ʤʠʢʨʦʵʣʝʢʪʨʦʥʠʢʝ, ʘ ʪʘʢʞʝ ʪʝʨʤʦʩʪʦʡʢʘʷ 

ʢʚʘʨʮʝʚʘʷ ʢʝʨʘʤʠʢʘ ʩʘʤʦʛʦ ʰʠʨʦʢʦʛʦ ʧʨʠʤʝʥʝʥʠʷ. ʄʘʢʩʠʤʘʣʴʥʳʝ ʦʙʲʝʤʳ ʢʚʘʨʮʝʚʳʭ ʢʦʥʮʝʥʪʨʘʪʦʚ 

ʠʩʧʦʣʴʟʫʶʪʩʷ ʜʣʷ ʠʟʛʦʪʦʚʣʝʥʠʷ ʪʠʛʣʝʡ ʠʟ ʢʚʘʨʮʝʚʳʭ ʩʪʝʢʦʣ ʜʣʷ ʚʳʨʘʱʠʚʘʥʠʷ 

ʤʦʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ ʢʨʝʤʥʠʷ ʠ ʠʟ ʢʚʘʨʮʝʚʦʡ ʢʝʨʘʤʠʢʠ ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʤʫʣʴʪʠʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ 

ʢʨʝʤʥʠʷ. 

ɼʣʷ ʢʚʘʨʮʝʚʳʭ ʢʦʥʮʝʥʪʨʘʪʦʚ, ʠʩʧʦʣʴʟʫʝʤʳʭ ʧʨʠ ʧʨʦʠʟʚʦʜʩʪʚʝ ʪʠʛʣʝʡ ʜʣʷ ʚʳʨʘʱʠʚʘʥʠʷ 

ʤʦʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ ʢʨʝʤʥʠʷ, ʧʨʝʜʲʷʚʣʷʶʪʩʷ ʦʯʝʥʴ ʚʳʩʦʢʠʝ ʪʨʝʙʦʚʘʥʠʷ ʢʘʢ ʧʦ ʭʠʤʠʯʝʩʢʦʡ 

ʯʠʩʪʦʪʝ, ʪʘʢ ʠ ʧʦ ʪʝʨʤʦʩʪʦʡʢʦʩʪʠ ʢʚʘʨʮʝʚʦʛʦ ʩʪʝʢʣʘ 

ɺ ʀʥʩʪʠʪʫʪʝ ʛʝʦʭʠʤʠʠ ʉʆ ʈɸʅ ʧʨʦʚʦʜʷʪʩʷ ʢʦʤʧʣʝʢʩʥʳʝ ʨʘʙʦʪʳ ʧʦ ʧʦʠʩʢʫ, ʦʮʝʥʢʝ ʦʩʦʙʦ-

ʯʠʩʪʦʛʦ ʧʨʠʨʦʜʥʦʛʦ ʢʚʘʨʮʝʚʦʛʦ ʩʳʨʴʷ ʠ ʨʘʟʨʘʙʦʪʢʝ ʥʘ ʝʛʦ ʦʩʥʦʚʝ ʚʳʩʦʢʦʯʠʩʪʳʭ ʢʚʘʨʮʝʚʳʭ 

ʢʦʥʮʝʥʪʨʘʪʦʚ ʜʣʷ ʨʘʟʣʠʯʥʦʛʦ ʧʨʠʤʝʥʝʥʠʷ. ɺ ɺʦʩʪʦʯʥʦʤ ʉʘʷʥʝ ʚʳʷʚʣʝʥʳ ʥʝʪʨʘʜʠʮʠʦʥʥʳʝ 

ʠʩʪʦʯʥʠʢʠ ʦʩʦʙʦ-ʯʠʩʪʦʛʦ ʢʚʘʨʮʝʚʦʛʦ ʩʳʨʴʷ ʚ ʚʠʜʝ ʚʳʩʦʢʦʯʠʩʪʳʭ ʢʚʘʨʮʠʪʦʚ, ʨʘʟʨʘʙʦʪʘʥʳ ʧʨʦʮʝʩʩʳ 

ʠʭ ʦʙʦʛʘʱʝʥʠʷ ʠ ʧʦʣʫʯʝʥʳ ʢʚʘʨʮʝʚʳʝ ʢʦʥʮʝʥʪʨʘʪʳ ʛʣʫʙʦʢʦʛʦ ʠ ʩʚʝʨʭʛʣʫʙʦʢʦʛʦ ʦʙʦʛʘʱʝʥʠʷ [4-6].    

ɺ ʜʦʢʣʘʜʝ ʙʫʜʫʪ ʨʘʩʩʤʦʪʨʝʥʳ ʦʩʥʦʚʥʳʝ ʧʦʜʭʦʜʳ, ʨʝʘʣʠʟʫʝʤʳʝ ʥʘʤʠ, ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʦʩʦʙʦ-

ʯʠʩʪʳʭ ʢʚʘʨʮʝʚʳʭ ʢʦʥʮʝʥʪʨʘʪʦʚ, ʫʜʦʚʣʝʪʚʦʨʷʶʱʠʭ ʪʨʝʙʦʚʘʥʠʷʤ ʢʨʝʤʥʠʝʚʦʡ ʧʨʦʤʳʰʣʝʥʥʦʩʪʠ. 
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ʉʣʝʜʳ ʟʘ ʜʠʩʣʦʢʘʮʠʷʤʠ ʚ ʢʨʝʤʥʠʠ, 50 ʣʝʪ ʠʩʩʣʝʜʦʚʘʥʠʡ  

ʗʢʠʤʦʚ ɽ.ɹ. 

ʀʥʩʪʠʪʫʪ ʧʨʦʙʣʝʤ ʪʝʭʥʦʣʦʛʠʠ ʠ ʦʩʦʙʦʯʠʩʪʳʭ ʤʘʪʝʨʠʘʣʦʚ ʈɸʅ, ʏʝʨʥʦʛʦʣʦʚʢʘ 

 e-mail: yakimov@iptm.ru 

 

ɺʣʠʷʥʠʝ ʢʚʘʟʠʜʚʫʤʝʨʥʳʭ ʧʨʦʪʷʞʝʥʥʳʭ ʜʝʬʝʢʪʦʚ (ʩʣʝʜʦʚ ʟʘ ʜʠʩʣʦʢʘʮʠʷʤʠ), 

ʬʦʨʤʠʨʫʶʱʠʭʩʷ ʟʘ ʩʢʦʣʴʟʷʱʠʤʠ ʜʠʩʣʦʢʘʮʠʷʤʠ, ʥʘ ʵʣʝʢʪʨʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʢʨʝʤʥʠʷ, ʙʳʣʦ 

ʦʙʥʘʨʫʞʝʥʦ ʚ 1977 ʛ. [1]. ʊʦʛʜʘ ʞʝ ʙʳʣʦ ʥʘʯʘʪʦ ʠʩʩʣʝʜʦʚʘʥʠʝ ʩʚʦʡʩʪʚ ʵʪʠʭ ʜʝʬʝʢʪʦʚ, ʭʦʪʷ 

ʥʝʢʦʪʦʨʳʝ ʫʢʘʟʘʥʠʷ ʥʘ ʧʨʠʩʫʪʩʪʚʠʝ ʵʪʠʭ ʜʝʬʝʢʪʦʚ ʤʦʞʥʦ ʥʘʡʪʠ ʠ ʚ ʙʦʣʝʝ ʨʘʥʥʠʭ ʨʘʙʦʪʘʭ. 

ʇʦʩʣʝʜʫʶʱʠʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʦʢʘʟʘʣʠ, ʯʪʦ ʩʣʝʜʳ ʟʘ ʜʠʩʣʦʢʘʮʠʷʤʠ ʦʙʣʘʜʘʶʪ ʟʘʤʝʪʥʦʡ 

ʨʝʢʦʤʙʠʥʘʮʠʦʥʥʦʡ ʘʢʪʠʚʥʦʩʪʴʶ ʠ ʤʦʛʫʪ ʙʳʪʴ ʚʳʷʚʣʝʥʳ ʤʝʪʦʜʦʤ ʥʘʚʝʜʝʥʥʦʛʦ ʪʦʢʘ. ɺʳʷʚʣʝʥ 

ʩʧʝʢʪʨ ʛʣʫʙʦʢʠʭ ʫʨʦʚʥʝʡ, ʩʚʷʟʘʥʥʳʡ ʩ ɼʉ. ɹʳʣʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʩʦ ʩʣʝʜʘʤʠ ʟʘ ʜʠʩʣʦʢʘʮʠʷʤʠ (ɼʉ) 

ʩʚʷʟʘʥ ʧʦʪʝʥʮʠʘʣʴʥʳʡ ʙʘʨʴʝʨ, ʢʦʪʦʨʳʡ ʧʦʚʳʰʘʝʪ ʩʦʧʨʦʪʠʚʣʝʥʠʝ ʚ ʥʘʧʨʘʚʣʝʥʠʠ, 

ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦʤ ɼʉ. ʉ ʵʪʠʤ ʙʘʨʴʝʨʦʤ ʩʚʷʟʘʥ ʠ ʘʥʦʤʘʣʴʥʳʡ ʩʚʝʪʣʳʡ ʢʦʥʪʨʘʩʪ ʚ ʨʝʞʠʤʝ 

ʥʘʚʝʜʝʥʥʦʛʦ ʪʦʢʘ, ʜʣʠʥʘ ʢʦʪʦʨʦʛʦ ʜʦʩʪʠʛʘʝʪ ʥʝʩʢʦʣʴʢʠʭ ʤʤ ʠ ʩʫʱʝʩʪʚʝʥʥʦ ʧʨʝʚʳʰʘʝʪ 

ʜʠʬʬʫʟʠʦʥʥʫʶ ʜʣʠʥʫ ʥʝʨʘʚʥʦʚʝʩʥʳʭ ʥʦʩʠʪʝʣʝʡ ʟʘʨʷʜʘ. ʆʙʥʘʨʫʞʝʥʦ, ʯʪʦ ɼʉ ʩʫʱʝʩʪʚʝʥʥʦ ʚʣʠʷʶʪ 

ʥʘ ʧʦʜʚʠʞʥʦʩʪʴ ʜʠʩʣʦʢʘʮʠʠ, ʯʪʦ ʧʨʦʷʚʣʷʝʪʩʷ ʚ ʧʦʚʳʰʝʥʠʠ ʧʦʜʚʠʞʥʦʩʪʠ ʜʠʩʣʦʢʘʮʠʡ ʧʨʠ ʠʥʚʝʨʩʠʠ 

ʥʘʧʨʘʚʣʝʥʠʷ ʠʭ ʩʢʦʣʴʞʝʥʠʷ. ʇʦʣʫʯʝʥʳ ʜʘʥʥʳʝ, ʢʦʪʦʨʳʝ ʤʦʛʫʪ ʩʚʠʜʝʪʝʣʴʩʪʚʦʚʘʪʴ ʦ ʚʣʠʷʥʠʠ ɼʉ ʥʘ 

ʜʠʩʣʦʢʘʮʠʦʥʥʫʶ ʣʶʤʠʥʝʩʮʝʥʮʠʶ. ʇʦʢʘʟʘʥʦ, ʯʪʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʩ ʧʨʠʤʝʩʷʤʠ ʤʝʪʘʣʣʦʚ, ʩ ʪʘʢʠʤʠ, 

ʥʘʧʨʠʤʝʨ, ʢʘʢ ʟʦʣʦʪʦ ʠ ʥʠʢʝʣʴ, ʩʫʱʝʩʪʚʝʥʥʦ ʧʦʚʳʰʘʝʪ ʨʝʢʦʤʙʠʥʘʮʠʦʥʥʫʶ ʘʢʪʠʚʥʦʩʪʴ ɼʉ.  

ʆʜʥʘʢʦ, ʥʝʩʤʦʪʨʷ ʥʘ ʜʣʠʪʝʣʴʥʫʶ ʠʩʪʦʨʠʶ ʠʩʩʣʝʜʦʚʘʥʠʷ ɼʉ, ʠʭ ʧʨʠʨʦʜʘ ʜʦ ʩʠʭ ʧʦʨ ʥʝ 

ʚʳʷʩʥʝʥʘ. ɼʦʩʪʘʪʦʯʥʦ ʜʘʚʥʦ ʙʳʣʦ ʚʳʩʢʘʟʘʥʦ ʧʨʝʜʧʦʣʦʞʝʥʠʝ, ʯʪʦ ɼʉ ʬʦʨʤʠʨʫʶʪʩʷ ʠʟ ʩʦʙʩʪʚʝʥʥʳʭ 

ʪʦʯʝʯʥʳʭ ʜʝʬʝʢʪʦʚ (ʚʘʢʘʥʩʠʡ ʠʣʠ ʤʝʞʜʦʫʟʣʠʡ), ʢʦʪʦʨʳʝ ʛʝʥʝʨʠʨʫʶʪʩʷ ʚʩʣʝʜʩʪʚʠʝ 

ʥʝʢʦʥʩʝʨʚʘʪʠʚʥʦʛʦ ʜʚʠʞʝʥʠʷ ʩʪʫʧʝʥʝʢ ʥʘ ʣʠʥʠʠ ʜʠʩʣʦʢʘʮʠʠ [2]. ʆʜʥʘʢʦ ʥʠ ʧʨʠʯʠʥʘ ʦʙʨʘʟʦʚʘʥʠʷ 

ʤʥʦʛʦʯʠʩʣʝʥʥʳʭ ʩʪʫʧʝʥʝʢ ʥʘ ʜʠʩʣʦʢʘʮʠʷʭ, ʥʠ ʤʝʭʘʥʠʟʤ ʘʛʣʦʤʝʨʘʮʠʠ ʩʦʙʩʪʚʝʥʥʳʭ ʪʦʯʝʯʥʳʭ 

ʜʝʬʝʢʪʦʚ ʚ ʩʪʘʙʠʣʴʥʳʝ ʩʪʨʫʢʪʫʨʳ ʥʝ ʦʙʩʫʞʜʘʣʠʩʴ. ʀʩʩʣʝʜʦʚʘʥʠʷ ʤʝʪʦʜʦʤ ʧʨʦʩʚʝʯʠʚʘʶʱʝʡ 

ʵʣʝʢʪʨʦʥʥʦʡ ʤʠʢʨʦʩʢʦʧʠʠ ʥʝ ʚʳʷʚʠʣʠ ʟʘʤʝʪʥʳʭ ʜʝʬʝʢʪʦʚ ʚ ʧʣʦʩʢʦʩʪʠ ʩʢʦʣʴʞʝʥʠʷ. ʕʢʩʧʝʨʠʤʝʥʪʳ 

ʩ ʜʠʬʬʫʟʠʝʡ ʟʦʣʦʪʘ, ʢʦʪʦʨʳʝ ʚʦ ʤʥʦʛʠʭ ʩʣʫʯʘʷʭ ʧʦʟʚʦʣʷʶʪ ʨʘʟʣʠʯʠʪʴ ʜʝʬʝʢʪʳ ʤʝʞʜʦʫʟʝʣʴʥʦʛʦ ʠ 

ʚʘʢʘʥʩʠʦʥʥʦʛʦ ʪʠʧʦʚ, ʭʦʪʷ ʠ ʚʳʷʚʠʣʠ ʚʣʠʷʥʠʝ ɼʉ ʥʘ ʧʨʦʬʠʣʠ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʘʪʦʤʦʚ ʟʦʣʦʪʘ ʚ 

ʧʦʣʦʞʝʥʠʠ ʟʘʤʝʱʝʥʠʷ, ʥʝ ʧʦʟʚʦʣʠʣʠ ʩʜʝʣʘʪʴ ʦʜʥʦʟʥʘʯʥʳʡ ʚʳʚʦʜ ʦ ʧʨʠʨʦʜʝ ɼʉ. ɹʳʣʦ ʦʙʥʘʨʫʞʝʥʦ, 

ʯʪʦ ɼʉ ʩʣʝʜʳ ʦʙʨʘʟʫʶʪʩʷ ʥʝ ʟʘ ʚʩʝʤʠ ʜʠʩʣʦʢʘʮʠʷʤʠ, ʚ ʯʘʩʪʥʦʩʪʠ, ʥʘʙʣʶʜʘʣʦʩʴ ʨʘʟʣʠʯʠʝ ʩʚʦʡʩʪʚ 

ɼʉ ʟʘ ʜʠʩʣʦʢʘʮʠʷʤʠ, ʩʢʦʣʴʟʠʚʰʠʤʠ ʥʘ ʩʞʘʪʦʡ ʠ ʨʘʩʪʷʥʫʪʦʡ ʩʪʦʨʦʥʘʭ. ɺ ʦʙʣʘʩʪʠ ʜʝʡʩʪʚʠʷ 

ʨʘʩʪʷʛʠʚʘʶʱʠʭ ʥʘʧʨʷʞʝʥʠʡ ɼʉ ʩ ʥʘʠʙʦʣʝʝ ʩʠʣʴʥʳʤ ʨʝʢʦʤʙʠʥʘʮʠʦʥʥʳʤ ʢʦʥʪʨʘʩʪʦʤ ʚʩʝʛʜʘ 

ʦʙʥʘʨʫʞʠʚʘʶʪʩʷ ʟʘ 60-ʛʨʘʜʫʩʥʳʤ ʧʣʝʯʦʤ ʧʦʣʫʧʝʪʝʣʴ, ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ ɼʉ ʥʝʚʠʜʠʤʳ ʨʝʞʠʤʝ 

ʥʘʚʝʜʝʥʥʦʛʦ ʪʦʢʘ (ʝʩʣʠ ʚʦʦʙʱʝ ʩʫʱʝʩʪʚʫʶʪ) ʟʘ ʜʨʫʛʠʤ ʧʣʝʯʦʤ ʠ ʥʠʞʥʠʤ ʩʝʛʤʝʥʪʦʤ ʧʦʣʫʧʝʪʣʠ. 

ɸʥʘʣʠʟ ʧʦʣʫʯʝʥʥʳʭ ʨʝʟʫʣʴʪʘʪʦʚ ʧʦʟʚʦʣʠʣ ʧʨʝʜʧʦʣʦʞʠʪʴ, ʯʪʦ ʯʪʦ ʵʣʝʢʪʨʠʯʝʩʢʠ ʘʢʪʠʚʥʳʝ ɼʉ 

ʬʦʨʤʠʨʫʶʪʩʷ ʧʨʠ ʩʢʦʣʴʞʝʥʠʠ ʨʘʩʱʝʧʣʝʥʥʦʡ ʜʠʩʣʦʢʘʮʠʠ ʩ ʣʠʜʠʨʫʶʱʝʡ 90Á ʯʘʩʪʠʯʥʦʡ 

ʜʠʩʣʦʢʘʮʠʝʡ. ɺ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʝ ʧʨʝʜʩʪʘʚʣʝʥ ʦʙʟʦʨ ʨʝʟʫʣʴʪʘʪʦʚ ʧʦʣʫʯʝʥʥʳʭ ʧʨʠ ʠʩʩʣʝʜʦʚʘʥʠʠ ɼʉ 

ʚ Si ʠ ʧʨʠʚʝʜʝʥʳ ʧʨʠʤʝʨʳ, ʜʝʤʦʥʩʪʨʠʨʫʶʱʠʝ ʚʦʟʤʦʞʥʦʩʪʴ ʬʦʨʤʠʨʦʚʘʥʠʷ ʪʘʢʠʭ ʜʝʬʝʢʪʦʚ ʠ ʚ 

ʜʨʫʛʠʭ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʭ ʤʘʪʝʨʠʘʣʘʭ. 
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ʇʦʚʳʰʝʥʠʝ ʙʳʩʪʨʦʜʝʡʩʪʚʠʷ ʧʨʦʛʨʘʤʤʥʦ-ʘʧʧʘʨʘʪʥʳʭ ʢʦʤʧʣʝʢʩʦʚ ʤʦʞʝʪ ʙʳʪʴ ʦʩʫʱʝʩʪʚʣʝʥʦ 

ʧʫʪʝʤ ʧʝʨʝʭʦʜʘ ʥʘ ʧʘʨʘʣʣʝʣʴʥʳʝ ʘʣʛʦʨʠʪʤʳ ʠ ʧʘʨʘʣʣʝʣʴʥʦ ʦʨʛʘʥʠʟʦʚʘʥʥʳʝ ʚʳʯʠʩʣʠʪʝʣʠ, 

ʥʘʧʨʠʤʝʨ, ʥʘ ʥʝʡʨʦʩʝʪʠ. ɺ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʨʝʘʣʠʟʫʝʤʦʡ ʤʦʜʝʣʠ ʥʝʡʨʦʥʘ ʨʘʟʣʠʯʘʶʪ ʥʝʡʨʦʩʝʪʝʚʳʝ 

ʧʨʦʮʝʩʩʦʨʳ ð ʜʣʷ ʬʦʨʤʘʣʴʥʳʭ ʥʝʡʨʦʥʦʚ ʠ ʥʝʡʨʦʤʦʨʬʥʳʝ ʧʨʦʮʝʩʩʦʨʳ ð ʜʣʷ ʩʧʘʡʢʦʚʳʭ ʥʝʡʨʦʥʦʚ. 

ʈʘʟʤʝʨ ʧʦʜʘʚʣʷʶʱʝʛʦ ʙʦʣʴʰʠʥʩʪʚʘ ʧʨʘʢʪʠʯʝʩʢʠ ʟʥʘʯʠʤʳʭ ʥʝʡʨʦʩʝʪʝʡ ʚʩʝʛʜʘ ʧʨʝʚʳʰʘʝʪ ʦʙʲʝʤ 

ʨʝʩʫʨʩʦʚ ʧʨʦʮʝʩʩʦʨʘ, ʚ ʩʚʷʟʠ ʩ ʯʝʤ ʚʳʯʠʩʣʝʥʠʷ ʚʳʧʦʣʥʷʶʪʩʷ ʜʣʷ ʬʨʘʛʤʝʥʪʦʚ ʥʝʡʨʦʩʝʪʠ. 

ʆʧʪʠʤʠʟʘʮʠʷ ʚʳʯʠʩʣʝʥʠʷ ʬʨʘʛʤʝʥʪʦʚ ʠʣʠ ʠʭ ʛʨʫʧʧ ʤʦʞʝʪ ʚʳʧʦʣʥʷʪʴʩʷ ʢʘʢ ʧʦ ʙʘʟʦʚʳʤ 

ʢʨʠʪʝʨʠʷʤ ð çʙʳʩʪʨʦʜʝʡʩʪʚʠʝè, çʪʦʯʥʦʩʪʴè, çʧʣʦʱʘʜʴ ʧʦʚʝʨʭʥʦʩʪʠ ʥʘ ʢʨʠʩʪʘʣʣʝè, ʪʘʢ ʠ ʧʦ 

ʢʦʩʚʝʥʥʳʤ ð ʪʝʧʣʦʚʳʜʝʣʝʥʠʶ, ʵʥʝʨʛʦʵʬʬʝʢʪʠʚʥʦʩʪʠ ʠ ʜʨ.  

ʇʨʠʤʝʥʝʥʠʝ ʥʝʡʨʦʩʝʪʝʡ ʩʦʩʪʦʠʪ ʠʟ ʥʝʩʢʦʣʴʢʠʭ ʵʪʘʧʦʚ: ʥʘʩʪʨʦʡʢʠ ʧʘʨʘʤʝʪʨʦʚ ʥʝʡʨʦʩʝʪʠ ʥʘ 

ʦʙʫʯʘʶʱʝʡ ʚʳʙʦʨʢʝ, ʧʨʦʚʝʨʢʠ ʢʦʨʨʝʢʪʥʦʩʪʠ ʨʘʙʦʪʳ ʥʘ ʚʘʣʠʜʘʮʠʦʥʥʦʡ ʚʳʙʦʨʢʝ ʠ ʧʦʣʫʯʝʥʠʠ 

ʨʝʟʫʣʴʪʘʪʘ ʥʘ ʦʩʥʦʚʝ ʨʝʘʣʴʥʳʭ ʜʘʥʥʳʭ (ʠʥʬʝʨʝʥʩʘ). ʆʩʦʙʦʝ ʚʥʠʤʘʥʠʝ ʫʜʝʣʷʝʪʩʷ ʘʨʭʠʪʝʢʪʫʨʘʤ 

ʧʨʦʮʝʩʩʦʨʦʚ ʦʙʨʘʙʦʪʢʠ ʥʝʡʨʦʩʝʪʝʡ, ʩʧʦʩʦʙʥʳʤ ʚʳʧʦʣʥʷʪʴ ʬʫʥʢʮʠʠ ʦʙʫʯʝʥʠʷ ʠ ʠʥʬʝʨʝʥʩʘ. ɺ ʩʚʷʟʠ 

ʩ ʚʝʨʦʷʪʥʦʩʪʥʦʡ ʧʨʠʨʦʜʦʡ ʥʝʡʨʦʩʝʪʝʡ ʥʘʠʙʦʣʝʝ ʯʫʚʩʪʚʠʪʝʣʴʥʳʝ ʠ ʦʪʚʝʪʩʪʚʝʥʥʳʝ ʨʝʰʝʥʠʷ 

ʚʳʨʘʙʘʪʳʚʘʶʪʩʷ ʢʣʘʩʩʠʯʝʩʢʠʤʠ ʘʣʛʦʨʠʪʤʘʤʠ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʧʨʦʮʝʩʩʦʨʳ ʜʣʷ ʢʦʪʦʨʳʭ 

ʩʦʧʨʷʛʘʶʪʩʷ ʩ ʧʨʦʮʝʩʩʦʨʘʤʠ ʦʙʨʘʙʦʪʢʠ ʥʝʡʨʦʩʝʪʝʡ.  

ɺ ʨʘʙʦʪʝ ʧʨʦʚʝʜʝʥ ʩʨʘʚʥʠʪʝʣʴʥʳʡ ʘʥʘʣʠʟ ʦʩʥʦʚʥʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʵʣʝʤʝʥʪʥʦʡ ʙʘʟʳ ʜʣʷ 

ʨʝʘʣʠʟʘʮʠʠ ʧʨʦʮʝʩʩʦʨʦʚ ʦʙʨʘʙʦʪʢʠ ʥʝʡʨʦʩʝʪʝʡ: ʥʘ ʦʩʥʦʚʝ ʪʨʘʜʠʮʠʦʥʥʦʡ ʢʨʝʤʥʠʝʚʦʡ ʂʄʆʇ-

ʪʝʭʥʦʣʦʛʠʠ [1] ð ʢʦʥʜʝʥʩʘʪʦʨʦʚ, ʜʠʥʘʤʠʯʝʩʢʦʡ ʧʘʤʷʪʠ ʠ ʧʨ., ʘ ʪʘʢʞʝ ʵʣʝʤʝʥʪʥʦʡ ʙʘʟʳ ʥʘ ʥʦʚʳʭ 

ʬʠʟʠʯʝʩʢʠʭ ʧʨʠʥʮʠʧʘʭ ð ʤʝʤʨʠʩʪʦʨʦʚ ʠ MRAM, ʚʩʧʦʤʦʛʘʪʝʣʴʥʘʷ ʦʙʨʘʙʦʪʢʘ ʩʠʛʥʘʣʦʚ ʜʣʷ 

ʢʦʪʦʨʳʭ ʚʳʧʦʣʥʷʝʪʩʷ ʥʘ ʘʥʘʣʦʛʦʚʳʭ ʢʨʝʤʥʠʝʚʳʭ ʵʣʝʤʝʥʪʘʭ. ɿʘʪʨʦʥʫʪʳ ʚʦʧʨʦʩʳ ʨʘʟʙʠʝʥʠʷ 

ʵʣʝʤʝʥʪʦʚ ʧʨʦʮʝʩʩʦʨʘ ʥʘ ʯʠʧʣʝʪʳ ʠ ʠʭ ʧʦʩʣʝʜʫʶʱʝʡ ʠʥʪʝʛʨʘʮʠʠ ʩ ʫʯʝʪʦʤ ʧʦʪʦʢʦʚ ʜʘʥʥʳʭ ʠ 

ʛʝʪʝʨʦʛʝʥʥʦʩʪʠ ʵʣʝʤʝʥʪʥʦʡ ʙʘʟʳ. ʈʘʩʩʤʦʪʨʝʥʳ ʧʦʜʭʦʜʳ ʜʣʷ: (1) ʩʦʢʨʘʱʝʥʠʷ ʨʘʟʨʳʚʘ ʚ 

ʙʳʩʪʨʦʜʝʡʩʪʚʠʠ ʤʝʞʜʫ ʚʳʯʠʩʣʠʪʝʣʴʥʳʤʠ ʵʣʝʤʝʥʪʘʤʠ ʠ ʧʘʤʷʪʴʶ ʩ ʧʦʤʦʱʴʶ ʚʳʯʠʩʣʝʥʠʡ çʦʢʦʣʦè 

ʠ çʚè ʧʘʤʷʪʠ; (2) ʦʨʛʘʥʠʟʘʮʠʠ ʬʫʥʢʮʠʡ ʦʙʫʯʝʥʠʷ ʠ ʠʥʬʝʨʝʥʩʘ; (3) ʩʪʘʪʠʯʝʩʢʦʛʦ (ʧʦʩʣʝ ʚʳʯʠʩʣʝʥʠʷ 

ʧʘʨʘʤʝʪʨʦʚ ʥʝʡʨʦʩʝʪʠ) ʠ ʜʠʥʘʤʠʯʝʩʢʦʛʦ (ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ ʧʝʨʝʜ ʠʥʬʝʨʝʥʩʦʤ ʩ ʢʦʥʢʨʝʪʥʳʤʠ 

ʜʘʥʥʳʤʠ) ʚʳʙʦʨʘ ʙʣʦʢʘ ʚʳʯʠʩʣʝʥʠʡ ʥʘ ʪʨʘʜʠʮʠʦʥʥʦʡ ʠʣʠ ʥʦʚʦʡ ʵʣʝʤʝʥʪʥʦʡ ʙʘʟʝ; (4) ʦʨʛʘʥʠʟʘʮʠʠ 

ʢʦʥʚʝʡʝʨʥʦʡ ʦʙʨʘʙʦʪʢʠ ʩ ʫʯʝʪʦʤ ʤʠʥʠʤʠʟʘʮʠʠ çʧʫʟʳʨʴʢʦʚè ʠ ʦʩʪʘʥʦʚʦʚ. 

ʇʨʠ ʨʘʟʨʘʙʦʪʢʝ ʩʠʩʪʝʤ ʫʧʨʘʚʣʝʥʠʷ ʨʦʙʦʪʦʪʝʭʥʠʯʝʩʢʠʤʠ ʢʦʤʧʣʝʢʩʘʤʠ ʚʩʪʘʝʪ ʚʦʧʨʦʩ 

ʩʦʢʨʘʱʝʥʠʷ ʩʨʦʢʦʚ ʚʳʭʦʜʘ ʥʘ ʨʳʥʦʢ ʥʦʚʳʭ ʧʨʦʜʫʢʪʦʚ ʟʘ ʩʯʝʪ ʩʧʦʩʦʙʥʦʩʪʠ ʙʳʩʪʨʦʛʦ ʦʙʫʯʝʥʠʷ, 

ʦʜʥʦʚʨʝʤʝʥʥʦ ʦʪʚʝʯʘʶʱʠʭ ʚʦʧʨʦʩʘʤ ʢʠʙʝʨʙʝʟʦʧʘʩʥʦʩʪʠ. ʈʘʩʩʤʦʪʨʝʥʥʳʝ ʘʩʧʝʢʪʳ ʧʨʠʤʝʥʝʥʳ ʢ 

ʨʘʥʝʝ ʧʨʝʜʣʦʞʝʥʥʦʤʫ ʧʦʜʭʦʜʫ [2] ʧʦʩʪʨʦʝʥʠʷ ʪʘʢʠʭ ʩʠʩʪʝʤ ʚ ʤʥʦʛʦʘʛʝʥʪʥʦʡ ʨʝʘʣʠʟʘʮʠʠ ʩ ʨʘʟʚʠʪʦʡ 

ʠʝʨʘʨʭʠʝʡ ʧʦ ʢʨʠʪʝʨʠʶ ʙʳʩʪʨʦʜʝʡʩʪʚʠʷ, ʩ ʮʠʬʨʦʚʳʤʠ ʤʦʜʝʣʷʤʠ ʠ ʮʠʬʨʦʚʳʤ ʜʚʦʡʥʠʢʦʤ ʨʝʘʣʴʥʳʭ 

ʦʙʲʝʢʪʦʚ ʩʮʝʥʳ ʜʝʡʩʪʚʠʷ. 

ɺ ʜʘʣʴʥʝʡʰʝʤ ʧʨʝʜʧʦʣʘʛʘʝʪʩʷ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʦʪʜʝʣʴʥʳʭ ʙʣʦʢʦʚ ʧʨʦʮʝʩʩʦʨʦʚ ʚ ʉɸʇʈ ʩ 

ʮʝʣʴʶ ʠʭ ʦʧʪʠʤʠʟʘʮʠʠ ʠ ʧʦʩʣʝʜʫʶʱʝʛʦ ʩʦʧʨʷʞʝʥʠʷ. 
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 e-mail: s5m1n@mail.ru 

 

ʅʘʥʦʛʝʪʝʨʦʩʪʨʫʢʪʫʨʳ ʩ ʜʚʫʤʝʨʥʳʤʠ (2D) ʩʣʦʷʤʠ ʠ ʥʘʥʦʩʣʦ̫ʤʠ ʢʨʝʤʥʠʷ ʥʘʭʦʜʷʪ ʰʠʨʦʢʦʝ 

ʧʨʠʤʝʥʝʥʠʝ ʚ ʢʨʝʤʥʠʝʚʦʡ ʤʠʢʨʦʵʣʝʢʪʨʦʥʠʢʝ ʠ ʩʦʣʥʝʯʥʦʡ ʵʥʝʨʛʝʪʠʢʝ. ɼʣʷ ʧʦʣʫʯʝʥʠʷ ʵʪʠʭ ʩʣʦʸʚ 

ʠʩʧʦʣʴʟʫʶʪʩʷ ʩʪʘʥʜʘʨʪʥʳʝ ʵʥʝʨʛʦ- ʠ ʨʝʩʫʨʩʦʸʤʢʠʝ ʪʝʭʥʦʣʦʛʠʠ. ɺʤʝʩʪʝ ʩ ʪʝʤ, ʜʣʷ ʩʥʠʞʝʥʠʷ ʟʘʪʨʘʪ 

ʥʘ ʧʨʦʠʟʚʦʜʩʪʚʦ ʪʨʝʙʫʝʪʩʷ ʧʝʨʝʩʤʦʪʨ ʵʪʠʭ ʪʝʭʥʦʣʦʛʠʡ. ʊʘʢʠʝ ʚʦʟʤʦʞʥʦʩʪʠ ʧʨʝʜʦʩʪʘʚʣʷʶʪ ʜʚʝ 

ʪʝʭʥʦʣʦʛʠʠ: ʩʠʥʪʝʟ ʤʦʥʦʦʢʩʠʜʘ ʢʨʝʤʥʠʷ ʠʟ ʢʨʝʤʥʝʟʸʤʘ [1] ʠ ʬʠʟʠʯʝʩʢʦʝ ʘʪʦʤʥʦ-ʩʣʦʝʚʦʝ ʦʩʘʞʜʝʥʠʝ 

ï ʌɸʉʆ [2].  

ʇʝʨʚʘʷ ʪʝʭʥʦʣʦʛʠʷ, ʨʝʘʣʠʟʫʶʱʘʷʩʷ ʚ ʧʝʯʠ 

ʤʠʢʨʦʧʣʘʟʤʝʥʥʦʛʦ ʢʠʧʷʱʝʛʦ ʩʣʦʷ, ʧʦʟʚʦʣʷʝʪ 

ʧʦʣʫʯʠʪʴ ʨʘʬʠʥʠʨʦʚʘʥʥʳʡ SiO ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ ʠʟ 

ʢʨʝʤʥʝʟʸʤʘ. ʇʨʝʠʤʫʱʝʩʪʚʦʤ ʜʘʥʥʦʡ ʪʝʭʥʦʣʦʛʠʠ 

ʷʚʣʷʝʪʩʷ ʚʳʩʦʢʘʷ ʩʪʝʧʝʥʴ ʘʢʪʠʚʘʮʠʠ ʠʩʭʦʜʥʳʭ 

ʢʦʤʧʦʥʝʥʪʦʚ ʧʦʜ ʜʝʡʩʪʚʠʝʤ ʤʠʢʨʦʧʣʘʟʤʝʥʥʳʭ 

ʨʘʟʨʷʜʦʚ. ʕʪʦ ʧʦʟʚʦʣʷʝʪ ʠʩʧʦʣʴʟʦʚʘʪʴ ʯʠʩʪʳʝ ʦʪ 

ʧʨʠʤʝʩʝʡ ʠʩʭʦʜʥʳʝ ʤʘʪʝʨʠʘʣʳ ʚ ʢʘʯʝʩʪʚʝ ʩʳʨʴʷ, 

ʢʦʪʦʨʳʝ ʚ ʪʨʘʜʠʮʠʦʥʥʦʡ ʪʝʭʥʦʣʦʛʠʠ ʥʝ 

ʧʨʠʤʝʥʷʶʪʩʷ ʠʟ-ʟʘ ʠʭ ʥʠʟʢʦʡ ʨʝʘʢʮʠʦʥʥʦʡ 

ʩʧʦʩʦʙʥʦʩʪʠ. ʇʨʠ ʵʪʦʤ ʠʩʢʣʶʯʘʝʪʩʷ ʨʷʜ 

ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʭ ʦʧʝʨʘʮʠʡ, ʚʳʧʦʣʥʝʥʠʝ ʢʦʪʦʨʳʭ ʚ 

ʪʨʘʜʠʮʠʦʥʥʳʭ ʨʫʜʥʦʪʝʨʤʠʯʝʩʢʠʭ ʧʝʯʘʭ ʧʨʠʚʦʜʠʪ ʢ 

ʚʥʝʩʝʥʠʶ ʚ ʢʨʝʤʥʠʡ ʙʦʣʴʰʦʛʦ ʢʦʣʠʯʝʩʪʚʘ 

ʥʝʞʝʣʘʪʝʣʴʥʳʭ ʧʨʠʤʝʩʝʡ.   

ɺʪʦʨʘʷ ʪʝʭʥʦʣʦʛʠʷ - ʌɸʉʆ, ʢʦʪʦʨʘʷ 

ʧʦʟʚʦʣʷʝʪ ʧʦʣʫʯʘʪʴ ʘʪʦʤʥʦ-ʪʦʥʢʠʝ ʩʣʦʠ ʢʨʝʤʥʠʷ ʥʘ 

ʠʥʦʨʦʜʥʦʡ ʧʦʜʣʦʞʢʝ, ʨʝʘʣʠʟʫʝʪʩʷ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʧʣʘʥʘʨʥʳʭ ʧʣʸʥʦʯʥʳʭ ʠʣʠ ʪʦʥʢʦʩʪʝʥʥʳʭ 

ʠʩʪʦʯʥʠʢʦʚ, ʩʦʨʘʟʤʝʨʥʳʭ ʧʦʜʣʦʞʢʝ ʠ ʙʣʠʟʢʦ ʨʘʩʧʦʣʦʞʝʥʥʳʭ ʢ ʥʝʡ.   

ɼʦʢʣʘʜ ʧʦʩʚʷʱʝʥ ʩʦʚʤʝʱʝʥʠʶ ʠʣʠ ʠʥʪʝʛʨʘʮʠʠ ʜʚʫʭ ʚʳʰʝʫʧʦʤʷʥʫʪʳʭ ʪʝʭʥʦʣʦʛʠʡ. ʇʨʠʚʦʜʷʪʩʷ 

ʩʭʝʤʳ: 1) ʨʝʘʢʪʦʨʘ ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʛʘʟʦʦʙʨʘʟʥʦʛʦ SiO, 2) ʚʘʢʫʫʤʥʦʛʦ ʦʙʲʸʤʘ, ʜʣʷ ʦʩʘʞʜʝʥʠʷ SiO ʥʘ 

ʧʨʦʤʝʞʫʪʦʯʥʫʶ ʧʦʜʣʦʞʢʫ ʩ ʨʘʟʣʦʞʝʥʠʝʤ SiO ʠ 3) ʉɺɺ ʢʘʤʝʨʳ ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʘʪʦʤʥʦ-ʪʦʥʢʠʭ 

ʩʣʦyʚ ʢʨʝʤʥʠʷ ʩ ʧʦʤʦʱʴʶ ʌɸʉʆ.  

ʇʨʠʤʝʨ ʚʘʢʫʫʤʥʦʛʦ ʦʙʲʸʤʘ ʜʣʷ ʧʦʣʫʯʝʥʠʷ Si ʠʟ SiO ʧʦʢʘʟʘʥ ʥʘ ʨʠʩ. 1. ɺ ʵʪʦʤ ʧʨʦʮʝʩʩʝ, ʚ 

ʨʝʟʫʣʴʪʘʪʝ ʜʠʩʧʨʦʧʦʨʮʦʥʠʨʦʚʘʥʠʷ ʨʘʬʠʥʠʨʦʚʘʥʥʦʛʦ SiO, ʧʦʣʫʯʝʥʥʳʡ Si ʢʦʥʜʝʥʩʠʨʫʝʪʩʷ ʥʘ 

ʧʨʦʤʝʞʫʪʦʯʥʦʡ ʧʦʜʣʦʞʢʝ, ʢʦʪʦʨʘʷ. ʚʤʝʩʪʝ ʩ ʥʘʧʳʣʸʥʥʦʡ ʥʘ ʥʝʸ ʧʣʸʥʢʦʡ ʢʨʝʤʥʠʷ, ʚ ʜʘʣʴʥʝʡʰʝʤ, 

ʠʩʧʦʣʴʟʫʝʪʩʷ, ʢʘʢ ʧʣʘʥʘʨʥʳʡ ʠʩʪʦʯʥʠʢ ʢʨʝʤʥʠʷ ʚ ʫʩʪʘʥʦʚʢʝ ʌɸʉʆ ʜʣʷ ʧʦʣʫʯʝʥʠʷ 

ʥʘʥʦʛʝʪʝʨʦʩʪʨʫʢʪʫʨ ʤʠʢʨʦʵʣʝʢʪʨʦʥʠʢʠ ʠ ʩʦʣʥʝʯʥʦʡ ʵʥʝʨʛʝʪʠʢʠ. 
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ʊʝʭʥʦʣʦʛʠʷ ʧʦʣʫʯʝʥʠʷ ʢʨʝʤʥʠʷ, ʧʨʠʛʦʜʥʦʛʦ ʜʣʷ ʠʟʛʦʪʦʚʣʝʥʠʷ ʩʦʣʥʝʯʥʳʭ ʵʣʝʤʝʥʪʦʚ, ʥʘ 

ʦʩʥʦʚʝ ʧʨʷʤʦʛʦ ʢʘʨʙʦʪʝʨʤʠʯʝʩʢʦʛʦ ʚʦʩʩʪʘʥʦʚʣʝʥʠʷ 

ɽʣʠʩʝʝʚ ʀ.ɸ. 

ʀʥʩʪʠʪʫʪ ʛʝʦʭʠʤʠʠ ʉʆ ʈɸʅ, ʀʨʢʫʪʩʢ 

 e-mail: elia@igc.irk.ru 

 

ɼʦʢʣʘʜ, ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʦʙʦʙʱʝʥʠʝ ʨʝʟʫʣʴʪʘʪʦʚ, ʧʦʣʫʯʝʥʥʳʭ ʚ ʀʥʩʪʠʪʫʪʝ ʛʝʦʭʠʤʠʠ ʉʆ 

ʈɸʅ, ʚ ʧʨʦʮʝʩʩʝ ʨʘʟʨʘʙʦʪʢʠ ʪʝʭʥʦʣʦʛʠʠ ʧʦʣʫʯʝʥʠʷ ʨʘʬʠʥʠʨʦʚʘʥʥʦʛʦ ʢʨʝʤʥʠʷ ʚʳʩʦʢʦʡ ʯʠʩʪʦʪʳ. 

ɺ ʥʘʯʘʣʝ 2000 ʛʦʜʦʚ, ʚ ʩʚʷʟʠ ʩ ʠʤʝʶʱʠʤʩʷ ʪʦʛʜʘ ʜʝʬʠʮʠʪʦʤ ʢʨʝʤʥʠʷ, ʥʝʦʙʭʦʜʠʤʦʛʦ ʜʣʷ 

ʠʟʛʦʪʦʚʣʝʥʠʷ ʩʦʣʥʝʯʥʳʭ ʵʣʝʤʝʥʪʦʚ, ʚʦʟʥʠʢ ʠʥʪʝʨʝʩ ʢ ʧʦʣʫʯʝʥʠʶ ʚʳʩʦʢʦʯʠʩʪʦʛʦ ʢʨʝʤʥʠʷ ʥʘ ʦʩʥʦʚʝ 

ʧʨʷʤʦʛʦ ʨʫʜʦʪʝʨʤʠʯʝʩʢʦʛʦ ʚʦʩʩʪʘʥʦʚʣʝʥʠʷ. ʀʥʩʪʠʪʫʪ ʛʝʦʭʠʤʠʠ ʧʨʠʥʷʣ ʘʢʪʠʚʥʦʝ ʫʯʘʩʪʠʝ ʚ 

ʨʘʟʨʘʙʦʪʢʝ ʜʘʥʥʦʡ ʪʝʭʥʦʣʦʛʠʠ. 

   ɺ ʦʩʥʦʚʫ ʨʘʙʦʪʳ ʣʝʛʣʠ ʨʝʟʫʣʴʪʘʪʳ ʢʦʤʧʴʶʪʝʨʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʧʨʦʮʝʩʩʦʚ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʵʣʝʤʝʥʪʦʚ, ʚ ʨʘʩʧʣʘʚʝ ʢʨʝʤʥʠʷ, ʧʦʢʘʟʘʚʰʠʝ ʧʫʪʠ ʨʝʰʝʥʠʷ ʟʘʜʘʯ ʦʯʠʩʪʢʠ 

ʤʝʪʘʣʣʫʨʛʠʯʝʩʢʦʛʦ ʢʨʝʤʥʠʷ  ʦʪ ʧʨʠʤʝʩʝʡ ʙʦʨʘ, ʬʦʩʬʦʨʘ, ʤʳʰʴʷʢʘ, ʢʘʣʴʮʠʷ, ʥʘʪʨʠʷ, ʢʘʣʠʷ ʠ 

ʘʣʶʤʠʥʠʷ. ɼʣʷ ʨʘʩʯʝʪʘ ʭʠʤʠʯʝʩʢʦʛʦ ʩʦʩʪʘʚʘ ʩʠʩʪʝʤʳ ʠʩʧʦʣʴʟʦʚʘʣʘʩʴ ʤʠʥʠʤʠʟʘʮʠʷ ʵʥʝʨʛʠʠ ɻʠʙʙʩʘ 

ʚ ʇʂ "ʉʝʣʝʢʪʦʨ". ɺ ʨʝʟʫʣʴʪʘʪʝ ʨʘʩʯʝʪʦʚ, ʙʳʣʠ ʧʨʝʜʣʦʞʝʥʳ ʫʩʣʦʚʠʷ, ʧʨʠ ʢʦʪʦʨʳʭ ʚʦʟʤʦʞʝʥ ʧʝʨʝʭʦʜ 

ʧʨʠʤʝʩʝʡ ʚ ʛʘʟʦʚʫʶ ʬʘʟʫ ʠ/ʠʣʠ ʰʣʘʢ.  

ɼʣʷ ʫʜʘʣʝʥʠʷ çʪʷʞʝʣʳʭè ʤʝʪʘʣʣʦʚ, ʠʤʝʶʱʠʭ ʨʘʚʥʦʚʝʩʥʳʡ ʢʦʵʬʬʠʮʠʝʥʪ ʨʘʩʧʨʝʜʝʣʝʥʠʷ 

ʩʫʱʝʩʪʚʝʥʥʦ ʥʠʞʝ 1, ʙʳʣʦ ʧʨʝʜʣʦʞʝʥʦ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʥʘʧʨʘʚʣʝʥʥʦʡ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ, ʢʦʪʦʨʘʷ 

ʦʜʥʦʚʨʝʤʝʥʥʦ ʩ ʫʜʘʣʝʥʠʝʤ ʧʨʠʤʝʩʝʡ ʬʦʨʤʠʨʦʚʘʣʘ ʥʝʦʙʭʦʜʠʤʫʶ ʜʣʷ ʌʕʇ ʢʨʠʩʪʘʣʣʠʯʝʩʢʫʶ 

ʩʪʨʫʢʪʫʨʫ.  

ɼʣʷ ʧʨʦʚʝʨʢʠ ʨʘʩʯʝʪʦʚ ʙʳʣʘ ʩʦʟʜʘʥʘ ʣʘʙʦʨʘʪʦʨʥʘʷ ʣʠʥʠʷ ʚʢʣʶʯʘʶʱʘʷ ʚ ʩʝʙʷ 100 ʢɺɸ ʧʝʯʴ 

ʜʣʷ ʚʦʩʩʪʘʥʦʚʣʝʥʠʷ ʢʚʘʨʮʘ, ʢʦʣʧʘʢʦʚʫʶ ʧʝʯʴ ʜʣʷ ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʨʦʮʝʩʩʦʚ ʚʦʩʩʪʘʥʦʚʣʝʥʠʷ ʠ 

ʨʘʬʠʥʠʨʦʚʘʥʠʷ ʠ ʚʘʢʫʫʤʥʫʶ ʧʝʯʴ ʜʣʷ ʚʳʨʘʱʠʚʘʥʠʷ ʢʨʝʤʥʠʷ ʤʝʪʦʜʦʤ ʉʪʦʛʙʘʨʛʝʨʘ. 

ɺ 2003 ʛʦʜʫ ʙʳʣ ʩʦʩʪʦʷʣʩʷ ʵʢʩʧʝʨʠʤʝʥʪ ʥʘ ʐʝʣʝʭʦʚʩʢʦʤ ʟʘʚʦʜʝ ɿɸʆ ʂʨʝʤʥʠʡ 

ʵʣʝʢʪʨʦʪʝʨʤʠʯʝʩʢʦʡ ʧʝʯʠ ʤʦʱʥʦʩʪʴʶ 16,5 ʄɺɸ (ʐʝʣʝʭʦʚʩʢʠʡ ʟʘʚʦʜ ɿɸʆ ʂʨʝʤʥʠʡ). ɺ ʨʝʟʫʣʴʪʘʪʝ 

ʢʦʪʦʨʦʛʦ ʙʳʣʦ ʧʦʣʫʯʝʥʦ ʦʢʦʣʦ 3 ʪʦʥʥ ʨʘʬʠʥʠʨʦʚʘʥʥʦʛʦ ʢʨʝʤʥʠʷ. 

ʈʝʟʫʣʴʪʘʪʳ ʧʨʦʚʝʜʝʥʥʦʛʦ ʧʨʦʤʳʰʣʝʥʥʦʛʦ ʵʢʩʧʝʨʠʤʝʥʪʘ  ʣʝʛʣʠ ʚ ʦʩʥʦʚʫ ʩʦʟʜʘʥʥʦʛʦ ʥʘʤʠ 

ʫʩʪʨʦʡʩʪʚʘ (ʇʘʪʝʥʪ ˉ 2645138) ʜʣʷ ʨʘʬʠʥʠʨʦʚʘʥʠʷ ʢʨʝʤʥʠʷ, ʥʘʟʚʘʥʥʦʛʦ ʛʝʥʝʨʘʪʦʨ ʛʘʟʦʚʦʡ ʩʤʝʩʠ 

ɺ ʜʝʢʘʙʨʝ 2006 ʛʦʜʘ ʙʳʣʠ ʧʨʦʚʝʜʝʥʳ ʨʘʙʦʪʳ ʧʦ ʧʦʣʫʯʝʥʠʶ ʚʳʩʦʢʦʯʠʩʪʦʛʦ ʢʨʝʤʥʠʷ ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ɻɻʉ ʥʘ 9,6 ʄɺɸ ʧʝʯʠ ʊʆʆ ʄʂ çKaz Silconè ʛ.ʋʰʪʦʙʝ ʈʝʩʧʫʙʣʠʢʘ ʂʘʟʘʭʩʪʘʥ.  

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʢ ʢʦʥʮʫ 2014 ʛʦʜʘ ʚ ʀʥʩʪʠʪʫʪʝ ʛʝʦʭʠʤʠʠ ʉʆ ʈɸʅ ʙʳʣʘ ʩʦʟʜʘʥʘ 

ʧʨʦʤʳʰʣʝʥʥʦ ʦʧʨʦʙʦʚʘʥʥʘʷ ʪʝʭʥʦʣʦʛʠʷ ʧʦʣʫʯʝʥʠʷ ʢʨʝʤʥʠʷ ʧʨʠʛʦʜʥʦʛʦ ʜʣʷ ʠʟʛʦʪʦʚʣʝʥʠʷ 

ʩʦʣʥʝʯʥʳʭ ʵʣʝʤʝʥʪʦʚ, ʥʘ ʦʩʥʦʚʝ ʧʨʷʤʦʛʦ ʢʘʨʙʦʪʝʨʤʠʯʝʩʢʦʛʦ ʚʦʩʩʪʘʥʦʚʣʝʥʠʷ, ʙʝʟ ʠʩʧʦʣʴʟʦʚʘʥʠʷ 

ʭʣʦʨʘ ʠ ʝʛʦ ʧʨʦʜʫʢʪʦʚ. 

ʆʩʥʦʚʥʳʤʠ ʵʣʝʤʝʥʪʘʤʠ ʨʘʟʨʘʙʦʪʘʥʥʦʡ ʪʝʭʥʦʣʦʛʠʠ ʷʚʣʷʶʪʩʷ: 

1. ʀʩʧʦʣʴʟʦʚʘʥʠʝ ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʢʨʝʤʥʠʷ ʚʳʩʦʢʦʯʠʩʪʳʭ ʢʚʘʨʮʠʪʦʚ ʤʝʩʪʦʨʦʞʜʝʥʠʷ ɹʳʨʘʣ-

ʉʘʨʜʳʛ ʠ ʩʧʝʮʠʘʣʴʥʦ ʧʦʜʛʦʪʦʚʣʝʥʥʦʛʦ ʚʦʩʩʪʘʥʦʚʠʪʝʣʷ 

2. ʈʘʬʠʥʠʨʦʚʘʥʠʝ ʢʨʝʤʥʠʷ ʚ ʢʦʚʰʝ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʥʝʥʘʩʳʱʝʥʥʦʛʦ ʚʦʜʷʥʦʛʦ ʧʘʨʘ 

3. ʀʩʧʦʣʴʟʦʚʘʥʠʝ ʙʦʣʝʝ ʚʳʩʦʢʦʡ ʪʝʤʧʝʨʘʪʫʨʳ ʠ ʦʙʲʝʤʘ ʧʨʦʜʫʚʘʝʤʦʛʦ ʛʘʟʘ ʧʨʠ ʨʘʬʠʥʠʨʦʚʘʥʠʠ 
ʨʝʛʫʣʠʨʫʝʤʳʝ ʟʘ ʩʯʝʪ ʢʦʨʨʝʢʪʠʨʦʚʢʠ ʩʦʩʪʘʚʘ ʛʘʟʦʚʦʡ ʩʤʝʩʠ 

4. ʂʦʨʨʝʢʪʠʨʦʚʢʘ ʧʨʦʮʝʩʩʦʚ ʦʯʠʩʪʢʠ ʥʘ ʦʩʥʦʚʝ ʧʨʝʜʝʣʴʥʳʭ ʢʦʥʮʝʥʪʨʘʮʠʡ ʧʨʠʤʝʩʝʡ ʢʘʢ ʚ 
ʠʩʭʦʜʥʦʤ ʩʳʨʴʝ, ʪʘʢ ʠ ʚ ʧʨʦʤʝʞʫʪʦʯʥʳʭ ʧʨʦʜʫʢʪʘʭ 

5. ʅʘʧʨʘʚʣʝʥʥʘʷ ʢʨʠʩʪʘʣʣʠʟʘʮʠʷ, ʧʦʟʚʦʣʷʶʱʘʷ ʦʜʥʦʚʨʝʤʝʥʥʦ ʩ ʩʦʟʜʘʥʠʝʤ ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ 
ʩʪʨʫʢʪʫʨʳ ʢʨʝʤʥʠʷ ʩʫʱʝʩʪʚʝʥʥʦ ʩʥʠʟʠʪʴ ʢʦʥʮʝʥʪʨʘʮʠʶ ʤʝʪʘʣʣʦʚ  
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ɸʥʘʣʠʟ ʠ ʦʧʪʠʤʠʟʘʮʠʷ ʧʨʦʤʳʰʣʝʥʥʦʛʦ ʨʦʩʪʘ ʤʦʥʦʢʨʠʩʪʘʣʣʦʚ ʢʨʝʤʥʠʷ ʩ ʧʦʤʦʱʴʶ 

ʢʦʤʧʴʶʪʝʨʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ 

ɹʦʨʠʩʦʚ ɼ.ɺ., ʉʤʠʨʥʦʚ ʉ.ʀ., ɼʝʤʦ ʀ.ʆ., ʃʶʙʠʤʦʚʘ ʆ.ʆ., ʂʘʣʘʝʚ ɺ.ɺ. 

ʆʆʆ çʉʦʬʪ-ʀʤʧʘʢʪè, ʛ. ʉʘʥʢʪ-ʇʝʪʝʨʙʫʨʛ 

 e-mail: vladimir.kalaev@softimpact.ru 

 

ʄʦʥʦʢʨʠʩʪʘʣʣʳ ʢʨʝʤʥʠʷ ʵʣʝʢʪʨʦʥʥʦʛʦ ʢʘʯʝʩʪʚʘ ʧʨʦʠʟʚʦʜʷʪʩʷ ʤʝʪʦʜʘʤʠ ʏʦʭʨʘʣʴʩʢʦʛʦ ʠ 

ʙʝcʪʠʛʝʣʴʥʦʡ ʟʦʥʥʦʡ ʧʣʘʚʢʠ (ɹɿʇ). ʂʦʤʧʴʶʪʝʨʥʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʧʨʦʮʝʩʩʦʚ ʨʦʩʪʘ ʢʨʠʩʪʘʣʣʦʚ 

ʰʠʨʦʢʦ ʠʩʧʦʣʴʟʫʝʪʩʷ ʚ ʧʨʦʤʳʰʣʝʥʥʦʩʪʠ ʜʣʷ ʘʥʘʣʠʟʘ ʠ 

ʦʧʪʠʤʠʟʘʮʠʠ ʨʦʩʪʦʚʳʭ ʧʘʨʘʤʝʪʨʦʚ ʠ ʜʠʟʘʡʥʘ 

ʦʙʦʨʫʜʦʚʘʥʠʷ. 

ʉʨʳʚ ʙʝʟʜʠʩʣʦʢʘʮʠʦʥʥʦʛʦ (ɹɼ) ʨʦʩʪʘ ʤʦʞʝʪ 

ʧʨʦʠʩʭʦʜʠʪʴ ʥʘ ʵʪʘʧʘʭ ʨʘʟʨʘʱʠʚʘʥʠʷ ʢʦʥʫʩʘ ʠ ʚʦ ʚʨʝʤʷ 

ʨʦʩʪʘ ʮʠʣʠʥʜʨʠʯʝʩʢʦʡ ʯʘʩʪʠ ʢʨʠʩʪʘʣʣʘ ʧʦ ʥʝʩʢʦʣʴʢʠʤ 

ʧʨʠʯʠʥʘʤ, ʢʦʪʦʨʳʝ ʤʦʞʥʦ ʘʥʘʣʠʟʠʨʦʚʘʪʴ ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʢʦʤʧʴʶʪʝʨʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ. 

ʇʨʝʚʳʰʝʥʠʝ ʢʨʠʪʠʯʝʩʢʠʭ ʥʘʧʨʷʞʝʥʠʡ ʚ ʧʣʦʩʢʦʩʪʷʭ 

ʩʢʦʣʴʞʝʥʠʷ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʨʝʰʝʪʢʠ, ʛʝʥʝʨʠʨʫʶʱʠʝ 

ʜʠʩʣʦʢʘʮʠʠ, ʘʥʘʣʠʟʠʨʫʝʪʩʷ ʧʦʩʨʝʜʩʪʚʦʤ ʧʨʦʚʝʜʝʥʠʷ 

ʪʨʝʭʤʝʨʥʳʭ ʨʘʩʯʝʪʦʚ, ʫʯʠʪʳʚʘʶʱʠʭ ʘʥʠʟʦʪʨʦʧʠʶ 

ʢʦʥʩʪʘʥʪ ʫʧʨʫʛʦʩʪʠ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ 

ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʦʡ ʦʨʠʝʥʪʘʮʠʠ ʟʘʪʨʘʚʢʠ (<100>, 

<111>, <110>) [1]. ʀʟʙʳʪʦʯʥʦʝ ʣʦʢʘʣʴʥʦʝ 

ʧʝʨʝʦʭʣʘʞʜʝʥʠʝ [2] ʠʣʠ ʧʦʜʧʣʘʚʣʝʥʠʝ ʥʘ ʬʨʦʥʪʝ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ, ʚʳʟʚʘʥʥʳʝ ʥʝʩʪʘʮʠʦʥʘʨʥʦʡ 

ʪʫʨʙʫʣʝʥʪʥʦʡ ʢʦʥʚʝʢʮʠʝʡ ʨʘʩʧʣʘʚʘ, ʤʦʛʫʪ ʧʨʠʚʦʜʠʪʴ, ʢʘʢ ʢ ʩʨʳʚʫ ɹɼ, ʪʘʢ ʠ ʢ ʥʝʫʩʪʦʡʯʠʚʦʩʪʠ 

ʬʦʨʤʠʨʦʚʘʥʠʷ ʙʦʢʦʚʦʡ ʛʨʘʥʠʮʳ ʢʨʠʩʪʘʣʣʘ. ʌʣʫʢʪʫʘʮʠʠ ʨʘʟʤʝʨʘ ʛʨʘʥʝʡ ʢʨʠʩʪʘʣʣʘ (ʦʩʦʙʝʥʥʦ ʧʨʠ 

ʨʦʩʪʝ ʚ ʥʘʧʨʘʚʣʝʥʠʠ <111>) [3] ʚ ʩʦʚʦʢʫʧʥʦʩʪʠ ʩ ʢʦʥʮʝʥʪʨʘʮʠʦʥʥʳʤ ʧʝʨʝʦʭʣʘʞʜʝʥʠʝʤ ʷʚʣʷʶʪʩʷ 

ʥʘʠʙʦʣʝʝ ʪʠʧʠʯʥʦʡ ʧʨʠʯʠʥʦʡ ʩʨʳʚʘ ɹɼ ʧʨʠ ʨʦʩʪʝ ʩʠʣʴʥʦ ʣʝʛʠʨʦʚʘʥʥʳʭ ʢʨʠʩʪʘʣʣʦʚ. ʂʦʥʮʝʥʪʨʘʮʠʷ 

ʢʠʩʣʦʨʦʜʘ ʠ ʜʦʧʘʥʪʦʚ ʚ ʨʘʩʧʣʘʚʝ, ʛʝʦʤʝʪʨʠʷ ʬʨʦʥʪʘ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ ʠ ʪʝʧʣʦʚʳʝ ʛʨʘʜʠʝʥʪʳ ʚ 

ʢʨʠʩʪʘʣʣʝ ʦʧʨʝʜʝʣʷʶʪ ʧʨʦʯʥʦʩʪʥʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ, ʩʦʧʨʦʪʠʚʣʝʥʠʝ ʠ ʘʥʩʘʤʙʣʴ ʜʝʬʝʢʪʦʚ ʚ 

ʤʦʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʦʤ ʩʣʠʪʢʝ ʢʨʝʤʥʠʷ ʠ ʧʦʣʫʯʝʥʥʳʭ ʠʟ ʥʝʛʦ ʧʦʜʣʦʞʢʘʭ. 

ɼʣʷ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʚʭʦʞʜʝʥʠʷ ʚ ʨʘʩʪʫʱʠʡ ʢʨʠʩʪʘʣʣ ʚʘʢʘʥʩʠʡ ʠ ʤʝʞʜʦʫʟʣʠʡ, ʠʭ 

ʨʝʢʦʤʙʠʥʘʮʠʠ, ʦʙʲʝʤʥʳʭ ʨʝʘʢʮʠʡ ʠ ʦʙʨʘʟʦʚʘʥʠ ̫ʢʣʘʩʪʝʨʦʚ ʩ ʢʠʩʣʦʨʦʜʦʤ ʠ ʤʝʞʜʫ ʩʦʙʦʡ ʧʦ ʤʝʨʝ 

ʦʭʣʘʞʜʝʥʠʷ ʢʨʠʩʪʘʣʣʘ, ʚ ʥʘʰʝʡ ʢʦʤʧʘʥʠʠ ʙʳʣʘ ʨʘʟʨʘʙʦʪʘʥʘ ʩʧʝʮʠʘʣʴʥʘʷ ʤʦʜʝʣʴ ʜʠʥʘʤʠʢʠ 

ʪʦʯʝʯʥʳʭ ʜʝʬʝʢʪʦʚ. ʈʘʩʯʝʪ ʢʦʥʩʪʘʥʪ ʨʝʘʢʮʠʡ ʙʳʣ ʧʨʦʠʟʚʝʜʝʥ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʪʝʦʨʠʠ 

ʬʫʥʢʮʠʦʥʘʣʘ ʧʣʦʪʥʦʩʪʠ (ʘʥʛʣ. Density Functional Theory). ɼʣʷ ʨʘʩʯʝʪʘ ʜʠʥʘʤʠʢʠ ʜʝʬʝʢʪʦʚ 

ʥʝʦʙʭʦʜʠʤʦ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʪʝʤʧʝʨʘʪʫʨʥʳʭ ʛʨʘʜʠʝʥʪʦʚ ʚ ʨʘʩʪʫʱʝʤ ʢʨʠʩʪʘʣʣʝ ʢʨʝʤʥʠʷ, ʯʪʦ 

ʥʝʚʦʟʤʦʞʥʦ ʧʦʣʫʯʠʪʴ ʙʝʟ ʪʦʯʥʦʛʦ ʨʘʩʯʝʪʘ ʛʝʦʤʝʪʨʠʠ ʬʨʦʥʪʘ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ, ʘ ʪʘʢʞʝ 

ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʢʦʥʮʝʥʪʨʘʮʠʠ ʢʠʩʣʦʨʦʜʘ ʚ ʢʨʠʩʪʘʣʣʝ, ʢʦʪʦʨʳʝ ʨʘʩʩʯʠʪʳʚʘʶʪʩʷ ʧʨʝʜʚʘʨʠʪʝʣʴʥʦ ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ STR (stress tensor reconstruction) k-e ʤʦʜʝʣʠ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ, ʨʘʟʨʘʙʦʪʘʥʥʦʡ ʚ ʉʦʬʪ-

ʀʤʧʘʢʪ. 
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ɿʘʚʠʩʠʤʦʩʪʴ ʧʦʣʝʡ ʪʝʤʧʝʨʘʪʫʨʳ ʠ ʪʝʨʤʠʯʝʩʢʠʭ ʥʘʧʨʷʞʝʥʠʡ ʚ ʤʦʥʦ- ʠ ʧʦʣʠʢʨʠʩʪʘʣʣʘʭ 

ʢʨʝʤʥʠʷ ʦʪ ʧʘʨʘʤʝʪʨʦʚ ʩʦʧʨʷʞʸʥʥʦʛʦ ʨʘʜʠʘʮʠʦʥʥʦ-ʢʦʥʚʝʢʪʠʚʥʦʛʦ ʪʝʧʣʦʦʙʤʝʥʘ ʥʘ 

ʨʘʟʣʠʯʥʳʭ ʩʪʘʜʠʷʭ ʪʝʭʥʦʣʦʛʠʯʝʩʢʦʛʦ ʧʨʦʮʝʩʩʘ 
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ʂʨʝʤʥʠʡ ʦʩʪʘʝʪʩʷ ʚʘʞʥʳʤ ʤʘʪʝʨʠʘʣʦʤ ʚ ʦʙʣʘʩʪʷʭ ʤʠʢʨʦ- ʠ ʩʠʣʦʚʦʡ ʵʣʝʢʪʨʦʥʠʢʠ. ʇʨʦʙʣʝʤʳ 

ʧʦʚʳʰʝʥʠʷ ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʦʛʦ ʩʦʚʝʨʰʝʥʩʪʚʘ ʤʦʥʦʢʨʠʩʪʘʣʣʦʚ ʢʨʝʤʥʠʷ ʵʣʝʢʪʨʦʥʥʦʛʦ ʠ 

ʩʦʣʥʝʯʥʦʛʦ ʢʘʯʝʩʪʚʘ ʦʩʪʘʶʪʩʷ ʘʢʪʫʘʣʴʥʳʤʠ. ʉʦʚʝʨʰʝʥʩʪʚʘ ʤʦʥʦʢʨʠʩʪʘʣʣʦʚ ʢʨʝʤʥʠʷ ʠ ʜʨʫʛʠʭ 

ʤʥʦʛʦʬʫʥʢʮʠʦʥʘʣʴʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʚ ʟʥʘʯʠʪʝʣʴʥʦʡ ʩʪʝʧʝʥʠ ʦʧʨʝʜʝʣʷʶʪʩʷ ʪʝʧʣʦʚʦʡ ʠʩʪʦʨʠʝʡ ʚ 

ʧʨʦʮʝʩʩʝ ʨʦʩʪʘ ʢʨʠʩʪʘʣʣʘ, ʦʩʦʙʝʥʥʦ ʧʨʠ ʠʭ ʧʦʣʫʯʝʥʠʠ ʠʟ ʨʘʩʧʣʘʚʦʚ ʤʝʪʦʜʘʤʠ ʥʘʧʨʘʚʣʝʥʥʦʡ 

ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ. ʅʘ ʧʦʣʷ ʪʝʤʧʝʨʘʪʫʨʳ ʠ ʛʨʘʜʠʝʥʪʦʚ ʪʝʤʧʝʨʘʪʫʨʳ ʚ ʢʨʠʩʪʘʣʣʘʭ ʚʣʠʷʶʪ ʦʩʦʙʝʥʥʦʩʪʠ 

ʧʨʦʮʝʩʩʦʚ ʢʦʥʚʝʢʪʠʚʥʦʡ ʠʣʠ ʨʘʜʠʘʮʠʦʥʥʦ-ʢʦʥʚʝʢʪʠʚʥʦʡ ʪʝʧʣʦʦʪʜʘʯʠ ʦʪ ʧʦʚʝʨʭʥʦʩʪʠ ʢʨʠʩʪʘʣʣʦʚ ʚ 

ʦʢʨʫʞʘʶʱʫʶ ʩʨʝʜʫ ʚ ʨʦʩʪʦʚʳʭ ʫʟʣʘʭ ʫʩʪʘʥʦʚʦʢ. ʊʝʧʣʦʧʝʨʝʜʘʯʘ ʚ ʢʨʠʩʪʘʣʣʘʭ ʧʨʦʠʩʭʦʜʠʪ ʚ 

ʢʦʥʜʫʢʪʠʚʥʦʤ ʠʣʠ ʨʘʜʠʘʮʠʦʥʥʦ-ʢʦʥʜʫʢʪʠʚʥʦʤ ʨʝʞʠʤʘʭ. ʇʦʣʷ ʛʨʘʜʠʝʥʪʦʚ ʪʝʤʧʝʨʘʪʫʨʳ ʠ ʠʤʠ 

ʦʙʫʩʣʦʚʣʝʥʥʳʝ ʪʝʨʤʠʯʝʩʢʠʝ ʥʘʧʨʷʞʝʥʠʷ ʧʦ ʤʝʨʝ ʚʳʪʷʛʠʚʘʥʠʷ ʢʨʠʩʪʘʣʣʘ ʠ ʫʚʝʣʠʯʝʥʠʷ ʝʛʦ ʜʣʠʥʳ 

ʤʝʥʷʶʪʩʷ ʥʝ ʪʦʣʴʢʦ ʤʦʥʦʪʦʥʥʦ ʚʦ ʚʨʝʤʝʥʠ, ʥʦ ʠ ʢʚʘʟʠʧʝʨʠʦʜʠʯʝʩʢʠ ʧʨʠ ʨʘʟʚʠʪʠʠ ʥʝʫʩʪʦʡʯʠʚʦʩʪʝʡ 

ʚ ʧʦʛʨʘʥʠʯʥʳʭ ʩʣʦʷʭ ʥʘ ʦʙʨʘʟʫʶʱʠʭ ʢʨʠʩʪʘʣʣʦʚ. ʌʣʫʢʪʫʘʮʠʠ ʪʝʤʧʝʨʘʪʫʨʳ ʚ ʧʦʛʨʘʥʠʯʥʳʭ ʩʣʦʷʭ ʚ 

ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʠʭ ʘʤʧʣʠʪʫʜʥʦ-ʯʘʩʪʦʪʥʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʧʦʨʦʞʜʘʶʪ ʪʝʧʣʦʚʳʝ ʚʦʣʥʳ ʚ ʢʨʠʩʪʘʣʣʘʭ 

ʠ ʥʝʩʪʘʮʠʦʥʘʨʥʳʝ ʪʝʨʤʠʯʝʩʢʠʝ ʥʘʧʨʷʞʝʥʠʷ. ʆʩʦʙʝʥʥʦʩʪʠ ʩʦʧʨʷʞʸʥʥʦʛʦ ʢʦʥʚʝʢʪʠʚʥʦʛʦ ʠ 

ʨʘʜʠʘʮʠʦʥʥʦ-ʢʦʥʚʝʢʪʠʚʥʦʛʦ ʪʝʧʣʦʦʙʤʝʥʘ ʢʨʠʩʪʘʣʣʦʚ ʩ ʦʢʨʫʞʘʶʱʝʡ ʩʨʝʜʦʡ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʠʭ 

ʜʣʠʥʳ ʧʨʘʢʪʠʯʝʩʢʠ ʥʝ ʠʩʩʣʝʜʦʚʘʥʳ. ɼʣʷ ʧʦʥʠʤʘʥʠʷ ʟʘʢʦʥʦʤʝʨʥʦʩʪʝʡ ʟʘʚʠʩʠʤʦʩʪʠ ʧʦʣʝʡ 

ʪʝʤʧʝʨʘʪʫʨʳ ʠ ʪʝʨʤʠʯʝʩʢʠʭ ʥʘʧʨʷʞʝʥʠʡ ʚ ʢʨʠʩʪʘʣʣʘʭ ʦʪ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʪʝʧʣʦʦʪʜʘʯʠ ʩ ʠʭ 

ʦʙʨʘʟʫʶʱʠʭ ʨʝʰʘʶʪʩʷ ʟʘʜʘʯʠ ʚ ʨʘʤʢʘʭ ʯʘʩʪʠʯʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ. ʏʘʩʪʠʯʥʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ 

ʧʦʟʚʦʣʷʝʪ ʦʧʨʝʜʝʣʠʪʴ ʦʩʥʦʚʥʳʝ ʪʝʥʜʝʥʮʠʠ ʚ ʧʦʚʝʜʝʥʠʠ ʨʘʩʩʤʘʪʨʠʚʘʝʤʳʭ ʩʠʩʪʝʤ ʧʨʠ ʠʟʤʝʥʝʥʠʠ 

ʦʪʜʝʣʴʥʳʭ ʫʧʨʘʚʣʷʶʱʠʭ ʧʘʨʘʤʝʪʨʦʚ ʠʣʠ ʠʭ ʛʨʫʧʧʳ. 

ʏʠʩʣʝʥʥʦ, ʤʝʪʦʜʦʤ ʢʦʥʝʯʥʳʭ ʵʣʝʤʝʥʪʦʚ, ʠʩʩʣʝʜʦʚʘʥʳ ʧʨʦʮʝʩʩʳ ʩʦʧʨʷʞʸʥʥʦʛʦ 

ʨʘʜʠʘʮʠʦʥʥʦ-ʢʦʥʚʝʢʪʠʚʥʦʛʦ, ʩʚʦʙʦʜʥʦ-ʢʦʥʚʝʢʪʠʚʥʦʛʦ ʠ ʢʦʥʜʫʢʪʠʚʥʦʛʦ ʪʝʧʣʦʦʙʤʝʥʘ ʨʘʩʪʫʱʝʛʦ 

ʢʨʠʩʪʘʣʣʘ ʩ ʦʢʨʫʞʘʶʱʝʡ ʩʨʝʜʦʡ ʥʘ ʨʘʟʣʠʯʥʳʭ ʩʪʘʜʠʷʭ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʭ ʧʨʦʮʝʩʩʦʚ ʚʳʨʘʱʠʚʘʥʠʷ 

ʤʦʥʦ- ʠ ʧʦʣʠʢʨʠʩʪʘʣʣʦʚ. ʈʘʩʩʤʦʪʨʝʥʳ ʧʨʦʮʝʩʩʳ ʚʳʨʘʱʠʚʘʥʠʷ ʤʦʥʦʢʨʠʩʪʘʣʣʦʚ ʤʝʪʦʜʦʤ 

ʏʦʭʨʘʣʴʩʢʦʛʦ, ʉʪʝʧʘʥʦʚʘ, ʙʝʩʪʠʛʝʣʴʥʦʡ ʟʦʥʥʦʡ ʧʣʘʚʢʠ ʠ ʧʦʣʠʢʨʠʩʪʘʣʣʦʚ ʤʝʪʦʜʦʤ ʉʠʤʝʥʩʘ. ɺ 

ʨʝʞʠʤʘʭ ʢʦʥʚʝʢʪʠʚʥʦʛʦ ʪʝʧʣʦʦʙʤʝʥʘ ʜʣʷ ʧʦʥʠʤʘʥʠʷ ʦʪʥʦʩʠʪʝʣʴʥʦʡ ʨʦʣʠ ʤʝʭʘʥʠʟʤʦʚ ʛʝʥʝʨʘʮʠʠ 

ʪʝʯʝʥʠʷ ʛʘʟʘ ʚ ʨʦʩʪʦʚʦʡ ʢʘʤʝʨʝ ʨʝʰʘʣʠʩʴ ʟʘʜʘʯʠ ʧʨʠ ʪʝʨʤʦʛʨʘʚʠʪʘʮʠʦʥʥʦʡ  ʢʦʥʚʝʢʮʠʠ, ʧʨʠ 

ʮʝʥʪʨʦʙʝʞʥʘʷ ʢʦʥʚʝʢʮʠʠ, ʚʦʟʥʠʢʘʶʱʝʡ ʚʩʣʝʜʩʪʚʠʝ ʚʨʘʱʝʥʠʷ ʢʨʠʩʪʘʣʣʘ, ʠ ʧʨʠ ʩʦʚʤʝʩʪʥʦʤ ʚʣʠʷʥʠʠ 

ʮʝʥʪʨʦʙʝʞʥʳʭ ʩʠʣ ʠ ʩʠʣ ʧʣʘʚʫʯʝʩʪʠ. ʈʝʰʘʣʘʩʴ ʩʠʩʪʝʤʘ ʫʨʘʚʥʝʥʠʡ ʩʤʝʰʘʥʥʦʡ ʢʦʥʚʝʢʮʠʠ ʚ 

ʧʝʨʝʤʝʥʥʳʭ ʚʠʭʨʴ, ʬʫʥʢʮʠʷ ʪʦʢʘ ʠ ʪʝʤʧʝʨʘʪʫʨʘ ʩ ʫʯʸʪʦʤ ʨʘʚʥʦʤʝʨʥʦʛʦ ʚʨʘʱʝʥʠʷ ʢʨʠʩʪʘʣʣʘ. 

ʈʘʩʯʸʪʳ ʨʘʜʠʘʮʠʦʥʥʳʭ ʧʦʪʦʢʦʚ ʧʨʦʚʝʜʝʥʳ ʥʘ ʦʩʥʦʚʝ ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʦʛʦ ʟʦʥʘʣʴʥʦʛʦ ʤʝʪʦʜʘ. ɼʣʷ 

ʨʘʩʯʝʪʘ ʪʝʨʤʦʫʧʨʫʛʠʭ ʥʘʧʨʷʞʝʥʠʡ ʨʝʰʘʣʘʩʴ ʟʘʜʘʯʘ ʪʝʨʤʦʫʧʨʫʛʦʩʪʠ, ʠʩʧʦʣʴʟʫʷ ʢʦʥʮʝʧʮʠʶ 

ʪʝʨʤʦʫʧʨʫʛʦʛʦ ʧʦʪʝʥʮʠʘʣʘ ʧʝʨʝʤʝʱʝʥʠʡ. ʇʦ ʨʘʩʧʨʝʜʝʣʝʥʠʶ ʧʦʣʷ ʪʝʤʧʝʨʘʪʫʨʳ ʚ ʜʘʥʥʳʡ ʤʦʤʝʥʪ 

ʚʨʝʤʝʥʠ ʥʘʭʦʜʠʣʦʩʴ ʧʦʣʝ ʪʝʨʤʦʫʧʨʫʛʦʛʦ ʧʦʪʝʥʮʠʘʣʘ ʧʝʨʝʤʝʱʝʥʠʷ, ʟʘʪʝʤ ʥʘʭʦʜʠʣʠʩʴ ʧʦʣʷ 

ʢʦʤʧʦʥʝʥʪ ʪʝʨʤʠʯʝʩʢʦʛʦ ʥʘʧʨʷʞʝʥʠʷ. ʇʦ ʠʟʚʝʩʪʥʳʤ ʨʘʩʧʨʝʜʝʣʝʥʠʷʤ ʧʦʣʝʡ ʢʦʤʧʦʥʝʥʪ 

ʪʝʨʤʠʯʝʩʢʠʭ ʥʘʧʨʷʞʝʥʠʡ ʥʘʭʦʜʠʣʠʩʴ ʵʢʚʠʚʘʣʝʥʪʥʳʝ ʥʘʧʨʷʞʝʥʠʷ ʧʦ ʄʠʟʝʩʫ. ʇʦʢʘʟʘʥʦ, ʯʪʦ ʧʦʣʷ 

ʪʝʤʧʝʨʘʪʫʨʳ ʚ ʢʨʠʩʪʘʣʣʘʭ ʩʫʱʝʩʪʚʝʥʥʦ ʟʘʚʠʩʷʪ ʦʪ ʦʩʦʙʝʥʥʦʩʪʝʡ ʨʝʞʠʤʦʚ ʪʝʧʣʦʦʪʜʘʯʠ. 

ʉʦʧʨʷʞʸʥʥʳʡ ʪʝʧʣʦʦʙʤʝʥ ʩ ʦʢʨʫʞʘʶʱʝʡ ʩʨʝʜʦʡ ʧʨʠʚʦʜʠʪ ʢ ʥʝʦʜʥʦʨʦʜʥʦʩʪʠ ʧʦʣʝʡ ʪʝʤʧʝʨʘʪʫʨʳ ʚ 

ʢʨʠʩʪʘʣʣʘʭ ʠ ʢ ʥʝʦʜʥʦʨʦʜʥʦʩʪʠ ʪʝʨʤʠʯʝʩʢʠʭ ʥʘʧʨʷʞʝʥʠʡ ʚʥʫʪʨʠ ʢʨʠʩʪʘʣʣʦʚ. ʈʘʜʠʘʮʠʦʥʥʘʷ 

ʪʝʧʣʦʦʪʜʘʯʘ ʧʨʠʚʦʜʠʪ ʢ ʙʦʣʝʝ ʵʬʬʝʢʪʠʚʥʦʤʫ ʦʭʣʘʞʜʝʥʠʶ ʢʨʠʩʪʘʣʣʦʚ ʠ ʩʥʠʞʝʥʠʶ ʨʦʣʠ ʩʠʣ 

ʧʣʘʚʫʯʝʩʪʠ. ʅʦ ʨʝʞʠʤʳ ʪʝʯʝʥʠʷ ʧʨʠ ʪʝʨʤʦʛʨʘʚʠʪʘʮʠʦʥʥʦʡ ʠ ʩʤʝʰʘʥʥʦʡ ʢʦʥʚʝʢʮʠʠ ʧʨʠ ʧʦʷʚʣʝʥʠʠ 

ʣʘʤʠʥʘʨʥʦ-ʪʫʨʙʫʣʝʥʪʥʳʭ ʧʝʨʝʭʦʜʦʚ ʚ ʧʦʛʨʘʥʠʯʥʳʭ ʩʣʦʷʭ ʩʫʱʝʩʪʚʝʥʥʦ ʚʣʠʷʶʪ ʥʘ ʥʝʦʜʥʦʨʦʜʥʦʩʪʴ 

ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʧʦʣʷ ʪʝʤʧʝʨʘʪʫʨʳ ʚ ʢʨʠʩʪʘʣʣʘʭ ʠ ʧʨʠʚʦʜʷʪ ʢ ʦʩʮʠʣʣʷʮʠʷʤ ʪʝʤʧʝʨʘʪʫʨʳ, ʢʘʢ ʥʘ 

ʧʦʚʝʨʭʥʦʩʪʠ ʢʨʠʩʪʘʣʣʘ, ʪʘʢ ʠ ʚ ʦʙʲʸʤʘʭ ʢʨʠʩʪʘʣʣʦʚ. 
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ʢʨʝʤʥʠʷ 

ɺʜʦʚʠʥʘ ʊ.ʅ., ʐʪʨʠʧʣʠʥʛ ʃ.ʆ. 

ʌɻɸʆʋ ɺʆ çʆʤʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʪʝʭʥʠʯʝʩʢʠʡ ʫʥʠʚʝʨʩʠʪʝʪè, ʛ. ʆʤʩʢ 
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ɺʳʩʦʢʦʯʠʩʪʳʡ ʩʠʥʪʝʪʠʯʝʩʢʠʡ ʢʚʘʨʮ, ʧʦʣʫʯʘʝʤʳʡ ʠʟ ʠʩʢʦʧʘʝʤʳʭ ʢʚʘʨʮʠʪʦʚ, ʷʚʣʷʝʪʩʷ 

ʠʩʪʦʯʥʠʢʦʤ ʩʠʥʪʝʟʘ ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ ʢʨʝʤʥʠʷ ʵʣʝʢʪʨʦʥʥʦʛʦ ʢʘʯʝʩʪʚʘ, ʦʧʪʠʯʝʩʢʠʭ ʠʟʜʝʣʠʡ, 

ʪʨʫʙ, ʪʠʛʣʝʡ. ʀʩʢʦʧʘʝʤʳʝ ʢʚʘʨʮʠʪʳ ʷʚʣʷʶʪʩʷ ʜʦʨʦʛʠʤ 

ʠ ʜʝʬʠʮʠʪʥʳʤ ʩʳʨʴʝʤ, ʧʦʵʪʦʤʫ ʫʜʝʰʝʚʣʝʥʠʝ 

ʪʝʭʥʦʣʦʛʠʠ ʧʦʣʫʯʝʥʠʷ ʪʝʭʥʠʯʝʩʢʦʛʦ ʢʨʝʤʥʠʷ 

ʜʦʩʪʠʛʘʝʪʩʷ ʟʘ ʩʯʝʪ ʨʘʩʰʠʨʝʥʠʷ ʩʳʨʴʝʚʦʡ ʙʘʟʳ 

(ʥʠʟʢʦʢʘʯʝʩʪʚʝʥʥʳʭ ʢʚʘʨʮʠʪʦʚ, ʢʚʘʨʮʝʚʦʛʦ ʧʝʩʢʘ, 

ʦʪʭʦʜʦʚ ʧʨʦʠʟʚʦʜʩʪʚʘ ʮʚʝʪʥʳʭ ʤʝʪʘʣʣʦʚ [1].  ɺ 

ʢʘʯʝʩʪʚʝ ʦʜʥʦʛʦ ʠʟ ʚʦʟʤʦʞʥʳʭ ʠʩʪʦʯʥʠʢʦʚ ʩʳʨʴʷ ʜʣʷ 

ʧʦʣʫʯʝʥʠʷ ʪʝʭʥʠʯʝʩʢʦʛʦ ʢʨʝʤʥʠʷ ʚ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʝ 

ʨʘʩʩʤʦʪʨʝʥʳ ʟʦʣʦʰʣʘʢʦʚʳʝ ʦʪʭʦʜʳ (ɿʐʆ) ʦʪ 

ʩʞʠʛʘʥʠʷ ʢʘʤʝʥʥʳʭ ʫʛʣʝʡ, ʩʦʜʝʨʞʘʥʠʝ SiO2 ʚ ʢʦʪʦʨʳʭ 

ʩʦʩʪʘʚʣʷʝʪ ʦʪ 52% ʜʦ 61% (ʤʘʩʩ.).  

ʎʝʣʴʶ ʨʘʙʦʪʳ ʷʚʣʷʝʪʩʷ ʘʥʘʣʠʟ ʵʬʬʝʢʪʠʚʥʦʩʪʠ 

ʤʝʪʦʜʦʚ ʚʳʜʝʣʝʥʠʷ SiO2 ʠʟ ɿʐʆ, ʚʢʣʶʯʘʷ ʠʟʫʯʝʥʠʝ 

ʚʦʟʤʦʞʥʦʩʪʠ ʢʦʥʮʝʥʪʨʠʨʦʚʘʥʠʷ ʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʵʣʝʤʝʥʪʦʚ ʠʟ ʬʠʣʴʪʨʘʪʦʚ ʧʦʩʣʝ ʬʠʣʴʪʨʦʚʘʥʠʷ 

ʦʩʘʜʢʘ SiO2. ɺʳʜʝʣʝʥʠʝ ʜʠʦʢʩʠʜʘ ʢʨʝʤʥʠʷ ʠʟ ʩʤʝʩʠ ʦʢʩʠʜʦʚ ʤʝʪʘʣʣʦʚ ʠ ʥʝʤʝʪʘʣʣʦʚ, ʚʭʦʜʷʱʠʭ ʚ 

ɿʐʆ, ʦʩʥʦʚʘʥʦ ʥʘ ʦʩʦʙʝʥʥʦʩʪʷʭ ʭʠʤʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ SiO2, ʥʝ ʨʘʩʪʚʦʨʷʶʱʝʛʦʩʷ ʚ ʤʠʥʝʨʘʣʴʥʳʭ 

ʢʠʩʣʦʪʘʭ (ʢʨʦʤʝ ʧʣʘʚʠʢʦʚʦʡ HF), ʥʦ ʨʝʘʛʠʨʫʶʱʝʛʦ ʩʦ ʱʝʣʦʯʘʤʠ ʩ ʦʙʨʘʟʦʚʘʥʠʝʤ ʚʦʜʦʨʘʩʪʚʦʨʠʤʳʭ 

ʩʠʣʠʢʘʪʦʚ.  

ʇʨʦʘʥʘʣʠʟʠʨʦʚʘʥʳ ʫʩʣʦʚʠʷ ʢʠʩʣʦʪʥʦʛʦ ʨʘʟʜʝʣʝʥʠʷ SiO2 ʦʪ ʦʢʩʠʜʦʚ ʤʝʪʘʣʣʦʚ, ʩʦʜʝʨʞʘʱʠʭʩʷ 

ʚ ɿʐʆ. ʈʝʟʫʣʴʪʘʪʳ ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʩʚʠʜʝʪʝʣʴʩʪʚʫʶʪ ʦ ʥʘʠʙʦʣʴʰʝʡ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʧʨʦʮʝʩʩʘ 

ʨʘʟʜʝʣʝʥʠʷ ʠʩʭʦʜʥʦʛʦ SiO2, ʥʘʭʦʜʷʱʝʛʦʩʷ ʚ ɿʐʆ ʚ ʚʠʜʝ ʘʤʦʨʬʥʦʛʦ SiO2 ʠ ʚ ʩʦʩʪʘʚʝ 

ʘʣʁʤʦʩʠʣʠʢʘʪʘ, ʠʟ 2ʄ ʨʘʩʪʚʦʨʘ H2SO4. ʌʠʣʴʪʨʘʪ ʠʟ ʢʘʪʠʦʥʦʚ, ʨʘʩʪʚʦʨʠʚʰʠʭʩʷ ʚ 2ʄ H2SO4, 
ʦʙʨʘʙʦʪʘʥ ʚʦʜʥʳʤ ʨʘʩʪʚʦʨʦʤ NaOH, ʨʝʛʫʣʠʨʦʚʘʥʠʝ ʢʦʥʮʝʥʪʨʘʮʠʠ ʢʦʪʦʨʦʛʦ ʧʦʜ ʢʦʥʪʨʦʣʝʤ ʨʅ 

ʧʦʟʚʦʣʠʣʠ ʦʙʝʩʧʝʯʠʪʴ ʧʦʵʪʘʧʥʦʝ ʦʩʘʞʜʝʥʠʝ ʛʠʜʨʦʦʢʩʠʜʦʚ ʤʝʪʘʣʣʦʚ.   
ɺʳʜʝʣʝʥʠʝ SiO2 ʠʟ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ ʘʣʶʤʦʩʠʣʠʢʘʪʘ (ʤʫʣʣʠʪʘ 3Al2O3Å2SiO2) ʤʝʪʦʜʦʤ 

ʱʝʣʦʯʥʦʡ ʦʙʨʘʙʦʪʢʠ ʦʩʫʱʝʩʪʚʣʷʣʦʩʴ ʚ ʜʚʝ ʩʪʘʜʠʠ: 1) ʦʙʨʘʙʦʪʢʘ ʘʣʶʤʦʩʠʣʠʢʘʪʘ 1N NaOH ʩ 

ʦʙʨʘʟʦʚʘʥʠʝʤ ʚʦʜʦʨʘʩʪʚʦʨʠʤʦʛʦ ʩʠʣʠʢʘʪʘ ʥʘʪʨʠʷ, 2) ʦʙʨʘʙʦʪʢʘ ʢʦʣʣʦʠʜʥʦʛʦ ʨʘʩʪʚʦʨʘ ʩʠʣʠʢʘʪʘ 

ʥʘʪʨʠʷ 0,5ʄ H2SO4 ʚ ʩʦʦʪʥʦʰʝʥʠʠ 1:2, ʘ ʟʘʪʝʤ ʨʘʟʙʘʚʣʝʥʠʝ ʜʠʩʪʠʣʣʠʨʦʚʘʥʥʦʡ ʚʦʜʦʡ ʜʦ 

ʢʦʥʮʝʥʪʨʘʮʠʠ ʩʝʨʥʦʡ ʢʠʩʣʦʪʳ 0,1ʄ. ʕʪʦʪ ʚʘʨʠʘʥʪ ʦʙʝʩʧʝʯʠʣ ʤʘʢʩʠʤʘʣʴʥʫ  ʁ ʵʬʬʝʢʪʠʚʥʦʩʪ ɹ

ʦʩʘʞʜʝʥʠʷ ʜʠʦʢʩʠʜʘ ʢʨʝʤʥʠʷ ʠʟ ʢʦʣʣʦʠʜʥʦʛʦ ʨʘʩʪʚʦʨʘ, ʦʙʝʩʧʝʯʠʚʘʷ ʧʦʣʫʯʝʥʠʝ ʢʨʫʧʥʳʭ, ʭʦʨʦʰʦ 

ʦʬʦʨʤʣʝʥʥʳʭ ʯʘʩʪʠʮ SiO2 (ʨʠʩ.1). 
ʇʦʣʫʯʝʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʤʦʛʫʪ ʙʳʪʴ ʧʨʠʤʝʥʝʥʳ ʜʣʷ ʨʘʟʨʘʙʦʪʢʠ ʪʝʭʥʦʣʦʛʠʠ ʧʦʣʫʯʝʥʠʷ 

ʩʳʨʴʝʚʳʭ ʤʘʪʝʨʠʘʣʦʚ ʨʘʟʣʠʯʥʦʛʦ ʢʘʯʝʩʪʚʘ ʜʣʷ ʩʠʥʪʝʟʘ ʢʨʝʤʥʠʷ ʠ ʝʛʦ ʩʦʝʜʠʥʝʥʠʡ. 

ʃʠʪʝʨʘʪʫʨʘ 
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ʅʝʩʤʦʪʨʷ ʥʘ ʰʠʨʦʢʦʝ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʝ ʤʝʪʦʜʘ ʏʦʭʨʘʣʴʩʢʦʛʦ, ʜʣʷ ʢʨʠʪʠʯʝʩʢʠʭ ʧʨʠʤʝʥʝʥʠʡ 

(ʩʠʣʦʚʘʷ ʵʣʝʢʪʨʦʥʠʢʘ (IGBT-ʪʨʘʥʟʠʩʪʦʨʳ, ʚʳʩʦʢʦʚʦʣʴʪʥʳʝ ʪʠʨʠʩʪʦʨʳ) ʠ ʜʝʪʝʢʪʦʨʳ ʷʜʝʨʥʳʭ 

ʠʟʣʫʯʝʥʠʡ) ʪʨʝʙʫʝʪʩʷ ʢʨʝʤʥʠʡ ʩ ʧʨʝʜʝʣʴʥʦ ʥʠʟʢʠʤ ʩʦʜʝʨʞʘʥʠʝʤ ʬʦʥʦʚʳʭ ʧʨʠʤʝʩʝʡ (O, C) ʠ 

ʵʣʝʢʪʨʠʯʝʩʢʠ ʘʢʪʠʚʥʳʭ ʮʝʥʪʨʦʚ (B, P). ʄʝʪʦʜ ʙʝʩʪʠʛʝʣʴʥʦʡ ʟʦʥʥʦʡ ʧʣʘʚʢʠ (ɹɿʇ) ʦʩʪʘʝʪʩʷ 

ʝʜʠʥʩʪʚʝʥʥʳʤ ʩʧʦʩʦʙʦʤ ʜʦʩʪʠʞʝʥʠʷ ʪʘʢʦʡ ʯʠʩʪʦʪʳ. ɸʢʪʫʘʣʴʥʦʩʪʴ ʨʘʙʦʪʳ ʦʙʫʩʣʦʚʣʝʥʘ 

ʥʝʦʙʭʦʜʠʤʦʩʪʴʶ ʠʤʧʦʨʪʦʟʘʤʝʱʝʥʠʷ ʩʚʝʨʭʯʠʩʪʦʛʦ ʤʦʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ ʢʨʝʤʥʠʷ (ʄʂʂ) ʩ 

ʧʘʨʘʤʝʪʨʘʤʠ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʤʠ ʪʨʝʙʦʚʘʥʠʷʤ ʜʣʷ ʧʨʠʙʦʨʦʚ ʩʧʝʮʠʘʣʴʥʦʛʦ ʥʘʟʥʘʯʝʥʠʷ. 

ʄʝʪʦʜ ɹɿʇ ʦʩʥʦʚʘʥ ʥʘ ʣʦʢʘʣʴʥʦʤ ʚʳʩʦʢʦʯʘʩʪʦʪʥʦʤ ʥʘʛʨʝʚʝ ʚʝʨʪʠʢʘʣʴʥʦʛʦ 

ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ ʩʪʝʨʞʥʷ ʚ ʚʘʢʫʫʤʝ ʠʣʠ ʠʥʝʨʪʥʦʤ ʛʘʟʝ. ʋʟʢʘʷ ʟʦʥʘ ʨʘʩʧʣʘʚʘ ʫʜʝʨʞʠʚʘʝʪʩʷ 

ʩʠʣʘʤʠ ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ ʥʘʪʷʞʝʥʠʷ, ʯʪʦ ʠʩʢʣʶʯʘʝʪ ʢʦʥʪʘʢʪ ʩ ʪʠʛʣʝʤ ʠ ʦʙʝʩʧʝʯʠʚʘʝʪ ʧʨʝʜʝʣʴʥʦ 

ʚʳʩʦʢʫʶ ʯʠʩʪʦʪʫ ʤʘʪʝʨʠʘʣʘ. ʇʨʠ ʧʝʨʝʤʝʱʝʥʠʠ ʟʦʥʳ ʚʜʦʣʴ ʩʪʝʨʞʥʷ ʩʦ ʩʢʦʨʦʩʪʴʶ ~3 ʤʤ/ʤʠʥ 

ʧʨʦʠʩʭʦʜʠʪ ʢʨʠʩʪʘʣʣʠʟʘʮʠʷ ʥʘ ʟʘʪʨʘʚʢʫ ʩ ʦʙʨʘʟʦʚʘʥʠʝʤ ʤʦʥʦʢʨʠʩʪʘʣʣʘ. ʂʣʶʯʝʚʳʤʠ ʧʘʨʘʤʝʪʨʘʤʠ 

ʧʨʦʮʝʩʩʘ, ʦʧʨʝʜʝʣʷʶʱʠʤʠ ʩʪʨʫʢʪʫʨʥʦʝ ʩʦʚʝʨʰʝʥʩʪʚʦ, ʷʚʣʷʶʪʩʷ ʩʢʦʨʦʩʪʴ ʨʦʩʪʘ, ʚʨʘʱʝʥʠʝ ʩʣʠʪʢʦʚ 

ʠ ʪʝʨʤʠʯʝʩʢʠʝ ʫʩʣʦʚʠʷ ʚ ʟʦʥʝ ʨʘʩʧʣʘʚʘ.  

ʂʣʶʯʝʚʳʤ ʫʩʣʦʚʠʝʤ ʧʦʣʫʯʝʥʠʷ ʙʝʟʜʠʩʣʦʢʘʮʠʦʥʥʳʭ ʢʨʠʩʪʘʣʣʦʚ ʷʚʣʷʝʪʩʷ ʧʨʝʮʠʟʠʦʥʥʳʡ 

ʢʦʥʪʨʦʣʴ ʯʠʩʪʦʪʳ ʥʘ ʚʩʝʭ ʵʪʘʧʘʭ, ʥʘʯʠʥʘʷ ʩ ʧʦʜʛʦʪʦʚʢʠ ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ ʩʳʨʴʷ (ʭʠʤʠʯʝʩʢʦʝ 

ʪʨʘʚʣʝʥʠʝ, ʦʙʝʟʞʠʨʠʚʘʥʠʝ) ʠ ʟʘʢʘʥʯʠʚʘʷ ʬʠʥʠʰʥʳʤʠ ʦʧʝʨʘʮʠʷʤʠ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ ʧʝʨʝʜ ʨʦʩʪʦʤ. 

ʆʧʪʠʤʠʟʘʮʠʷ ʜʘʥʥʳʭ ʧʨʦʮʝʜʫʨ ʧʦʟʚʦʣʠʣʘ ʤʠʥʠʤʠʨʦʚʘʪʴ ʬʦʥʦʚʦʝ ʟʘʛʨʷʟʥʝʥʠʝ ʠ ʦʙʝʩʧʝʯʠʪʴ 

ʩʪʘʙʠʣʴʥʦʝ ʧʨʦʭʦʞʜʝʥʠʝ ʪʘʢʠʭ ʩʪʘʜʠʡ ʧʨʦʮʝʩʩʘ ɹɿʇ, ʢʘʢ ʟʘʪʨʘʚʣʠʚʘʥʠʝ, ʨʘʟʨʘʱʠʚʘʥʠʝ ʢʦʥʫʩʘ ʠ 

ʨʦʩʪ ʪʝʣʘ ʢʨʠʩʪʘʣʣʘ. ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʦʧʨʝʜʝʣʷʶʱʝʝ ʚʣʠʷʥʠʝ ʥʘ ʩʪʨʫʢʪʫʨʥʦʝ ʩʦʚʝʨʰʝʥʩʪʚʦ 

ʦʢʘʟʳʚʘʶʪ ʩʢʦʨʦʩʪʴ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ ʠ ʛʠʜʨʦʜʠʥʘʤʠʢʘ ʨʘʩʧʣʘʚʘ, ʨʝʛʫʣʠʨʫʝʤʘʷ ʩʢʦʨʦʩʪʴʶ ʚʨʘʱʝʥʠʷ 

ʩʣʠʪʢʦʚ. 

ʈʦʩʪ ʄʂʂ ʧʨʦʚʦʜʠʣʩʷ ʥʘ ʫʩʪʘʥʦʚʢʘʭ ɹɿʇ, ʧʦʟʚʦʣʷʶʱʠʭ ʚʳʨʘʱʠʚʘʪʴ ʤʦʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʝ 

ʩʣʠʪʢʠ ʜʠʘʤʝʪʨʦʤ ʜʦ 100 ʤʤ ʠ ʜʣʠʥʦʡ ʜʦ 1500 ʤʤ. ɺ ʨʝʟʫʣʴʪʘʪʝ ʦʧʪʠʤʠʟʘʮʠʠ ʨʦʩʪʦʚʳʭ ʨʝʞʠʤʦʚ 

ʨʝʘʣʠʟʦʚʘʥ ʩʪʘʙʠʣʴʥʳʡ ʧʨʦʮʝʩʩ ʧʦʣʫʯʝʥʠʷ ʙʝʟʜʠʩʣʦʢʘʮʠʦʥʥʳʭ ʢʨʠʩʪʘʣʣʦʚ ʢʨʝʤʥʠʷ ʚ ʜʠʘʧʘʟʦʥʝ 

ʜʠʘʤʝʪʨʦʚ 50ï100 ʤʤ.  

ʀʩʩʣʝʜʦʚʘʥʠʝ ʧʘʨʘʤʝʪʨʦʚ ʚʳʨʘʱʝʥʥʳʭ ʩʣʠʪʢʦʚ ʄʂʂ ʧʨʦʚʦʜʠʣʘʩʴ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ 

ʢʦʤʧʣʝʢʩʘ ʤʝʪʦʜʦʚ. ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʫʜʝʣʴʥʦʝ ʵʣʝʢʪʨʠʯʝʩʢʦʝ ʩʦʧʨʦʪʠʚʣʝʥʠʝ (ʋʕʉ), ʠʟʤʝʨʝʥʥʦʝ 

ʯʝʪʳʨʝʭʟʦʥʜʦʚʳʤ ʤʝʪʦʜʦʤ, ʚʘʨʴʠʨʫʝʪʩʷ ʚ ʧʨʝʜʝʣʘʭ 1000õ7000 ʆʤĿʩʤ. ɺʘʞʥʳʤ ʨʝʟʫʣʴʪʘʪʦʤ 

ʷʚʣʷʝʪʩʷ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʝ ʧʦʜʪʚʝʨʞʜʝʥʠʝ ʥʠʟʢʦʛʦ ʩʦʜʝʨʞʘʥʠʷ ʬʦʥʦʚʳʭ ʧʨʠʤʝʩʝʡ. ʄʝʪʦʜʦʤ ʀʂ-

ʩʧʝʢʪʨʦʩʢʦʧʠʠ ʧʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʥʦ, ʯʪʦ ʢʦʥʮʝʥʪʨʘʮʠʠ ʢʠʩʣʦʨʦʜʘ ʠ ʫʛʣʝʨʦʜʘ ʥʘʭʦʜʷʪʩʷ ʥʘ ʫʨʦʚʥʝ 

ʧʦʨʦʛʘ ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʠ ʤʝʪʦʜʘ (< 2Ŀ1016ʩʤ-3). ʅʘʠʙʦʣʝʝ ʟʥʘʯʠʤʳʝ ʜʘʥʥʳʝ ʧʦʣʫʯʝʥʳ ʤʝʪʦʜʦʤ 

ʥʠʟʢʦʪʝʤʧʝʨʘʪʫʨʥʦʡ (ʛʝʣʠʝʚʦʡ) ʀʂ-ʩʧʝʢʪʨʦʩʢʦʧʠʠ: ʩʦʜʝʨʞʘʥʠʝ ʙʦʨʘ ʠ ʬʦʩʬʦʨʘ ʥʘ ʫʨʦʚʥʝ ʤʝʥʝʝ 

4Ŀ1012 ʩʤ-3, ʘ ʤʳʰʴʷʢʘ ʠ ʘʣʶʤʠʥʠʷ ð ʤʝʥʝʝ 1Ŀ1012 ʩʤ-3. 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʚ ʨʝʟʫʣʴʪʘʪʝ ʦʧʪʠʤʠʟʘʮʠʠ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʭ ʨʝʞʠʤʦʚ ɹɿʇ ʧʦʣʫʯʝʥʳ 

ʙʝʟʜʠʩʣʦʢʘʮʠʦʥʥʳʝ ʤʦʥʦʢʨʠʩʪʘʣʣʳ ʢʨʝʤʥʠʷ ʜʠʘʤʝʪʨʦʤ ʜʦ 100 ʤʤ ʩ ʥʠʟʢʠʤ ʩʦʜʝʨʞʘʥʠʝʤ 

ʦʩʪʘʪʦʯʥʳʭ ʧʨʠʤʝʩʝʡ: ʙʦʨ ʠ ʬʦʩʬʦʨ < 4Ŀ1012 ʩʤ-3, ʤʳʰʴʷʢ ʠ ʘʣʶʤʠʥʠʡ < 1Ŀ1012 ʩʤ-3, ʢʠʩʣʦʨʦʜ ʠ 

ʫʛʣʝʨʦʜ < 2Ŀ1016 ʩʤ-3. ʇʦʣʫʯʝʥʥʳʝ ʧʘʨʘʤʝʪʨʳ ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʪʨʝʙʦʚʘʥʠʷʤ ʢ ʩʚʝʨʭʯʠʩʪʦʤʫ ʢʨʝʤʥʠʶ 

ʜʣʷ ʧʨʠʙʦʨʦʚ ʩʠʣʦʚʦʡ ʵʣʝʢʪʨʦʥʠʢʠ ʠ ʦʙʝʩʧʝʯʠʚʘʶʪ ʚʦʟʤʦʞʥʦʩʪʴ ʩʦʟʜʘʥʠʷ IGBT-ʩʪʨʫʢʪʫʨ ʩ 

ʚʳʩʦʢʠʤʠ ʨʘʙʦʯʠʤʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ.  
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ʏʫʢʦʚ ɺ.ʅ.  

ʀʥʩʪʠʪʫʪ ɹʠʦʭʠʤʠʯʝʩʢʦʡ ʌʠʟʠʢʠ ʠʤ. ʅ.ʄ. ʕʤʘʥʫʵʣʷ ʈɸʅ, ʄʦʩʢʚʘ 
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ɿʘʢʦʥʦʤʝʨʥʦʩʪʠ [1] ʚʦʣʥʦʚʳʭ ʧʨʦʮʝʩʩʦʚ, ʚ ʯʘʩʪʥʦʩʪʠ ʚ ʢʨʝʤʥʠʠ, ʰʠʨʦʢʦ ʠʩʧʦʣʴʟʫʶʪʩʷ ʚ 

ʬʠʟʠʢʝ ʠ ʪʝʭʥʠʢʝ [2]. ɺ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʝ ʪʝʦʨʝʪʠʯʝʩʢʠ ʩʤʦʜʝʣʠʨʦʚʘʥ ʛʨʝʙʝʥʯʘʪʳʡ ʩʧʝʢʪʨ 

ʧʨʦʠʟʚʦʣʴʥʦʡ ʬʦʨʤʳ  ʚʳʩʦʢʦʯʘʩʪʦʪʥʦʛʦ ʤʘʣʦʫʛʣʦʚʦʛʦ ʨʘʩʩʝʷʥʠʷ ʩ ʧʦʤʦʱʴʶ ʥʦʚʳʭ 

ʪʦʧʦʣʦʛʠʯʝʩʢʠʭ ʟʘʢʦʥʦʚ ʨʘʩʩʝʷʥʠʷ [3-21]. ɼʘʥʥʳʝ ʥʦʚʳʝ ʬʠʟʠʯʝʩʢʠʝ ʷʚʣʝʥʠʷ ʥʘʨʫʰʘʶʪ 

ʢʣʘʩʩʠʯʝʩʢʠʡ ʟʘʢʦʥ ɻʠʥʴʝ [1] ʦ ʤʦʥʦʪʦʥʥʦʩʪʠ ʫʢʘʟʘʥʥʦʛʦ ʩʧʝʢʪʨʘ ʠ ʧʦʟʚʦʣʷʶʪ ʫʧʨʘʚʣʷʪʴ ʩʧʝʢʪʨʦʤ 

ʨʘʩʩʝʷʥʠʷ ʠ ʤʦʜʝʣʠʨʦʚʘʪʴ ʝʛʦ ʚ ʰʠʨʦʢʦʤ ʜʠʘʧʘʟʦʥʝ ʜʣʠʥ ʚʦʣʥ [3-21]. 
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 (Tri -Arc TA -200) 

ʍʘʣʠʤʦʚ ɸ.1), ʐʘʨʦʧʦʚ ʋ.ɹ.2) 
1)ɹʫʭʘʨʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʤʝʜʠʮʠʥʩʢʠʡ ʠʥʩʪʠʪʫʪ, ɹʫʭʘʨʘ 

2)ʌʠʟʠʢʦ-ʪʝʭʥʠʯʝʩʢʠʡ ʠʥʩʪʠʪʫʪ ʠʤ. ʉ.ɸ. ɸʟʠʤʦʚʘ ɸʢʘʜʝʤʠʠ ʥʘʫʢ ʈʝʩʧʫʙʣʠʢʠ ʋʟʙʝʢʠʩʪʘʥ, 

ʊʘʰʢʝʥʪ 

 e-mail: utkirstar@gmail.com 

 

ʂʨʝʤʥʠʡ ʷʚʣʷʝʪʩʷ ʦʜʥʠʤ ʠʟ ʢʣʶʯʝʚʳʭ ʤʘʪʝʨʠʘʣʦʚ ʩʦʚʨʝʤʝʥʥʦʡ ʤʠʢʨʦʵʣʝʢʪʨʦʥʠʢʠ, 

ʬʦʪʦʵʣʝʢʪʨʠʯʝʩʢʠʭ ʠ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʭ ʪʝʭʥʦʣʦʛʠʡ. ʏʠʩʪʦʪʘ ʢʨʝʤʥʠʷ ʩʫʱʝʩʪʚʝʥʥʦ ʚʣʠʷʝʪ ʥʘ ʝʛʦ 

ʵʣʝʢʪʨʠʯʝʩʢʠʝ, ʦʧʪʠʯʝʩʢʠʝ ʠ ʩʪʨʫʢʪʫʨʥʳʝ ʩʚʦʡʩʪʚʘ, ʧʦʵʪʦʤʫ ʨʘʟʨʘʙʦʪʢʘ ʵʬʬʝʢʪʠʚʥʳʭ ʤʝʪʦʜʦʚ ʝʛʦ 

ʦʯʠʩʪʢʠ ʷʚʣʷʝʪʩʷ ʚʘʞʥʦʡ ʥʘʫʯʥʦ-ʪʝʭʥʠʯʝʩʢʦʡ ʟʘʜʘʯʝʡ. ʆʜʥʠʤ ʠʟ ʧʝʨʩʧʝʢʪʠʚʥʳʭ ʤʝʪʦʜʦʚ 

ʧʦʚʳʰʝʥʠʷ ʯʠʩʪʦʪʳ ʢʨʝʤʥʠʷ ʷʚʣʷʝʪʩʷ ʚʘʢʫʫʤʥʘʷ ʜʫʛʦʚʘʷ ʧʣʘʚʢʘ, ʧʦʟʚʦʣʷʶʱʘʷ ʫʜʘʣʷʪʴ ʣʝʪʫʯʠʝ ʠ 

ʤʝʪʘʣʣʠʯʝʩʢʠʝ ʧʨʠʤʝʩʠ ʧʨʠ ʚʳʩʦʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ. 

ɺ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʝ ʠʩʩʣʝʜʦʚʘʥʳ ʨʝʟʫʣʴʪʘʪʳ ʦʯʠʩʪʢʠ ʢʨʝʤʥʠʷ ʤʝʪʦʜʦʤ ʜʫʛʦʚʦʡ ʧʣʘʚʢʠ ʥʘ 

ʧʨʠʙʦʨʝ Tri-Arc TA-200, ʩ ʧʦʩʣʝʜʫʶʱʠʤ ʘʥʘʣʠʟʦʤ ʵʣʝʤʝʥʪʥʦʛʦ ʩʦʩʪʘʚʘ ʧʦʣʫʯʝʥʥʦʛʦ ʦʙʨʘʟʮʘ. ɼʣʷ 

ʦʧʨʝʜʝʣʝʥʠʷ ʭʠʤʠʯʝʩʢʦʛʦ ʩʦʩʪʘʚʘ ʠʩʧʦʣʴʟʦʚʘʣʩʷ ʤʝʪʦʜ ʨʝʥʪʛʝʥʦʬʣʫʦʨʝʩʮʝʥʪʥʦʛʦ ʘʥʘʣʠʟʘ (XRF) ʥʘ 

ʩʧʝʢʪʨʦʤʝʪʨʝ Rigaku NEX CG. 

ʈʝʟʫʣʴʪʘʪʳ ʘʥʘʣʠʟʘ ʧʦʢʘʟʘʣʠ (ʈʠʩʫʥʦʢ), ʯʪʦ ʦʩʥʦʚʥʳʤ ʢʦʤʧʦʥʝʥʪʦʤ ʠʩʩʣʝʜʫʝʤʦʛʦ ʦʙʨʘʟʮʘ 

ʷʚʣʷʝʪʩʷ ʢʨʝʤʥʠʡ ʩ ʢʦʥʮʝʥʪʨʘʮʠʝʡ 99,6 ʤʘʩ.%. ʆʜʥʦʚʨʝʤʝʥʥʦ ʙʳʣʠ ʚʳʷʚʣʝʥʳ ʧʨʠʤʝʩʥʳʝ 

ʵʣʝʤʝʥʪʳ, ʧʨʠʩʫʪʩʪʚʫʶʱʠʝ ʚ ʟʥʘʯʠʪʝʣʴʥʦ ʤʝʥʴʰʠʭ ʢʦʣʠʯʝʩʪʚʘʭ. ɺ ʯʘʩʪʥʦʩʪʠ, ʩʦʜʝʨʞʘʥʠʝ 

ʘʣʶʤʠʥʠʷ ʩʦʩʪʘʚʣʷʝʪ 0,155 ʤʘʩ.%, ʮʠʨʢʦʥʠʷ ð 0,0919 ʤʘʩ.%, ʭʣʦʨʘ ð 0,0486 ʤʘʩ.%, ʩʝʨʳ ð 0,0173 

ʤʘʩ.%, ʢʘʣʠʷ ð 0,0178 ʤʘʩ.%, ʩʫʨʴʤʳ ð 0,0125 ʤʘʩ.%. ʉʣʝʜʦʚʳʝ ʢʦʣʠʯʝʩʪʚʘ ʤʝʜʠ (0,0017 ʤʘʩ.%) 

ʠ ʩʝʨʝʙʨʘ (0,0005 ʤʘʩ.%) ʪʘʢʞʝ ʙʳʣʠ ʟʘʨʝʛʠʩʪʨʠʨʦʚʘʥʳ ʚ ʦʙʨʘʟʮʝ. ʕʪʠ ʨʝʟʫʣʴʪʘʪʳ ʩʚʠʜʝʪʝʣʴʩʪʚʫʶʪ 

ʦ ʥʘʣʠʯʠʠ ʦʩʪʘʪʦʯʥʳʭ ʧʨʠʤʝʩʝʡ, ʩʚʷʟʘʥʥʳʭ ʢʘʢ ʩ ʠʩʭʦʜʥʳʤ ʤʘʪʝʨʠʘʣʦʤ, ʪʘʢ ʠ ʩ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʤʠ 

ʫʩʣʦʚʠʷʤʠ ʧʣʘʚʢʠ. 

ʇʦʣʫʯʝʥʥʳʝ ʜʘʥʥʳʝ ʧʦʜʪʚʝʨʞʜʘʶʪ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʤʝʪʦʜʘ ʜʫʛʦʚʦʡ ʧʣʘʚʢʠ ʜʣʷ ʦʯʠʩʪʢʠ 

ʢʨʝʤʥʠʷ ʠ ʜʝʤʦʥʩʪʨʠʨʫʶʪ ʚʦʟʤʦʞʥʦʩʪʴ ʧʦʣʫʯʝʥʠʷ ʤʘʪʝʨʠʘʣʘ ʩ ʚʳʩʦʢʠʤ ʩʦʜʝʨʞʘʥʠʝʤ ʦʩʥʦʚʥʦʛʦ 

ʢʦʤʧʦʥʝʥʪʘ. ɼʘʣʴʥʝʡʰʝʝ ʧʦʚʳʰʝʥʠʝ ʩʪʝʧʝʥʠ ʦʯʠʩʪʢʠ ʤʦʞʝʪ ʙʳʪʴ ʜʦʩʪʠʛʥʫʪʦ ʟʘ ʩʯʸʪ ʦʧʪʠʤʠʟʘʮʠʠ 

ʧʘʨʘʤʝʪʨʦʚ ʧʣʘʚʢʠ, ʚʘʢʫʫʤʥʳʭ ʫʩʣʦʚʠʡ ʠ ʩʦʩʪʘʚʘ ʠʥʝʨʪʥʦʡ ʘʪʤʦʩʬʝʨʳ. ʅʠʞʝ ʥʘ ʪʘʙʣʠʮʝ 

ʧʨʠʚʝʜʝʥʳ ʵʣʝʤʝʥʪʥʳʡ ʩʦʩʪʘʚ ʦʯʠʱʝʥʥʦʛʦ ʢʨʝʤʥʠʷ ʧʦ ʜʘʥʥʳʤ ʨʝʥʪʛʝʥʦʬʣʫʦʨʝʩʮʝʥʪʥʦʛʦ ʘʥʘʣʠʟʘ. 

 

ʕʣʝʤʝʥʪ Si Al  Zr  Cl K S Sb Cu Ag 

ʉʦʜʝʨʞʘʥʠʝ, ʤʘʩ.% 99.6 0.155 0.0919 0.0486 0.0178 0.0173 0.0125 0.0017 0.0005 

 

 

 
ʈʠʩʫʥʦʢ ï ʈʝʥʪʛʝʥʦʬʣʫʦʨʝʩʮʝʥʪʥʳʡ ʩʧʝʢʪʨ ʠ ʵʣʝʤʝʥʪʥʳʡ ʩʦʩʪʘʚ ʠʩʩʣʝʜʫʝʤʦʛʦ ʦʙʨʘʟʮʘ ʢʨʝʤʥʠʷ. 
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ʍʘʣʠʤʦʚ ɸ.1), ʐʘʨʦʧʦʚ ʋ.ɹ.2) 
1)ɹʫʭʘʨʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʤʝʜʠʮʠʥʩʢʠʡ ʠʥʩʪʠʪʫʪ, ɹʫʭʘʨʘ 

2)ʌʠʟʠʢʦ-ʪʝʭʥʠʯʝʩʢʠʡ ʠʥʩʪʠʪʫʪ ʠʤ. ʉ.ɸ. ɸʟʠʤʦʚʘ ɸʢʘʜʝʤʠʠ ʥʘʫʢ ʈʝʩʧʫʙʣʠʢʠ ʋʟʙʝʢʠʩʪʘʥ, 

ʊʘʰʢʝʥʪ 

 e-mail: utkirstar@gmail.com 

 

ʂʨʝʤʥʠʡ ʚʳʩʦʢʦʡ ʩʪʝʧʝʥʠ ʯʠʩʪʦʪʳ ʷʚʣʷʝʪʩʷ ʦʩʥʦʚʥʳʤ ʤʘʪʝʨʠʘʣʦʤ ʩʦʚʨʝʤʝʥʥʦʡ 

ʤʠʢʨʦʵʣʝʢʪʨʦʥʠʢʠ, ʬʦʪʦʵʣʝʢʪʨʠʯʝʩʢʠʭ 

ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʝʡ ʵʥʝʨʛʠʠ ʠ ʨʘʟʣʠʯʥʳʭ 

ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʭ ʧʨʠʙʦʨʦʚ. ʅʘʣʠʯʠʝ 

ʧʨʠʤʝʩʥʳʭ ʵʣʝʤʝʥʪʦʚ ʩʫʱʝʩʪʚʝʥʥʦ ʚʣʠʷʝʪ ʥʘ 

ʵʣʝʢʪʨʠʯʝʩʢʠʝ ʠ ʩʪʨʫʢʪʫʨʥʳʝ ʩʚʦʡʩʪʚʘ 

ʤʘʪʝʨʠʘʣʘ, ʧʦʵʪʦʤʫ ʨʘʟʨʘʙʦʪʢʘ ʵʬʬʝʢʪʠʚʥʳʭ 

ʤʝʪʦʜʦʚ ʦʯʠʩʪʢʠ ʢʨʝʤʥʠʷ ʧʨʝʜʩʪʘʚʣʷʝʪ ʚʘʞʥʫʶ 

ʥʘʫʯʥʦ-ʪʝʭʥʠʯʝʩʢʫʶ ʟʘʜʘʯʫ. ʆʜʥʠʤ ʠʟ 

ʧʝʨʩʧʝʢʪʠʚʥʳʭ ʧʦʜʭʦʜʦʚ ʷʚʣʷʝʪʩʷ ʧʨʠʤʝʥʝʥʠʝ 

ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʡ ʜʫʛʦʚʦʡ ʧʣʘʚʢʠ ʚ ʚʘʢʫʫʤʝ 

ʠʣʠ ʠʥʝʨʪʥʦʡ ʘʪʤʦʩʬʝʨʝ, ʧʦʟʚʦʣʷʶʱʝʡ ʫʜʘʣʷʪʴ 

ʣʝʪʫʯʠʝ ʠ ʤʝʪʘʣʣʠʯʝʩʢʠʝ ʧʨʠʤʝʩʠ. 

ʄʳ ʨʘʟʨʘʙʦʪʘʣʠ ʪʝʭʥʦʣʦʛʠʯʝʩʢʘʷ 

ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʴ ʦʯʠʩʪʢʠ ʢʨʝʤʥʠʷ ʤʝʪʦʜʦʤ 

ʜʫʛʦʚʦʡ ʧʣʘʚʢʠ ʥʘ ʫʩʪʘʥʦʚʢʝ Tri-Arc TA-200. 

ɼʘʥʥʘʷ ʫʩʪʘʥʦʚʢʘ ʦʩʥʘʱʝʥʘ ʪʨʝʤʷ ʜʫʛʦʚʳʤʠ 

ʵʣʝʢʪʨʦʜʘʤʠ, ʯʪʦ ʦʙʝʩʧʝʯʠʚʘʝʪ ʙʦʣʝʝ 

ʨʘʚʥʦʤʝʨʥʳʡ ʥʘʛʨʝʚ ʠ ʵʬʬʝʢʪʠʚʥʦʝ ʧʝʨʝʤʝʰʠʚʘʥʠʝ ʨʘʩʧʣʘʚʘ. ʄʘʢʩʠʤʘʣʴʥʘʷ ʪʝʤʧʝʨʘʪʫʨʘ ʚ ʟʦʥʝ 

ʜʫʛʠ ʤʦʞʝʪ ʧʨʝʚʳʰʘʪʴ 3500 ÁC, ʯʪʦ ʧʦʟʚʦʣʷʝʪ ʧʨʦʚʦʜʠʪʴ ʧʣʘʚʣʝʥʠʝ ʠ ʨʘʬʠʥʠʨʦʚʘʥʠʝ ʨʘʟʣʠʯʥʳʭ 

ʪʫʛʦʧʣʘʚʢʠʭ ʤʘʪʝʨʠʘʣʦʚ. 

ʅʘ ʧʝʨʚʦʤ ʵʪʘʧʝ ʠʩʭʦʜʥʳʡ ʢʨʝʤʥʠʡ ʧʦʜʚʝʨʛʘʝʪʩʷ ʤʝʭʘʥʠʯʝʩʢʦʤʫ ʜʨʦʙʣʝʥʠʶ ʜʦ ʬʨʘʢʮʠʡ 

ʪʨʝʙʫʝʤʦʛʦ ʨʘʟʤʝʨʘ. ʇʦʣʫʯʝʥʥʳʡ ʤʘʪʝʨʠʘʣ ʨʘʟʤʝʱʘʝʪʩʷ ʚ ʚʦʜʦʦʭʣʘʞʜʘʝʤʦʤ ʤʝʜʥʦʤ ʪʠʛʣʝ 

ʫʩʪʘʥʦʚʢʠ. ɼʘʣʝʝ ʢʘʤʝʨʘ ʫʩʪʘʥʦʚʢʠ ʚʘʢʫʫʤʠʨʫʝʪʩʷ ʜʦ ʥʝʦʙʭʦʜʠʤʦʛʦ ʫʨʦʚʥʷ ʜʘʚʣʝʥʠʷ ʜʣʷ ʫʜʘʣʝʥʠʷ 

ʚʦʟʜʫʭʘ ʠ ʚʣʘʛʠ. ʇʦʩʣʝ ʜʦʩʪʠʞʝʥʠʷ ʪʨʝʙʫʝʤʦʛʦ ʚʘʢʫʫʤʘ ʢʘʤʝʨʘ ʟʘʧʦʣʥʷʝʪʩʷ ʠʥʝʨʪʥʳʤ ʛʘʟʦʤ ð 

ʘʨʛʦʥʦʤ, ʢʦʪʦʨʳʡ ʧʨʝʜʦʪʚʨʘʱʘʝʪ ʦʢʠʩʣʝʥʠʝ ʨʘʩʧʣʘʚʘ ʠ ʦʙʝʩʧʝʯʠʚʘʝʪ ʩʪʘʙʠʣʴʥʳʝ ʫʩʣʦʚʠʷ 

ʧʣʘʚʣʝʥʠʷ. 

ʅʘ ʩʣʝʜʫʶʱʝʤ ʵʪʘʧʝ ʤʝʞʜʫ ʵʣʝʢʪʨʦʜʦʤ ʠ ʦʙʨʘʟʮʦʤ ʚʦʟʙʫʞʜʘʝʪʩʷ ʵʣʝʢʪʨʠʯʝʩʢʘʷ ʜʫʛʘ, ʧʦʜ 

ʜʝʡʩʪʚʠʝʤ ʢʦʪʦʨʦʡ ʧʨʦʠʩʭʦʜʠʪ ʠʥʪʝʥʩʠʚʥʳʡ ʥʘʛʨʝʚ ʠ ʧʣʘʚʣʝʥʠʝ ʢʨʝʤʥʠʷ. ʀʩʧʦʣʴʟʦʚʘʥʠʝ ʪʨʝʭ 

ʜʫʛʦʚʳʭ ʵʣʝʢʪʨʦʜʦʚ ʧʦʟʚʦʣʷʝʪ ʧʝʨʝʤʝʰʠʚʘʪʴ ʨʘʩʧʣʘʚ ʠ ʦʙʝʩʧʝʯʠʚʘʝʪ ʙʦʣʝʝ ʨʘʚʥʦʤʝʨʥʦʝ 

ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʪʝʤʧʝʨʘʪʫʨʳ ʚ ʟʦʥʝ ʧʣʘʚʣʝʥʠʷ. ɺ ʧʨʦʮʝʩʩʝ ʧʣʘʚʢʠ ʯʘʩʪʴ ʣʝʪʫʯʠʭ ʧʨʠʤʝʩʝʡ 

ʠʩʧʘʨʷʝʪʩʷ, ʘ ʜʨʫʛʠʝ ʧʨʠʤʝʩʠ ʤʦʛʫʪ ʢʦʥʮʝʥʪʨʠʨʦʚʘʪʴʩʷ ʚ ʦʪʜʝʣʴʥʳʭ ʫʯʘʩʪʢʘʭ ʩʣʠʪʢʘ, ʯʪʦ ʦʙʣʝʛʯʘʝʪ 

ʠʭ ʧʦʩʣʝʜʫʶʱʝʝ ʫʜʘʣʝʥʠʝ. 

ʇʦʩʣʝ ʟʘʚʝʨʰʝʥʠʷ ʧʣʘʚʣʝʥʠʷ ʨʘʩʧʣʘʚʣʝʥʥʳʡ ʢʨʝʤʥʠʡ ʦʭʣʘʞʜʘʝʪʩʷ ʠ ʢʨʠʩʪʘʣʣʠʟʫʝʪʩʷ ʩ 

ʦʙʨʘʟʦʚʘʥʠʝʤ ʩʣʠʪʢʘ. ʇʦʣʫʯʝʥʥʳʡ ʤʘʪʝʨʠʘʣ ʤʦʞʝʪ ʙʳʪʴ ʧʦʜʚʝʨʛʥʫʪ ʧʦʚʪʦʨʥʦʡ ʧʣʘʚʢʝ ʜʣʷ 

ʧʦʚʳʰʝʥʠʷ ʩʪʝʧʝʥʠ ʦʯʠʩʪʢʠ. ɼʘʣʴʥʝʡʰʠʡ ʘʥʘʣʠʟ ʵʣʝʤʝʥʪʥʦʛʦ ʩʦʩʪʘʚʘ ʠ ʩʪʨʫʢʪʫʨʥʳʭ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʢʨʝʤʥʠʷ ʧʨʦʚʦʜʠʪʩʷ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʤʝʪʦʜʦʚ ʨʝʥʪʛʝʥʦʬʣʫʦʨʝʩʮʝʥʪʥʦʛʦ ʘʥʘʣʠʟʘ, 

ʨʝʥʪʛʝʥʦʩʪʨʫʢʪʫʨʥʦʛʦ ʘʥʘʣʠʟʘ ʠ ʵʣʝʢʪʨʦʥʥʦʡ ʤʠʢʨʦʩʢʦʧʠʠ. 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʧʨʠʤʝʥʝʥʠʝ ʫʩʪʘʥʦʚʢʠ Tri-Arc TA-200 ʧʦʟʚʦʣʷʝʪ ʵʬʬʝʢʪʠʚʥʦ ʧʨʦʚʦʜʠʪʴ 

ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʫʶ ʦʯʠʩʪʢʫ ʢʨʝʤʥʠʷ ʠ ʧʦʣʫʯʘʪʴ ʤʘʪʝʨʠʘʣ ʩ ʧʦʥʠʞʝʥʥʳʤ ʩʦʜʝʨʞʘʥʠʝʤ 

ʧʨʠʤʝʩʝʡ. ʈʘʟʨʘʙʦʪʘʥʥʘʷ ʪʝʭʥʦʣʦʛʠʯʝʩʢʘʷ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʴ ʤʦʞʝʪ ʙʳʪʴ ʠʩʧʦʣʴʟʦʚʘʥʘ ʧʨʠ 

ʩʦʟʜʘʥʠʠ ʚʳʩʦʢʦʯʠʩʪʦʛʦ ʢʨʝʤʥʠʷ ʜʣʷ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʭ ʠ ʬʦʪʦʵʣʝʢʪʨʠʯʝʩʢʠʭ ʪʝʭʥʦʣʦʛʠʡ. 

 
ʈʠʩʫʥʦʢ ï ʇʨʦʮʝʩʩ ʚʦʟʙʫʞʜʝʥʠʷ ʵʣʝʢʪʨʠʯʝʩʢʦʡ ʜʫʛʠ ʚ 

ʘʪʤʦʩʬʝʨʝ ʘʨʛʦʥʘ ʧʨʠ ʦʯʠʩʪʢʝ ʢʨʝʤʥʠʷ ʤʝʪʦʜʦʤ ʜʫʛʦʚʦʡ 

ʧʣʘʚʢʠ ʥʘ ʫʩʪʘʥʦʚʢʝ Tri-Arc TA-200.. 



 

 

 

 

 

 

 

 

 

 

II. ɸʪʦʤʥʳʝ ʧʨʦʮʝʩʩʳ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ, ʛʨʘʥʠʮʘʭ 

ʨʘʟʜʝʣʘ ʠ ʚ ʦʙʲʝʤʝ ʢʨʝʤʥʠʷ: ʜʝʬʝʢʪʳ, 

ʧʨʠʤʝʩʥʳʝ ʘʪʦʤʳ. ɼʚʫʤʝʨʥʳʝ, ʦʜʥʦʤʝʨʥʳʝ ʠ 

ʥʫʣʴʤʝʨʥʳʝ ʩʪʨʫʢʪʫʨʳ ʥʘ ʦʩʥʦʚʝ ʢʨʝʤʥʠʷ. ʈʦʩʪ ʠ 

ʤʘʪʝʨʠʘʣʦʚʝʜʝʥʠʝ ʪʦʥʢʠʭ (ʚ ʪʦʤ ʯʠʩʣʝ 

ʵʧʠʪʘʢʩʠʘʣʴʥʳʭ) ʧʣʝʥʦʢ ʥʘ ʢʨʝʤʥʠʠ, ʚʢʣʶʯʘʷ 

ʢʨʝʤʥʠʡ-ʥʘ-ʠʟʦʣʷʪʦʨʝ ʠ ʥʘʧʨʷʞʝʥʥʳʝ ʩʪʨʫʢʪʫʨʳ 
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ʀʩʩʣʝʜʦʚʘʥʠʝ ʩʚʦʡʩʪʚ ʠ ʩʪʨʫʢʪʫʨʳ ʤʝʟʦ ʠ ʤʘʢʨʦʧʦʨʠʩʪʦʛʦ ʢʨʝʤʥʠʷ ʩ ʦʩʘʞʜʸʥʥʳʤ 

ʮʠʥʥʘʨʠʟʠʥʦʤ 

ʃʝʥʴʰʠʥ ɸ.ʉ., ʇʦʣʢʦʚʥʠʢʦʚʘ ʖ.ɸ., ʏʝʨʥʝʥʢʦ ʉ.ʉ., ɼʦʤʘʰʝʚʩʢʘʷ ʕ.ʇ. 

ɺʦʨʦʥʝʞʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ, ʛ. ɺʦʨʦʥʝʞ 

 e-mail: lenshinas@mail.ru 

 

ɺ ʨʘʤʢʘʭ ʧʨʦʛʨʘʤʤʳ ʪʝʭʥʦʣʦʛʠʯʝʩʢʦʛʦ ʨʘʟʚʠʪʠʷ ʈʌ ʙʠʦʤʝʜʠʮʠʥʝ ʠ ʙʠʦʪʝʭʥʦʣʦʛʠʷʤ 

ʦʪʚʝʜʝʥʘ ʩʫʱʝʩʪʚʝʥʥʘʷ ʨʦʣʴ. ʀʥʪʝʨʝʩ ʢ ʧʦʨʠʩʪʦʤʫ ʢʨʝʤʥʠʶ ʩ ʪʦʯʢʠ ʟʨʝʥʠʷ ʧʨʦʙʣʝʤ ʙʠʦʤʝʜʠʮʠʥʳ 

ʦʙʫʩʣʦʚʣʝʥ ʝʛʦ ʭʦʨʦʰʝʡ ʙʠʦʩʦʚʤʝʩʪʠʤʦʩʪʴʶ, ʘ ʪʘʢʞʝ ʚʦʟʤʦʞʥʦʩʪʴʶ ʤʦʜʠʬʠʢʘʮʠʠ ʭʠʤʠʯʝʩʢʠʭ 

ʩʚʦʡʩʪʚ ʧʦʚʝʨʭʥʦʩʪʠ ʠ ʫʧʨʘʚʣʝʥʠʷ ʤʦʨʬʦʣʦʛʠʝʡ ʧʦʨʠʩʪʦʛʦ ʩʣʦʷ. ʇʦʨʠʩʪʳʡ ʢʨʝʤʥʠʡ ʤʦʞʝʪ ʙʳʪʴ 

ʫʩʧʝʰʥʦ ʠʩʧʦʣʴʟʦʚʘʥ ʜʣʷ ʜʦʩʪʘʚʢʠ ʨʘʟʣʠʯʥʳʭ ʪʝʨʘʧʝʚʪʠʯʝʩʢʠʭ ʩʨʝʜʩʪʚ, ʦʪ ʤʘʣʳʭ ʤʦʣʝʢʫʣ 

ʧʨʝʧʘʨʘʪʦʚ ʜʦ ʙʦʣʴʰʠʭ ʧʝʧʪʠʜʦʚ/ʙʝʣʢʦʚʳʭ ʪʝʨʘʧʝʚʪʠʯʝʩʢʠʭ ʧʨʝʧʘʨʘʪʦʚ ʧʨʠ ʫʧʨʘʚʣʝʥʠʠ ʩʦʩʪʘʚʦʤ 

ʧʦʚʝʨʭʥʦʩʪʠ ʠ ʤʦʨʬʦʣʦʛʠʝʡ ʝʛʦ ʧʦʨʠʩʪʦʛʦ ʩʣʦʷ. ʃʝʢʘʨʩʪʚʝʥʥʳʝ ʧʨʝʧʘʨʘʪʳ, ʩʦʟʜʘʥʥʳʝ ʥʘ ʦʩʥʦʚʝ 

ʢʨʝʤʥʠʝʚʳʭ ʥʘʥʦʩʪʨʫʢʪʫʨ, ʦʙʣʘʜʘʶʪ ʦʩʥʦʚʥʳʤʠ ʩʚʦʡʩʪʚʘʤʠ, ʧʨʝʜʲʷʚʣʷʝʤʳʤʠ ʢ ʩʠʩʪʝʤʘʤ 

ʥʘʧʨʘʚʣʝʥʥʦʛʦ ʪʨʘʥʩʧʦʨʪʘ ʣʝʢʘʨʩʪʚʝʥʥʳʭ ʩʨʝʜʩʪʚ: ʣʝʛʢʠʤ ʚʳʩʚʦʙʦʞʜʝʥʠʝʤ ʣʝʢʘʨʩʪʚʝʥʥʦʛʦ 

ʩʨʝʜʩʪʚʘ ʧʨʠ ʜʦʩʪʠʞʝʥʠʠ ʟʘʜʘʥʥʦʡ ʮʝʣʠ, ʘ ʪʘʢʞʝ ʚʦʟʤʦʞʥʦʩʪʴʶ ʧʘʨʝʥʪʝʨʘʣʴʥʦʛʦ ʚʚʝʜʝʥʠʷ, ʚ 

ʯʘʩʪʥʦʩʪʠ, ʚʥʫʪʨʠʚʝʥʥʦʛʦ ʚʚʝʜʝʥʠʷ. ʇʦʵʪʦʤʫ, ʦʧʳʪ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʥʝʡʨʦʧʨʦʪʝʢʪʠʚʥʦʛʦ ʠ  

ʥʝʡʨʦʪʨʦʬʠʯʝʩʢʦʛʦ ʧʨʝʧʘʨʘʪʘ ʮʠʥʥʘʨʠʟʠʥ ʫ ʧʘʮʠʝʥʪʦʚ ʩ ʥʝʚʨʦʣʦʛʠʯʝʩʢʠʤʠ ʨʘʩʩʪʨʦʡʩʪʚʘʤʠ ʚ  

ʧʦʩʪʢʦʚʠʜʥʦʤ ʧʝʨʠʦʜʝ ʧʨʝʜʩʪʘʚʣʷʝʪ ʙʦʣʴʰʦʡ ʠʥʪʝʨʝʩ. 

ʆʙʨʘʟʮʳ ʧʦʨʠʩʪʦʛʦ ʢʨʝʤʥʠʷ ʧʦʣʫʯʘʣʠ ʤʝʪʦʜʦʤ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʦʛʦ ʪʨʘʚʣʝʥʠʷ 

ʤʦʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ ʢʨʝʤʥʠʷ. ʄʦʨʬʦʣʦʛʠʶ ʠ ʤʠʢʨʦʩʪʨʫʢʪʫʨʫ ʦʙʨʘʟʮʦʚ ʠʟʫʯʘʣʠ ʤʝʪʦʜʦʤ 

ʧʨʦʩʚʝʯʠʚʘʶʱʝʡ ʵʣʝʢʪʨʦʥʥʦʡ ʤʠʢʨʦʩʢʦʧʠʠ ʩ ʧʦʤʦʱʴʶ ʧʨʦʩʚʝʯʠʚʘʶʱʝʛʦ ʵʣʝʢʪʨʦʥʥʦʛʦ 

ʤʠʢʨʦʩʢʦʧʘ  Libra120. ʀʩʩʣʝʜʦʚʘʥʠʷ ʭʠʤʠʯʝʩʢʦʛʦ ʩʦʩʪʘʚʘ ʠ ʩʪʨʦʝʥʠʷ ʤʦʣʝʢʫʣ ʧʨʦʚʦʜʠʣʠʩʴ ʥʘ ʀʂ-

ʌʫʨʴʝ ʩʧʝʢʪʨʦʤʝʪʨʝ Vertex  Bruker 70 ʩ ʧʨʠʩʪʘʚʢʦʡ ʜʣʷ ʠʟʤʝʨʝʥʠʷ ʧʦʛʣʦʱʝʥʠʷ/ʧʨʦʧʫʩʢʘʥʠʷ 

ʪʦʥʢʦʧʣʝʥʦʯʥʳʭ ʦʙʨʘʟʮʦʚ. ʀʩʩʣʝʜʦʚʘʥʠʝ ʬʘʟʦʚʦʛʦ ʩʦʩʪʘʚʘ ʧʨʦʚʦʜʠʣʦʩʴ ʥʘ ʜʠʬʨʘʢʪʦʤʝʪʨʝ ɼʈʆʅ-

04. ʆʧʪʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʦʙʨʘʟʮʦʚ ʠʟʫʯʘʣʠʩʴ ʤʝʪʦʜʦʤ ʫʣʴʪʨʘʬʠʦʣʝʪʦʚʦʡ ʩʧʝʢʪʨʦʩʢʦʧʠʠ ʩ ʧʦʤʦʱʴʶ 

ʧʨʠʙʦʨʘ UV mini-1240 ʬʠʨʤʳ Slhimadzu. 

ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʳ ʨʝʟʫʣʴʪʘʪʝ  ʬʠʟʠʢʦ- ʭʠʤʠʯʝʩʢʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʧʨʠ ʭʠʤʠʯʝʩʢʦʤ 

ʦʩʘʞʜʝʥʠʠ ʚ por-Si ʢʨʠʩʪʘʣʣʠʯʝʩʢʠʡ ʮʠʥʥʘʨʠʟʠʥ ʘʤʦʨʬʠʟʠʨʫʝʪʩʷ ʩ ʥʝʙʦʣʴʰʠʤ ʩʦʜʝʨʞʘʥʠʝʤ 

ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʬʘʟʳ. ɹʳʣʦ ʦʧʨʝʜʝʣʝʥʦ ʦʧʪʠʤʘʣʴʥʦʝ ʚʨʝʤʷ ʘʜʩʦʨʙʮʠʠ ʮʠʥʥʘʨʠʟʠʥʘ ʩ ʧʦʚʝʨʭʥʦʩʪʠ 

ʤʝʟʦʧʦʨʠʩʪʦʛʦ ʢʨʝʤʥʠʷ: por-Si - 30 ʤʠʥʫʪ ʠ ʚʨʝʤʷ ʜʝʩʦʨʙʮʠʠ ʮʠʥʥʘʨʠʟʠʥʘ ʩ ʧʦʚʝʨʭʥʦʩʪʠ por-Si -   

45 ʤʠʥʫʪ. ʋʩʪʘʥʦʚʣʝʥ ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦ ʬʠʟʠʯʝʩʢʠʡ ʤʝʭʘʥʠʟʤ ʘʜʩʦʨʙʮʠʠ ʮʠʥʥʘʨʠʟʠʥʘ ʥʘ 

ʧʦʨʠʩʪʳʡ ʢʨʝʤʥʠʡ. ʇʦʣʫʯʝʥʥʳʝ ʚʨʝʤʝʥʘ ʜʝʩʦʨʙʮʠʠ ʠ ʘʜʩʦʨʙʮʠʠ ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦ 

ʧʝʨʩʧʝʢʪʠʚʥʦʩʪʠ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʤʝʟʦʧʦʨʠʩʪʦʛʦ ʢʨʝʤʥʠʷ ʜʣʷ ʦʩʘʞʜʝʥʠʷ ʮʠʥʥʘʨʠʟʠʥʘ  ʠ ʝʛʦ 

ʧʦʩʣʝʜʫʶʱʝʡ ʜʦʩʪʘʚʢʠ ʚ ʣʝʯʝʙʥʳʭ ʮʝʣʷʭ.  

ʇʦʢʘʟʘʥʘ ʚʦʟʤʦʞʥʦʩʪʴ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʢʫʣʴʪʫʨʳ ʢʣʝʪʦʢ ʠʥʬʫʟʦʨʠʠ Paramecium caudatum ʧʨʠ 

ʠʩʩʣʝʜʦʚʘʥʠʠ ʪʦʢʩʠʯʥʦʩʪʠ ʥʘʥʦʧʦʨʦʰʢʦʚ ʠʟ ʤʝʟʦʧʦʨʠʩʪʦʛʦ ʢʨʝʤʥʠʷ ʠ ʥʘʥʦʧʦʨʦʰʢʦʚ ʠʟ 

ʤʝʟʦʧʦʨʠʩʪʦʛʦ ʢʨʝʤʥʠʷ ʩ ʦʩʘʞʜʝʥʥʳʤ ʮʠʥʥʘʨʠʟʠʥʦʤ. 

ʇʦʣʫʯʝʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʢʦʤʧʣʝʢʩʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʧʦʢʘʟʳʚʘʶʪ, ʯʪʦ ʢʦʥʪʨʦʣʴ ʪʚʝʨʜʦʡ 

ʬʘʟʳ, ʘʤʦʨʬʥʦʡ ʠʣʠ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ, ʦʩʘʞʜʝʥʥʦʛʦ ʣʝʢʘʨʩʪʚʝʥʥʦʛʦ ʩʨʝʜʩʪʚʘ, ʢʘʢ ʮʠʥʥʘʨʠʟʠʥ,  

ʤʦʞʝʪ ʦʢʘʟʘʪʴʩʷ ʧʦʣʝʟʥʦʡ ʠʥʬʦʨʤʘʮʠʝʡ ʧʨʠ ʨʘʟʨʘʙʦʪʢʘʭ ʝʛʦ ʨʘʟʣʠʯʥʳʭ ʣʝʢʘʨʩʪʚʝʥʥʳʭ ʬʦʨʤ ʜʣʷ 

ʫʚʝʣʠʯʝʥʠʷ ʦʙʱʝʛʦ ʢʦʣʠʯʝʩʪʚʘ ʘʙʩʦʨʙʠʨʦʚʘʥʥʦʛʦ ʣʝʢʘʨʩʪʚʝʥʥʦʛʦ ʩʨʝʜʩʪʚʘ 

 

ʀʩʩʣʝʜʦʚʘʥʠʷ ʙʳʣʠ ʧʨʦʚʝʜʝʥʳ ʧʨʠ ʧʦʜʜʝʨʞʢʝ ʛʨʘʥʪʘ  ʈʅʌ ˉ 25-22-00292 ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ 

ʦʙʦʨʫʜʦʚʘʥʠʷ ʎʂʇʅʆ ɺɻʋ.  
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ɸʥʘʣʠʟ ʤʦʨʬʦʣʦʛʠʠ ʥʘʥʦʧʨʦʚʦʣʦʢ Si ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʩʢʦʨʦʩʪʠ ʦʩʘʞʜʝʥʠʷ ʢʨʝʤʥʠ, 

ʪʝʤʧʝʨʘʪʫʨʳ ʠ ʩʚʦʡʩʪʚ ʧʦʚʝʨʭʥʦʩʪʠ ʧʦʜʣʦʞʢʠ ʩ ʧʦʤʦʱʴʶ ʄʦʥʪʝ-ʂʘʨʣʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ 

ʄʘʥʮʫʨʦʚʘ ʉ.ɺ.1,2), ʐʚʘʨʮ ʅ.ʃ.1,2) 
1)ʀʥʩʪʠʪʫʪ ʬʠʟʠʢʠ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚ ʠʤ. ɸ.ɺ. ʈʞʘʥʦʚʘ ʉʆ ʈɸʅ, ʅʦʚʦʩʠʙʠʨʩʢ  

2)ʅʦʚʦʩʠʙʠʨʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʪʝʭʥʠʯʝʩʢʠʡ ʫʥʠʚʝʨʩʠʪʝʪ, ʅʦʚʦʩʠʙʠʨʩʢ  

 e-mail: nshwartz@isp.nsc.ru 

 

ʀʟʫʯʝʥʠʝ ʨʦʩʪʘ ʢʨʝʤʥʠʝʚʳʭ ʥʘʥʦʧʨʦʚʦʣʦʢ (ʅʇ) ʧʦ ʤʝʭʘʥʠʟʤʫ ʧʘʨ-ʞʠʜʢʦʩʪʴ-ʢʨʠʩʪʘʣʣ ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʟʦʣʦʪʘ ʚ ʢʘʯʝʩʪʚʝ ʢʘʪʘʣʠʟʘʪʦʨʘ ʧʨʦʚʦʜʠʣʦʩʴ ʩ ʧʦʤʦʱʴʶ ʄʦʥʪʝ-ʂʘʨʣʦ 

ʤʦʜʝʣʠʨʦʚʘʥʠʷ. ʈʘʩʩʤʦʪʨʝʥʠʝ ʧʨʦʮʝʩʩʦʚ, ʧʨʦʠʩʭʦʜʷʱʠʭ ʥʘ ʛʨʘʥʠʮʝ ʨʘʟʜʝʣʘ ʢʘʧʣʷ ð ʢʨʠʩʪʘʣʣ, ʥʘ 

ʘʪʦʤʘʨʥʦʤ ʫʨʦʚʥʝ ʧʦʟʚʦʣʷʝʪ ʧʦʥʷʪʴ ʧʨʠʯʠʥʫ ʚʳʙʦʨʘ ʪʦʛʦ ʠʣʠ ʠʥʦʛʦ ʥʘʧʨʘʚʣʝʥʠʷ ʨʦʩʪʘ ʅʇ. ɺ 

ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʠʩʩʣʝʜʫʝʪʩʷ ʚʣʠʷʥʠʝ ʨʦʩʪʦʚʳʭ ʫʩʣʦʚʠʡ ʥʘ ʥʘʧʨʘʚʣʝʥʠʝ ʠ ʤʦʨʬʦʣʦʛʠʶ ʅʇ ʥʘ 

ʧʦʜʣʦʞʢʘʭ Si(111) ʠ Si(100).  

ʆʩʥʦʚʥʦʝ ʚʥʠʤʘʥʠʝ ʫʜʝʣʝʥʦ 

ʨʦʩʪʫ Si ʧʣʘʥʘʨʥʳʭ ʅʇ ʥʘ 

ʧʦʚʝʨʭʥʦʩʪʷʭ ʢʨʝʤʥʠʷ ʩ ʦʨʠʝʥʪʘʮʠʝʡ 

(100). ʅʝʦʙʭʦʜʠʤʳʤ ʫʩʣʦʚʠʝʤ ʜʣʷ 

ʨʦʩʪʘ ʧʣʘʥʘʨʥʳʭ ʅʇ ʷʚʣʷʝʪʩʷ 

ʫʚʝʣʠʯʝʥʠʝ ʩʤʘʯʠʚʘʝʤʦʩʪʠ 

ʧʦʚʝʨʭʥʦʩʪʠ ʢʘʧʣʝʡ ʢʘʪʘʣʠʟʘʪʦʨʘ.  ɺ 

ʤʦʜʝʣʠ ʩʠʣʴʥʘʷ ʩʤʘʯʠʚʘʝʤʦʩʪʴ 

ʧʦʜʣʦʞʢʠ ʢʘʧʣʷʤʠ ʢʘʪʘʣʠʟʘʪʦʨʘ ʠ 

ʘʜʛʝʟʠʷ ʅʇ ʧʦ ʦʪʥʦʰʝʥʠʶ ʢ ʧʦʜʣʦʞʢʝ, 

ʪʨʝʙʫʝʤʳʝ ʜʣʷ ʧʣʘʥʘʨʥʦʛʦ ʨʦʩʪʘ, 

ʦʙʝʩʧʝʯʠʚʘʣʠʩʴ ʧʨʠʩʫʪʩʪʚʠʝʤ ʪʦʥʢʦʛʦ 

ʩʣʦʷ ʧʘʩʩʠʚʠʨʫʶʰʝʛʦ ʤʘʪʝʨʠʘʣʘ. 

ʄʦʜʝʣʠʨʦʚʘʥʠʝ ʧʦʢʘʟʘʣʦ, ʯʪʦ 

ʤʦʨʬʦʣʦʛʠʷ ʧʣʘʥʘʨʥʳʭ ʅʇ ʟʘʚʠʩʠʪ ʦʪ 

ʧʝʨʝʩʳʱʝʥʠʷ ʢʘʧʣʠ ʢʨʝʤʥʠʝʤ. ʉʦʩʪʘʚ 

ʨʘʩʧʣʘʚʘ Au-Si ʦʧʨʝʜʝʣʷʝʪʩʷ 

ʩʢʦʨʦʩʪʴʶ ʦʩʘʞʜʝʥʠʷ ʢʨʝʤʥʠʷ ʠ 

ʪʝʤʧʝʨʘʪʫʨʦʡ. ɿʘʚʠʩʠʤʦʩʪʴ 

ʤʦʨʬʦʣʦʛʠʠ ʇʅʇ ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ ʠ 

ʩʢʦʨʦʩʪʠ ʦʩʘʞʜʝʥʠʷ ʢʨʝʤʥʠʷ 

ʧʨʝʜʩʪʘʚʣʝʥʘ ʥʘ ʈʠʩ.1. ʇʨʠ ʥʠʟʢʠʭ 

ʪʝʤʧʝʨʘʪʫʨʘʭ ʠ ʚʳʩʦʢʠʭ ʩʢʦʨʦʩʪʷʭ 

ʦʩʘʞʜʝʥʠʷ ʧʝʨʝʩʳʱʝʥʠʝ ʢʘʧʣʠ 

ʢʨʝʤʥʠʝʤ ʚʝʣʠʢʦ. ʇʨʠ ʫʤʝʥʴʰʝʥʠʠ 

ʧʝʨʝʩʳʱʝʥʠʷ ʨʘʩʧʣʘʚʘ ʢʨʝʤʥʠʝʤ 

(ʫʚʝʣʠʯʝʥʠʝ ʪʝʤʧʝʨʘʪʫʨʳ ʠʣʠ 

ʫʤʝʥʴʰʝʥʠʝ ʩʢʦʨʦʩʪʠ ʦʩʘʞʜʝʥʠʷ 

ʢʨʝʤʥʠʷ), ʢʦʛʜʘ ʨʦʩʪʦʚʳʝ ʫʩʣʦʚʠʷ ʥʝ 

ʦʙʝʩʧʝʯʠʚʘʶʪ ʜʦʩʪʘʪʦʯʥʦʛʦ ʧʨʠʪʦʢʘ ʚ 

ʢʘʧʣʶ, ʧʨʦʠʩʭʦʜʠʪ ʨʘʩʪʚʦʨʝʥʠʝ 

ʧʨʠʧʦʚʝʨʭʥʦʩʪʥʦʛʦ ʩʣʦʷ ʧʦʜʣʦʞʢʠ 

ʢʘʧʣʝʡ. ɺ ʵʪʦʤ ʩʣʫʯʘʝ ʥʘʙʣʶʜʘʝʪʩʷ 

ʨʦʩʪ ʠʟʚʠʣʠʩʪʳʭ ʇʅʇ. ʅʘʧʨʘʚʣʝʥʠʝ 

ʨʦʩʪʘ ʠʟʚʠʣʠʩʪʳʭ ʇʅʇ ʦʧʨʝʜʝʣʷʝʪʩʷ 

ʨʘʩʪʚʦʨʝʥʠʝʤ ʬʘʩʝʪʦʢ {011}, ʦʛʨʘʥʠʯʠʚʘʶʱʠʭ ʷʤʢʫ ʪʨʘʚʣʝʥʠʷ ʧʦʜ ʢʘʧʣʝʡ. 

ɹʳʣʦ ʦʙʥʘʨʫʞʝʥʦ, ʯʪʦ ʠʟʤʝʥʝʥʠʝ ʧʝʨʝʩʳʱʝʥʠʷ ʢʘʧʣʠ ʦʪʚʝʪʩʪʚʝʥʥʦ ʠ ʟʘ ʨʦʩʪ ʠʟʚʠʣʠʩʪʳʭ 

ʥʝʧʣʘʥʘʨʥʳʭ ʥʘʥʦʧʨʦʚʦʣʦʢ ʥʘ ʧʦʜʣʦʞʢʘʭ Si(111).  

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʧʦʜʜʝʨʞʢʝ ʧʨʦʛʨʘʤʤʳ ʄʠʥʦʙʨʥʘʫʢʠ ʈʌ (ˉ FWGW-2025-0015). 

 
ʈʠʩʫʥʦʢ 1 ï ɺʠʜʳ ʩʚʝʨʭʫ ʤʦʜʝʣʴʥʳʭ ʧʦʚʝʨʭʥʦʩʪʝʡ Si(100) 

(77Ĭ77  ʥʤ2) ʩ ʧʘʩʩʠʚʠʨʫʶʱʠʤ ʩʣʦʝʤ ʧʦʩʣʝ ʦʩʘʞʜʝʥʠʷ 1 ʤʦʥʦʩʣʦʷ 

Si ʧʨʠ ʨʘʟʥʳʭ ʪʝʤʧʝʨʘʪʫʨʘʭ ʠ ʩʢʦʨʦʩʪʷʭ ʦʩʘʞʜʝʥʠʷ. ɿʚʝʟʜʦʯʢʘʤʠ 

ʦʪʤʝʯʝʥʦ ʥʘʯʘʣʴʥʦʝ ʧʦʣʦʞʝʥʠʝ ʢʘʧʝʣʴ ʟʦʣʦʪʘ ʨʘʜʠʫʩʘ 4 ʥʤ ʜʦ 

ʥʘʯʘʣʘ ʦʩʘʞʜʝʥʠʷ ʢʨʝʤʥʠʷ. 
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ʉʪʨʫʢʪʫʨʥʳʝ ʠ ʦʧʪʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʧʣʝʥʦʢ ʧʦʨʠʩʪʦʛʦ SiO2, ʩʦʟʜʘʥʥʳʭ ʘʥʦʜʥʳʤ 

ʦʢʠʩʣʝʥʠʝʤ ʢʨʝʤʥʠʷ, ʠʤʧʣʘʥʪʠʨʦʚʘʥʥʦʛʦ ʠʦʥʘʤʠ ʉʆ+ 

ʊʳʩʯʝʥʢʦ ʀ.ɽ., ʉʧʝʩʠʚʮʝʚ ɽ.ɺ., ʇʦʧʦʚ ʀ.ɺ., ɺʦʣʦʜʠʥ ɺ.ɸ., ʇʦʧʦʚ ɺ.ʇ. 

ʀʥʩʪʠʪʫʪ ʬʠʟʠʢʠ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚ ʠʤ. ɸ.ɺ. ʈʞʘʥʦʚʘ, ʅʦʚʦʩʠʙʠʨʩʢ 
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ʇʣʝʥʢʠ ʧʦʨʠʩʪʦʛʦ SiO2 ʧʨʠʚʣʝʢʘʶʪ ʙʦʣʴʰʦʡ ʠʥʪʝʨʝʩ ʩ ʪʦʯʢʠ ʟʨʝʥʠʷ ʩʦʟʜʘʥʠʷ 

ʘʥʪʠʦʪʨʘʞʘʶʱʠʭ ʧʦʢʨʳʪʠʡ ʜʣʷ ʩʪʝʢʦʣ ʠ ʧʨʦʟʨʘʯʥʳʭ ʧʦʣʠʤʝʨʦʚ, ʠʩʧʦʣʴʟʫʶʱʠʭʩʷ ʚ 

ʬʦʪʦʵʣʝʢʪʨʠʯʝʩʢʠʭ ʤʦʜʫʣʷʭ. ʈʘʟʨʘʙʦʪʢʘ ʥʦʚʳʭ 

ʤʝʪʦʜʦʚ ʩʦʟʜʘʥʠʷ ʧʦʨʠʩʪʦʛʦ SiO2, ʩʦʚʤʝʩʪʠʤʳʭ ʩ 

ʪʝʢʫʱʝʡ ʢʨʝʤʥʠʝʚʦʡ ʪʝʭʥʦʣʦʛʠʝʡ, ʦʩʪʘʝʪʩʷ ʚʝʩʴʤʘ 

ʚʘʞʥʦʡ ʟʘʜʘʯʝʡ. ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʠʟʫʯʝʥʳ ʩʚʦʡʩʪʚʘ 

ʧʣʝʥʦʢ ʧʦʨʠʩʪʦʛʦ SiO2, ʩʬʦʨʤʠʨʦʚʘʥʥʳʭ ʘʥʦʜʥʳʤ 

ʦʢʠʩʣʝʥʠʝʤ ʧʦʜʣʦʞʝʢ Si, ʠʤʧʣʘʥʪʠʨʦʚʘʥʥʳʭ ʠʦʥʘʤʠ 

ʉʆ+, ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʜʦʟʳ ʠʦʥʦʚ ʠ ʪʝʤʧʝʨʘʪʫʨʳ 

ʦʪʞʠʛʘ.  

ʇʦʜʣʦʞʢʠ ʢʨʝʤʥʠʷ ʤʘʨʢʠ ʂʆʌ-2000 ʩ 

ʦʨʠʝʥʪʘʮʠʝʡ (111) ʙʳʣʠ ʠʤʧʣʘʥʪʠʨʦʚʘʥʳ ʠʦʥʘʤʠ 

CO+ ʩ ʵʥʝʨʛʠʝʡ 90 ʢʵɺ ʜʦʟʘʤʠ 2.5³1015-5³1016 ʩʤ-2. 

ʅʘ ʛʣʫʙʠʥʝ ʩʨʝʜʥʝʛʦ ʧʨʦʙʝʛʘ ʠʦʥʦʚ ~120 ʥʤ ʧʦʣʥʘʷ 

ʢʦʥʮʝʥʪʨʘʮʠʷ ʘʪʦʤʦʚ ʉ ʠ ʆ ʩʦʩʪʘʚʣʷʣʘ ʦʪ 0.6 ʜʦ 10 

ʘʪ.%. ʇʦʩʣʝ ʠʤʧʣʘʥʪʘʮʠʠ ʧʣʘʩʪʠʥʳ ʙʳʣʠ ʦʪʦʞʞʝʥʳ 

ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 700 ʠ 1100 oC ʚ ʪʝʯʝʥʠʝ 1 ʯʘʩʘ ʚ 

ʘʪʤʦʩʬʝʨʝ ʧʘʨʦʚ N2. ɸʥʦʜʥʦʝ ʦʢʠʩʣʝʥʠʝ 

ʧʨʦʚʦʜʠʣʦʩʴ ʧʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ ʚ 

ʛʘʣʴʚʘʥʦʩʪʘʪʠʯʝʩʢʦʤ ʨʝʞʠʤʝ ʚ ʷʯʝʡʢʝ ʩ 

ʵʣʝʢʪʨʦʣʠʪʦʤ 0.04%Na(KNO3), 0.5%H2O ʠ 

C2H4(OH)2. ʇʣʦʪʥʦʩʪʴ ʪʦʢʘ ʩʦʩʪʘʚʣʷʣʘ 8 ʤA/cʤ2. ʀʩʩʣʝʜʦʚʘʥʠʷ ʦʢʠʩʣʝʥʥʳʭ ʩʣʦʝʚ ʧʨʦʚʦʜʠʣʠʩʴ 

ʤʝʪʦʜʘʤʠ ʩʧʝʢʪʨʘʣʴʥʦʡ ʵʣʣʠʧʩʦʤʝʪʨʠʠ, ʩʧʝʢʪʨʦʩʢʦʧʠʠ ʠʥʬʨʘʢʨʘʩʥʦʛʦ (ʀʂ) ʧʦʛʣʦʱʝʥʠʷ, 

ʢʦʤʙʠʥʘʮʠʦʥʥʦʛʦ ʨʘʩʩʝʷʥʠʷ ʩʚʝʪʘ (ʂʈʉ) ʠ ʘʪʦʤʥʦ-ʩʠʣʦʚʦʡ ʤʠʢʨʦʩʢʦʧʠʠ (ɸʉʄ).  

ɺ ʩʧʝʢʪʨʘʭ ʀʂ ʧʦʛʣʦʱʝʥʠʷ ʦʢʠʩʣʝʥʥʳʭ ʦʙʨʘʟʮʦʚ Si, ʠʤʧʣʘʥʪʠʨʦʚʘʥʥʳʭ ʜʦʟʘʤʠ ʠʦʥʦʚ CO+ 

ʚʳʰʝ 1³1016 ʩʤ-2 ʠ ʦʪʦʞʞʝʥʥʳʭ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 1100 ʦʉ, ʥʘʙʣʶʜʘʣʠʩʴ ʧʠʢʠ ʥʘ ʯʘʩʪʦʪʝ ʦʢʦʣʦ 

806 ʩʤ-1, ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʧʦʛʣʦʱʝʥʠʶ ʚ ʢʨʠʩʪʘʣʣʘʭ SiC. ʇʦʩʣʝ ʦʪʞʠʛʘ ʧʨʠ 700 ʦʉ ʩʣʘʙʘʷ ʰʠʨʦʢʘʷ 

ʧʦʣʦʩʘ ʧʦʛʣʦʱʝʥʠʷ ʩ ʤʘʢʩʠʤʫʤʦʤ ʥʘ ʫʢʘʟʘʥʥʦʡ ʯʘʩʪʦʪʝ ʥʘʙʣʶʜʘʣʘʩʴ ʧʦʩʣʝ ʚʥʝʜʨʝʥʠʷ ʣʠʰʴ 

ʤʘʢʩʠʤʘʣʴʥʦʡ ʜʦʟʳ ʠʦʥʦʚ. ʇʦ ʤʝʨʝ ʦʢʠʩʣʝʥʠʷ ʧʣʝʥʦʢ, ʦʪʦʞʞʝʥʥʳʭ ʧʨʠ 700 ʦʉ, ʚ ʦʙʣʘʩʪʠ ʚʦʣʥʦʚʳʭ 

ʯʠʩʝʣ 2280-2400 ʩʤ-1 ʥʘʙʣʶʜʘʣʩʷ ʨʦʩʪ ʧʦʛʣʦʱʝʥʠʷ ʧʦ ʤʝʨʝ ʫʚʝʣʠʯʝʥʠʷ ʜʦʟʳ ʠʦʥʦʚ CO+. ʇʨʠʨʦʜʘ 

ʥʘʙʣʶʜʘʝʤʦʡ ʧʦʣʦʩʳ ʦʙʫʩʣʦʚʣʝʥʘ ʧʦʛʣʦʱʝʥʠʝʤ ʥʘ ʤʦʣʝʢʫʣʘʭ ʛʘʟʘ ʉʆ2. ɺ ʦʙʨʘʟʮʘʭ, ʦʪʦʞʞʝʥʥʳʭ 

ʧʨʠ 1100 ʦʉ, ʥʘʙʣʶʜʘʣʦʩʴ ʣʠʰʴ ʫʤʝʥʴʰʝʥʠʝ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʧʦʣʦʩʳ 806 ʩʤ-1, ʘ ʧʦʣʦʩʘ ʚ ʦʙʣʘʩʪʠ 

2280-2400 ʩʤ-1 ʥʘʙʣʶʜʘʣʘʩʴ ʣʠʰʴ ʥʘ ʥʘʯʘʣʴʥʳʭ ʩʪʘʜʠʷʭ ʦʢʠʩʣʝʥʠʷ ʧʣʝʥʢʠ.  

ɹʳʣʦ ʦʙʥʘʨʫʞʝʥʦ ʩʠʣʴʥʦʝ ʚʣʠʷʥʠʝ ʜʦʟʳ ʠʦʥʦʚ CO+ ʥʘ ʧʦʢʘʟʘʪʝʣʴ ʧʨʝʣʦʤʣʝʥʠʷ ʘʥʦʜʥʦʛʦ 

SiO2 ʧʦʩʣʝ ʦʢʠʩʣʝʥʠʷ ʧʦʜʣʦʞʝʢ, ʦʪʦʞʞʝʥʥʳʭ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 700 
ʦʉ (ʈʠʩʫʥʦʢ 1). ɽʛʦ ʚʝʣʠʯʠʥʘ ʚ 

ʩʣʦʝ SiO2 ʪʦʣʱʠʥʦʡ ʦʢʦʣʦ 50 ʥʤ ʫʤʝʥʴʰʠʣʘʩʴ ʦʪ 1,39 ʜʦ 1,17 ʧʦ ʤʝʨʝ ʫʚʝʣʠʯʝʥʠʷ ʜʦʟʳ ʠʦʥʦʚ ʦʪ 

2,5ẗ1015 ʜʦ 3³1016 ʩʤ-2. ʉ ʨʦʩʪʦʤ ʪʦʣʱʠʥʳ ʧʣʝʥʢʠ ʜʦ ~300 ʥʤ ʢʦʵʬʬʠʮʠʝʥʪ ʧʨʝʣʦʤʣʝʥʠʷ ʩʥʠʞʘʣʩʷ 

ʜʦ 1.12. ɺ ʦʙʨʘʟʮʘʭ, ʦʪʦʞʞʝʥʥʳʭ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 1100 ʦʉ, ʧʨʠ ʜʦʟʘʭ ʚʳʰʝ 1³1016 ʩʤ-2 ɻ ʬʬʝʢʪ ʜʦʟʳ 

ʥʘ ʢʦʵʬʬʠʮʠʝʥʪ ʧʨʝʣʦʤʣʝʥʠʷ ʠʩʯʝʟʘʝʪ, ʘ ʝʛʦ ʟʘʚʠʩʠʤʦʩʪʴ ʦʪ ʪʦʣʱʠʥʳ ʦʢʠʩʣʝʥʥʦʛʦ ʩʣʦʷ ʩʪʘʥʦʚʠʪʩʷ 

ʙʦʣʝʝ ʩʣʘʙʦʡ ʠ ʚʘʨʴʠʨʫʝʪʩʷ ʦʪ ~1.3 ʜʦ 1.12.  

ʆʧʨʝʜʝʣʝʥʘ ʜʦʣʷ ʤʠʢʨʦʧʦʨ ʚ ʧʣʝʥʢʘʭ SiO2, ʢʦʪʦʨʘʷ ʠʟʤʝʥʷʝʪʩʷ ʦʪ 25 ʜʦ 70 % ʠ ʨʘʩʪʝʪ ʩ 

ʪʝʤʧʝʨʘʪʫʨʦʡ ʧʦʩʪʠʤʧʣʘʥʪʘʮʠʦʥʥʦʛʦ ʦʪʞʠʛʘ. ʇʦʣʫʯʝʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʦʙʩʫʞʜʘʶʪʩʷ ʚ ʨʘʤʢʘʭ 

ʬʦʨʤʠʨʦʚʘʥʠʷ ʤʦʣʝʢʫʣ ʠ ʧʫʟʳʨʝʡ CO2, ʦʙʨʘʟʫʶʱʠʭʩʷ ʧʨʠ ʦʢʠʩʣʝʥʠʠ ʦʙʣʘʩʪʝʡ ʢʨʝʤʥʠʷ, 

ʩʦʜʝʨʞʘʱʠʭ ʬʘʟʫ SiC.  

ʀʩʩʣʝʜʦʚʘʥʠʷ ʧʦʜʜʝʨʞʘʥʳ ʈʦʩʩʠʡʩʢʠʤ ʅʘʫʯʥʳʤ ʌʦʥʜʦʤ [ɻʨʘʥʪ ˉ 25-19-20049] ʠ 

ʇʨʘʚʠʪʝʣʴʩʪʚʦʤ ʅʦʚʦʩʠʙʠʨʩʢʦʡ ʦʙʣʘʩʪʠ [ɻʨʘʥʪ  ̄30-2025-000924].  

 
ʈʠʩʫʥʦʢ 1 ï (a, b) ʀʟʦʙʨʘʞʝʥʠʝ ʪʦʧʦʛʨʘʬʠʠ 

ʧʦʚʝʨʭʥʦʩʪʠ ʘʥʦʜʥʦ ʦʢʠʩʣʝʥʥʳʭ ʧʣʝʥʦʢ Si, 

ʠʤʧʣʘʥʪʠʨʦʚʘʥʥʳʭ ʠʦʥʘʤʠ ʉʆ+ ʜʦʟʘʤʠ (a) 5³1015 

ʠ (b) 3³1016 ʩʤ-2 ʠ ʦʪʦʞʞʝʥʥʳʭ ʧʨʠ 700 ʦʉ. (ʩ) 

ʇʨʦʬʠʣʴ ʧʦʢʘʟʘʪʝʣʷ ʧʨʝʣʦʤʣʝʥʠʷ ʘʥʦʜʥʦ-

ʦʢʠʩʣʝʥʥʳʭ ʧʣʝʥʦʢ ʜʣʷ ʦʙʨʘʟʮʦʚ Si, 

ʠʤʧʣʘʥʪʠʨʦʚʘʥʥʳʭ ʨʘʟʥʳʤʠ ʜʦʟʘʤʠ ʠʦʥʦʚ ʉʆ+.  

callto:30-2025-000924
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ʌʦʨʤʠʨʦʚʘʥʠʝ ʪʦʥʢʠʭ ʤʥʦʛʦʩʣʦʡʥʳʭ ʩʪʨʫʢʪʫʨ ʢʨʝʤʥʠʷ ʤʝʪʦʜʦʤ ʵʧʠʪʘʢʩʠʘʣʴʥʦʛʦ 

ʥʘʨʘʱʠʚʘʥʠʷ ʠʟ ʛʘʟʦʚʦʡ ʬʘʟʳ ʧʨʠ ʧʦʥʠʞʝʥʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ 

ɼʫʙʢʦʚʘ ɸ.ʉ., ʈʷʙʦʚ ɺ.ʅ., ʊʘʨʘʩʦʚ ʀ.ɺ., ʀʣʴʶʰʠʥʘ ʅ.ɼ., ʄʫʭʠʥ ɸ.ɸ., ɼʫʙʢʦʚ ʉ.ɸ. 

ɸʆ çʅʇʇ çʀʩʪʦʢè ʠʤ. ʐʦʢʠʥʘè 

 e-mail: asdubkova@istokmw.ru 

 

ʉʦʚʝʨʰʝʥʩʪʚʦʚʘʥʠʝ ʩʫʱʝʩʪʚʫʶʱʠʭ ʠ ʨʘʟʨʘʙʦʪʢʘ ʥʦʚʳʭ ʪʚʝʨʜʦʪʝʣʴʥʳʭ ʧʨʠʙʦʨʦʚ ʉɺʏ-

ʵʣʝʢʪʨʦʥʠʢʠ ʩʪʘʚʷʪ ʥʦʚʳʝ ʪʨʝʙʦʚʘʥʠʷ ʢ ʵʧʠʪʘʢʩʠʘʣʴʥʳʤ ʩʪʨʫʢʪʫʨʘʤ, ʥʘ ʦʩʥʦʚʝ ʢʦʪʦʨʳʭ ʦʥʠ 

ʠʟʛʦʪʘʚʣʠʚʘʶʪʩʷ. ʈʘʟʨʘʙʦʪʢʘ ʧʨʠʙʦʨʦʚ ʢʦʨʦʪʢʦʚʦʣʥʦʚʦʛʦ ʜʠʘʧʘʟʦʥʘ ʠ ʧʦʚʳʰʝʥʠʷ ʂʇɼ ʧʨʠʙʦʨʦʚ 

ʚʳʜʚʠʛʘʶʪ ʥʦʚʳʝ ʪʨʝʙʦʚʘʥʠʷ ʧʦ ʩʦʟʜʘʥʠʶ ʤʥʦʛʦʩʣʦʡʥʳʭ ʢʨʝʤʥʠʝʚʳʭ ʵʧʠʪʘʢʩʠʘʣʴʥʳʭ ʩʪʨʫʢʪʫʨ ʩ 

ʪʦʣʱʠʥʦʡ ʦʪʜʝʣʴʥʳʭ ʩʣʦʝʚ ʤʝʥʝʝ 0,1 ʤʢʤ. ʆʩʥʦʚʘ ʨʘʟʚʠʪʠʷ ʵʧʠʪʘʢʩʠʘʣʴʥʦʡ ʪʝʭʥʦʣʦʛʠʠ ï ʵʪʦ 

ʩʥʠʞʝʥʠʝ ʪʝʤʧʝʨʘʪʫʨʳ ʧʨʦʮʝʩʩʘ ʜʣʷ ʫʤʝʥʴʰʝʥʠʷ ʧʨʦʮʝʩʩʦʚ ʜʠʬʬʫʟʠʠ ʢʘʢ ʣʝʛʠʨʫʶʱʠʭ ʧʨʠʤʝʩʝʡ, 

ʪʘʢ ʠ ʧʨʦʮʝʩʩʦʚ ʚʥʝʜʨʝʥʠʷ ʟʘʛʨʷʟʥʷʶʱʠʭ ʢʦʤʧʦʥʝʥʪʦʚ. ʉʥʠʞʝʥʠʝ ʪʝʤʧʝʨʘʪʫʨʳ ʧʨʦʮʝʩʩʘ ʨʦʩʪʘ 

ʧʨʠʚʦʜʠʪ ʢ ʧʦʷʚʣʝʥʠʶ ʥʦʚʳʭ ʵʬʬʝʢʪʦʚ ï ʩʝʛʨʝʛʘʮʠʠ ʠ ʘʚʪʦʣʝʛʠʨʦʚʘʥʠʷ. ʕʬʬʝʢʪ ʧʦʚʝʨʭʥʦʩʪʥʦʡ 

ʩʝʛʨʝʛʘʮʠʠ ʘʪʦʤʦʚ ʧʨʠʤʝʩʠ ʭʘʨʘʢʪʝʨʝʥ ʥʝ ʪʦʣʴʢʦ ʜʣʷ ʧʨʦʮʝʩʩʦʚ ʤʦʣʝʢʫʣʷʨʥʦ-ʣʫʯʝʚʦʡ ʵʧʠʪʘʢʩʠʠ, 

ʥʦ ʪʘʢʞʝ ʠ ʜʣʷ ʵʧʠʪʘʢʩʠʠ ʠʟ ʛʘʟʦʚʦʡ ʬʘʟʳ ʧʨʠ ʧʦʥʠʞʝʥʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ ʨʦʩʪʘ [1]. ɸʢʪʫʘʣʴʥʦʡ 

ʟʘʜʘʯʝʡ ʥʘ ʜʘʥʥʳʡ ʤʦʤʝʥʪ ʷʚʣʷʝʪʩʷ ʥʝ ʪʦʣʴʢʦ ʠʟʫʯʝʥʠʝ ʭʘʨʘʢʪʝʨʘ ʧʦʚʝʜʝʥʠʷ ʧʨʠʤʝʩʥʳʭ ʘʪʦʤʦʚ ʚ 

ʧʦʣʫʧʨʦʚʦʜʥʠʢʝ, ʥʦ ʠ ʧʨʘʢʪʠʯʝʩʢʠʝ ʩʧʦʩʦʙʳ ʨʝʛʫʣʠʨʦʚʘʥʠʷ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʣʝʛʠʨʫʶʱʝʡ ʧʨʠʤʝʩʠ. 

ɼʣʷ ʠʟʛʦʪʦʚʣʝʥʠʷ ʤʥʦʛʦʩʣʦʡʥʳʭ ʵʧʠʪʘʢʩʠʘʣʴʥʳʭ ʩʪʨʫʢʪʫʨ ʢʨʝʤʥʠʷ ʧʨʦʚʦʜʠʣʠʩʴ 

ʵʢʩʧʝʨʠʤʝʥʪʳ ʧʦ ʥʘʭʦʞʜʝʥʠʶ ʦʧʪʠʤʘʣʴʥʳʭ ʨʝʞʠʤʦʚ ʣʝʛʠʨʦʚʘʥʠʷ ʵʧʠʪʘʢʩʠʘʣʴʥʦʛʦ ʩʣʦʷ ʙʦʨʦʤ ʠ 

ʤʳʰʴʷʢʦʤ. ʊʦʥʢʠʝ p+ ʠ n+-ʩʣʦʠ ʥʘʨʘʱʠʚʘʣʠʩʴ ʧʨʠ ʧʦʥʠʞʝʥʥʳʭ ʜʘʚʣʝʥʠʠ ʠ ʪʝʤʧʝʨʘʪʫʨʝ ʚ ʨʝʘʢʪʦʨʝ 

ʤʝʪʦʜʦʤ ʧʠʨʦʣʠʟʘ ʤʦʥʦʩʠʣʘʥʘ. ʊʦʣʱʠʥʘ ʩʣʦʷ ʠ ʫʨʦʚʝʥʴ ʝʛʦ ʣʝʛʠʨʦʚʘʥʠʷ ʟʘʚʠʩʷʪ ʦʪ ʤʥʦʛʠʭ 

ʧʘʨʘʤʝʪʨʦʚ ʧʨʦʮʝʩʩʘ. ʉ ʫʯʝʪʦʤ ʥʘʣʠʯʠʷ ʩʝʛʨʝʛʘʮʠʠ ʧʨʠʤʝʩʠ ʚʘʨʴʠʨʦʚʘʣʠʩʴ ʨʝʞʠʤʳ 

ʧʨʝʜʚʘʨʠʪʝʣʴʥʦʛʦ ʟʘʧʫʩʢʘ ʣʝʛʠʨʫʶʱʝʡ ʜʦʙʘʚʢʠ ï ʜʠʙʦʨʘʥʘ ʠ ʘʨʩʠʥʘ ʚ ʨʝʘʢʪʦʨ, ʨʦʩʪʘ ʠ ʦʪʞʠʛʘ ʧʦʩʣʝ 

ʨʦʩʪʘ. 

ʎʝʣʴʶ ʨʘʙʦʪʳ ʙʳʣʦ ʧʦʣʫʯʝʥʠʝ ʤʥʦʛʦʩʣʦʡʥʳʭ ʵʧʠʪʘʢʩʠʘʣʴʥʳʭ ʩʪʨʫʢʪʫʨ ʢʨʝʤʥʠʷ ʩ ʪʦʥʢʠʤʠ 

(ʤʝʥʝʝ 0,1 ʤʢʤ) ʚʳʩʦʢʦʣʝʛʠʨʦʚʘʥʥʳʤʠ ʩʣʦʷʤʠ ʨʘʟʥʦʛʦ ʪʠʧʘ ʧʨʦʚʦʜʠʤʦʩʪʠ. ɹʳʣʦ ʦʙʥʘʨʫʞʝʥʦ, ʯʪʦ 

ʫʨʦʚʝʥʴ ʣʝʛʠʨʦʚʘʥʠʷ p-ʩʣʦʝʚ, ʛʨʘʥʠʯʘʱʠʭ ʩ p+-ʩʣʦʝʤ, ʧʦʯʪʠ ʥʝ ʟʘʚʠʩʠʪ ʦʪ ʢʦʥʮʝʥʪʨʘʮʠʠ ʧʦʜʣʦʞʢʠ 

p++ (4Ā1019, 1,5Ŀ1020 ʩʤ-3), ʥʦ ʟʘʚʠʩʠʪ ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ ʥʘʨʘʱʠʚʘʥʠʷ, ʠ ʯʝʤ ʚʳʰʝ ʪʝʤʧʝʨʘʪʫʨʘ, ʪʝʤ 

ʚʳʰʝ ʫʨʦʚʝʥʴ. ʊʘʢʞʝ ʙʳʣʦ ʟʘʤʝʯʝʥʦ, ʯʪʦ ʧʨʦʬʠʣʴ ʣʝʛʠʨʦʚʘʥʠʷ ʧʝʨʝʭʦʜʥʳʭ ʦʙʣʘʩʪʝʡ p+-ʩʣʦʷ 

ʟʘʚʠʩʠʪ ʥʝ ʪʦʣʴʢʦ ʦʪ ʨʝʞʠʤʘ ʥʘʨʘʱʠʚʘʥʠʷ ʩʣʦʷ, ʥʦ ʠ ʦʪ ʨʝʞʠʤʦʚ ʧʨʝʜʚʘʨʠʪʝʣʴʥʦʛʦ ʟʘʧʫʩʢʘ 

ʣʠʛʘʪʫʨʳ ʚ ʨʝʘʢʪʦʨ ʠ ʦʪʞʠʛʘ ʩʣʦʷ. ɺʘʞʥʦ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʩʫʱʝʩʪʚʫʶʪ ʦʪʣʠʯʠʷ ʧʨʠ ʣʝʛʠʨʦʚʘʥʠʠ ʩʣʦʝʚ 

ʙʦʨʦʤ ʠ ʤʳʰʴʷʢʦʤ ʠʣʠ ʬʦʩʬʦʨʦʤ. ʇʨʠʤʝʥʝʥʠʝ ʤʳʰʴʷʢʘ ʚ ʢʘʯʝʩʪʚʝ ʣʝʛʠʨʫʶʱʝʡ ʧʨʠʤʝʩʠ 

ʧʦʟʚʦʣʷʝʪ ʧʦʣʫʯʘʪʴ ʩʣʦʠ ʩ ʚʳʩʦʢʦʡ ʢʦʥʮʝʥʪʨʘʮʠʝʡ ʙʦʣʝʝ ʪʦʥʢʠʤʠ, ʯʝʤ ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʬʦʩʬʦʨʘ. 

ʇʦʩʣʝ ʦʪʨʘʙʦʪʢʠ ʪʝʭʥʦʣʦʛʠʯʝʩʢʦʛʦ ʤʘʨʰʨʫʪʘ ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʩʣʦʠ ʩ ʢʦʥʮʝʥʪʨʘʮʠʝʡ ~ 

1Ā1018 ʩʤ-3, ʪʦʣʱʠʥʘ ʢʦʪʦʨʳʭ ʥʝ ʧʨʝʚʦʩʭʦʜʠʪ 0,08 ʤʢʤ. ɺ ʨʝʟʫʣʴʪʘʪʝ ʦʪʨʘʙʦʪʢʠ ʦʧʪʠʤʘʣʴʥʳʭ 

ʨʝʞʠʤʦʚ ʥʘʨʘʱʠʚʘʥʠʷ ʙʳʣʘ ʧʦʣʫʯʝʥʘ ʩʪʨʫʢʪʫʨʘ p++pp+pnn+nn++-ʪʠʧʘ ʜʣʷ ʣʘʚʠʥʥʦ-ʧʨʦʣʝʪʥʦʛʦ 

ʜʠʦʜʘ, ʨʘʙʦʪʘʶʱʝʛʦ ʚ ʉɺʏ ʜʠʘʧʘʟʦʥʝ. 

ʀʩʭʦʜʷ ʠʟ ʧʦʣʫʯʝʥʥʳʭ ʨʝʟʫʣʴʪʘʪʦʚ ʙʳʣʦ ʚʠʜʥʦ, ʯʪʦ ʟʘʢʦʥʦʤʝʨʥʦʩʪʠ ʣʝʛʠʨʦʚʘʥʠʷ n- ʠ p- 

ʩʣʦʝʚ ʨʘʟʣʠʯʘʶʪʩʷ. ɺ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʧʨʠʙʦʨʥʳʭ ʟʘʜʘʯ ʧʦʣʫʯʝʥʠʝ ʪʦʥʢʠʭ ʩʣʦʝʚ (ʧʠʢʦʚ) ʪʨʝʙʫʝʪ 

ʪʝʭʥʦʣʦʛʠʯʝʩʢʦʡ ʦʧʪʠʤʠʟʘʮʠʠ ʚʩʝʭ ʵʪʘʧʦʚ ʥʘʨʘʱʠʚʘʥʠʷ. ʀʩʩʣʝʜʦʚʘʥʠʷ ʧʦʚʝʨʭʥʦʩʪʥʦʡ ʩʝʛʨʝʛʘʮʠʠ 

ʧʨʠʤʝʩʠ ʙʦʨʘ ʠ ʤʳʰʴʷʢʘ ʧʨʠ ʦʧʪʠʤʠʟʘʮʠʠ ʨʝʞʠʤʦʚ ʥʘʨʘʱʠʚʘʥʠʷ ʪʦʥʢʠʭ ʩʣʦʝʚ ʢʨʝʤʥʠʷ ʙʫʜʫʪ 

ʧʨʦʜʦʣʞʝʥʳ. 

ʃʠʪʝʨʘʪʫʨʘ 

1. ʖ.ʖ. ʕʨʚʴʝ ʆ ʥʘʢʦʧʣʝʥʠʠ ʧʨʠʤʝʩʠ ʚ ʘʜʩʦʨʙʮʠʦʥʥʦʤ ʩʣʦʝ ʚ ʧʨʦʮʝʩʩʝ ʣʝʛʠʨʦʚʘʥʠʷ ʧʨʠ 

ʤʦʣʝʢʫʣʷʨʥʦ-ʣʫʯʝʚʦʡ ʵʧʠʪʘʢʩʠʠ // ʄʘʪʝʨʠʘʣʳ ʵʣʝʢʪʨʦʥʥʦʡ ʪʝʭʥʠʢʠ ˉ2, 2013 ʩʪʨ. 4-10. 

 



  II.o.05 

 

42 

ʊʝʨʤʦʜʠʥʘʤʠʯʝʩʢʘʷ ʤʦʜʝʣʴ ʦʙʨʘʟʦʚʘʥʠʷ ʧʠʨʘʤʠʜʘʣʴʥʳʭ  

ʵʧʠʪʘʢʩʠʘʣʴʥʳʭ ʦʩʪʨʦʚʢʦʚ ʩ ʨʘʟʣʠʯʥʳʤ ʢʦʥʪʘʢʪʥʳʤ ʫʛʣʦʤ 

ʃʦʟʦʚʦʡ ʂ.ɸ., ɼʠʨʢʦ ɺ.ɺ., ʂʫʢʝʥʦʚ ʆ., ɺʦʡʮʝʭʦʚʩʢʠʡ ɸ.ɺ., ʂʦʭʘʥʝʥʢʦ ɸ.ʇ. 

ʅʘʮʠʦʥʘʣʴʥʳʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʊʦʤʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ, ʊʦʤʩʢ 

 e-mail: lozovoymailbox@mail.ru 

 

ɺ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʛʝʪʝʨʦʩʪʨʫʢʪʫʨʳ ʩ ʢʚʘʥʪʦʚʳʤʠ 

ʪʦʯʢʘʤʠ ʰʠʨʦʢʦ ʠʩʧʦʣʴʟʫʶʪʩʷ ʧʨʠ ʩʦʟʜʘʥʠʠ ʨʘʟʣʠʯʥʳʭ 

ʦʧʪʦʵʣʝʢʪʨʦʥʥʳʭ ʧʨʠʙʦʨʦʚ, ʚʢʣʶʯʘʷ ʬʦʪʦʧʨʠʝʤʥʠʢʠ 

ʚʠʜʠʤʦʛʦ ʠ ʠʥʬʨʘʢʨʘʩʥʦʛʦ ʜʠʘʧʘʟʦʥʦʚ, ʩʦʣʥʝʯʥʳʝ 

ʵʣʝʤʝʥʪʳ, ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʝ ʩʚʝʪʦʜʠʦʜʳ ʠ ʣʘʟʝʨʥʳʝ 

ʠʩʪʦʯʥʠʢʠ. ɼʣʷ ʨʝʘʣʠʟʘʮʠʠ ʪʘʢʠʭ ʫʩʪʨʦʡʩʪʚ ʧʨʠʤʝʥʷʶʪʩʷ 

ʨʘʟʣʠʯʥʳʝ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʝ ʤʘʪʝʨʠʘʣʴʥʳʝ ʩʠʩʪʝʤʳ, 

ʦʧʪʠʤʘʣʴʥʦ ʦʪʚʝʯʘʶʱʠʝ ʟʘʜʘʥʥʳʤ ʪʨʝʙʦʚʘʥʠʷʤ. 

ʅʝʩʤʦʪʨʷ ʥʘ ʩʫʱʝʩʪʚʝʥʥʳʝ ʜʦʩʪʠʞʝʥʠʷ ʚ ʦʙʣʘʩʪʠ ʠʭ 

ʠʩʩʣʝʜʦʚʘʥʠʷ ʠ ʧʨʘʢʪʠʯʝʩʢʦʛʦ ʧʨʠʤʝʥʝʥʠʷ, ʚʦʟʤʦʞʥʦʩʪʠ 

ʜʘʥʥʳʭ ʩʪʨʫʢʪʫʨ ʜʦ ʢʦʥʮʘ ʥʝ ʠʩʯʝʨʧʘʥʳ, ʠ ʦʥʠ ʧʦ-

ʧʨʝʞʥʝʤʫ ʨʘʩʩʤʘʪʨʠʚʘʶʪʩʷ ʢʘʢ ʦʜʥʘ ʠʟ ʥʘʠʙʦʣʝʝ 

ʧʝʨʩʧʝʢʪʠʚʥʳʭ ʧʣʘʪʬʦʨʤ ʦʧʪʦʵʣʝʢʪʨʦʥʠʢʠ. 

ʅʘʠʙʦʣʝʝ ʵʬʬʝʢʪʠʚʥʳʤ ʩʧʦʩʦʙʦʤ ʬʦʨʤʠʨʦʚʘʥʠʷ 

ʢʚʘʥʪʦʚʳʭ ʪʦʯʝʢ ʷʚʣʷʝʪʩʷ ʠʭ ʩʘʤʦʧʨʦʠʟʚʦʣʴʥʦʝ ʚʦʟʥʠʢʥʦʚʝʥʠʝ ʚ ʧʨʦʮʝʩʩʝ ʤʦʣʝʢʫʣʷʨʥʦ-ʣʫʯʝʚʦʡ 

ʠʣʠ ʛʘʟʦʬʘʟʥʦʡ ʵʧʠʪʘʢʩʠʠ. ʊʘʢʦʡ ʤʝʭʘʥʠʟʤ ʩʘʤʦʦʨʛʘʥʠʟʘʮʠʠ ʨʝʘʣʠʟʫʝʪʩʷ ʧʨʠ ʥʘʣʠʯʠʠ 

ʨʘʩʩʦʛʣʘʩʦʚʘʥʠʷ ʧʦʩʪʦʷʥʥʳʭ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʨʝʰʝʪʢʠ ʧʦʜʣʦʞʢʠ ʠ ʦʩʘʞʜʘʝʤʦʛʦ ʤʘʪʝʨʠʘʣʘ. ʇʨʠ 

ʜʦʩʪʠʞʝʥʠʠ ʜʚʫʤʝʨʥʳʤ ʩʣʦʝʤ ʢʨʠʪʠʯʝʩʢʦʡ ʪʦʣʱʠʥʳ ʥʘʢʦʧʣʝʥʥʳʝ ʫʧʨʫʛʠʝ ʥʘʧʨʷʞʝʥʠʷ ʧʨʠʚʦʜʷʪ 

ʢ ʧʦʪʝʨʝ ʫʩʪʦʡʯʠʚʦʩʪʠ ʧʦʩʣʦʡʥʦʛʦ ʨʦʩʪʘ, ʚ ʨʝʟʫʣʴʪʘʪʝ ʯʝʛʦ ʥʘʯʠʥʘʝʪʩʷ ʬʦʨʤʠʨʦʚʘʥʠʝ ʪʨʝʭʤʝʨʥʳʭ 

ʦʩʪʨʦʚʢʦʚ [1]. 

ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʥʘ ʦʩʥʦʚʝ ʨʘʟʚʠʪʠʷ ʩʫʱʝʩʪʚʫʶʱʠʭ ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʠʭ ʤʦʜʝʣʝʡ 

ʵʧʠʪʘʢʩʠʘʣʴʥʦʛʦ ʨʦʩʪʘ ʨʘʩʩʤʦʪʨʝʥʘ ʵʥʝʨʛʝʪʠʢʘ ʦʙʨʘʟʦʚʘʥʠʷ ʧʠʨʘʤʠʜʘʣʴʥʳʭ ʦʩʪʨʦʚʢʦʚ ʩ 

ʨʘʟʣʠʯʥʳʤ ʢʦʥʪʘʢʪʥʳʤ ʫʛʣʦʤ, ʘ ʪʘʢʞʝ ʧʦʢʘʟʘʥʦ ʩʫʱʝʩʪʚʦʚʘʥʠʝ ʨʘʚʥʦʚʝʩʥʦʛʦ ʟʥʘʯʝʥʠʷ ʫʛʣʘ ʧʨʠ 

ʦʩʥʦʚʘʥʠʠ, ʧʨʠ ʢʦʪʦʨʦʤ ʜʣʷ ʟʘʜʘʥʥʳʭ ʵʥʝʨʛʝʪʠʯʝʩʢʠʭ ʧʘʨʘʤʝʪʨʦʚ ʩʠʩʪʝʤʳ ʜʦʩʪʠʛʘʝʪʩʷ ʤʠʥʠʤʫʤ 

ʩʚʦʙʦʜʥʦʡ ʵʥʝʨʛʠʠ, ʯʪʦ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʥʘʙʣʶʜʘʝʤʦʡ ʬʦʨʤʝ ʦʩʪʨʦʚʢʘ. 

ʆʩʥʦʚʦʡ ʜʣʷ ʧʦʩʪʨʦʝʥʠʷ ʤʦʜʝʣʠ ʷʚʣʷʝʪʩʷ ʚʳʨʘʞʝʥʠʝ ʜʣʷ ʠʟʤʝʥʝʥʠʷ ʩʚʦʙʦʜʥʦʡ ʵʥʝʨʛʠʠ ʧʨʠ 

ʧʝʨʝʭʦʜʝ ʘʪʦʤʦʚ ʠʟ ʩʤʘʯʠʚʘʶʱʝʛʦ ʩʣʦʷ, ʦʙʨʘʟʫʶʱʝʛʦʩʷ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʧʦʜʣʦʞʢʠ, ʚ ʦʩʪʨʦʚʦʢ. 

ʋʯʠʪʳʚʘʝʪʩʷ ʚʢʣʘʜ ʚ ʠʟʤʝʥʝʥʠʝ ʩʚʦʙʦʜʥʦʡ ʵʥʝʨʛʠʠ ʟʘ ʩʯʝʪ ʫʚʝʣʠʯʝʥʠʷ ʧʦʚʝʨʭʥʦʩʪʥʦʡ ʵʥʝʨʛʠʠ ʠ 

ʜʣʠʥʳ ʨʝʙʝʨ ʧʨʠ ʦʙʨʘʟʦʚʘʥʠʠ ʪʨʝʭʤʝʨʥʦʛʦ ʢʣʘʩʪʝʨʘ, ʨʝʣʘʢʩʘʮʠʠ ʫʧʨʫʛʠʭ ʥʘʧʨʷʞʝʥʠʡ, 

ʚʦʟʥʠʢʘʶʱʠʭ ʠʟ-ʟʘ ʥʘʣʠʯʠʷ ʚ ʩʠʩʪʝʤʝ ʨʘʩʩʦʛʣʘʩʦʚʘʥʠʷ ʧʦ ʧʘʨʘʤʝʪʨʫ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʨʝʰʝʪʢʠ, ʘ 

ʪʘʢʞʝ ʟʘ ʩʯʝʪ ʫʤʝʥʴʰʝʥʠʷ ʧʨʠʪʷʞʝʥʠʷ ʘʪʦʤʦʚ ʢ ʧʦʜʣʦʞʢʝ [2]. 

ʅʘʡʜʝʥʳ ʚʳʨʘʞʝʥʠʷ ʜʣʷ ʤʠʥʠʤʫʤʘ ʩʚʦʙʦʜʥʦʡ ʵʥʝʨʛʠʠ ʩʠʩʪʝʤʳ ʠ ʢʨʠʪʠʯʝʩʢʦʛʦ ʯʠʩʣʘ 

ʘʪʦʤʦʚ ʚ ʦʩʪʨʦʚʢʝ, ʫʯʠʪʳʚʘʶʱʠʝ ʦʙʨʘʟʦʚʘʥʠʝ ʜʦʧʦʣʥʠʪʝʣʴʥʳʭ ʨʝʙʝʨ. ʆʧʨʝʜʝʣʝʥʳ ʟʘʚʠʩʠʤʦʩʪʠ 

ʨʘʚʥʦʚʝʩʥʦʛʦ ʫʛʣʘ ʧʨʠ ʦʩʥʦʚʘʥʠʠ ʦʪ ʵʥʝʨʛʝʪʠʯʝʩʢʠʭ ʠ ʫʧʨʫʛʠʭ ʧʘʨʘʤʝʪʨʦʚ ʦʩʘʞʜʘʝʤʦʛʦ ʤʘʪʝʨʠʘʣʘ 

ʠ ʧʦʜʣʦʞʢʠ (ʈʠʩʫʥʦʢ 1). ʇʦʢʘʟʘʥʦ, ʯʪʦ ʨʘʚʥʦʚʝʩʥʳʡ ʫʛʦʣ ʫʚʝʣʠʯʠʚʘʝʪʩʷ ʩ ʫʚʝʣʠʯʝʥʠʝʤ 

ʨʘʩʩʦʛʣʘʩʦʚʘʥʠʷ ʧʦ ʧʦʩʪʦʷʥʥʦʡ ʨʝʰʝʪʢʠ ʤʝʞʜʫ ʜʚʫʤʷ ʤʘʪʝʨʠʘʣʘʤʠ, ʘ ʪʘʢʞʝ ʩ ʫʚʝʣʠʯʝʥʠʝʤ 

ʢʦʣʠʯʝʩʪʚʘ ʦʩʘʞʜʝʥʥʦʛʦ ʤʘʪʝʨʠʘʣʘ, ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʥʘʙʣʶʜʘʝʤʦʡ 

ʤʦʨʬʦʣʦʛʠʯʝʩʢʦʡ ʧʝʨʝʩʪʨʦʡʢʝ ʦʩʪʨʦʚʢʦʚ ʥʘ ʧʦʟʜʥʠʭ ʩʪʘʜʠʷʭ ʨʦʩʪʘ. 

ʈʝʟʫʣʴʪʘʪʳ ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʚ ʨʘʤʢʘʭ ʚʳʧʦʣʥʝʥʠʷ ʛʦʩʫʜʘʨʩʪʚʝʥʥʦʛʦ ʟʘʜʘʥʠʷ ʄʠʥʦʙʨʥʘʫʢʠ 

ʈʦʩʩʠʠ, ʧʨʦʝʢʪ ˉ FSWM-2025-0014. 
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ʈʠʩʫʥʦʢ 1 ï ɿʘʚʠʩʠʤʦʩʪʴ ʚʝʣʠʯʠʥʳ 

ʨʘʚʥʦʚʝʩʥʦʛʦ ʢʦʥʪʘʢʪʥʦʛʦ ʫʛʣʘ ʦʪ 

ʧʨʠʚʝʜʝʥʥʦʡ ʨʘʟʥʦʩʪʠ ʵʥʝʨʛʠʡ ʙʦʢʦʚʦʡ 

ʛʨʘʥʠ ʠ ʦʩʥʦʚʘʥʠʷ 
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ʈʦʩʪ ʘʪʦʤʥʦ-ʪʦʥʢʠʭ ʧʣʸʥʦʢ ʜʣʷ ʢʨʝʤʥʠʝʚʦʡ ʥʘʥʦʠʥʜʫʩʪʨʠʠ:  

ʥʘ ʧʫʪʠ ʢ ʥʦʚʦʡ ʪʝʭʥʦʣʦʛʠʠ  

ʇʣʶʩʥʠʥ ʅ.ʀ., ɸʥʫʬʨʠʝʚ ʖ.ɺ. 

ʀʥʩʪʠʪʫʪ ʥʘʥʦʪʝʭʥʦʣʦʛʠʡ ʤʠʢʨʦʵʣʝʢʪʨʦʥʠʢʠ ʈʦʩʩʠʡʩʢʦʡ ʘʢʘʜʝʤʠʠ ʥʘʫʢ, ʛ. ʄʦʩʢʚʘ 
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ɺ ʛʝʪʝʨʦʩʪʨʫʢʪʫʨʘʭ ʥʘ ʢʨʝʤʥʠʠ, ʜʚʫʤʝʨʥʳʝ (2D) ʩʣʦʠ ʤʝʪʘʣʣʦʚ, ʢʨʝʤʥʠʷ ʠ ʩʠʣʠʮʠʜʦʚ [1] 

ʠʤʝʁʪ ʢʨʠʪʠʯʝʩʢʦʝ ʟʥʘʯʝʥʠʝ ʜʣʷ ʨʘʟʚʠʪʠʷ ʢʨʝʤʥʠʝʚʦʡ ʥʘʥʦʪʝʭʥʠʢʠ, ʪ.ʢ. ʦʥʠ ʦʙʝʩʧʝʯʠʚʘʶʪ 

ʤʠʥʠʤʘʣʴʥʫʶ ʧʣʦʱʘʜʴ ʧʨʠ ʤʠʥʠʤʘʣʴʥʦʤ ʵʣʝʢʪʨʠʯʝʩʢʦʤ ʩʦʧʨʦʪʠʚʣʝʥʠʠ. ʀʭ ʩʠʥʪʝʟ ʧʨʦʠʩʭʦʜʠʪ 

ʧʫʪʸʤ ʨʦʩʪʘ ʤʝʪʘʩʪʘʙʠʣʴʥʦʛʦ 2D ʩʣʦʷ ʠ ʝʛʦ ʩʪʘʙʠʣʠʟʘʮʠʠ, ʩ ʧʦʤʦʱʴʶ ʘʪʦʤʥʦ-ʪʦʥʢʠʭ ʧʨʦʩʣʦʝʢ, 

ʣʠʙʦ ʧʦʚʝʨʭʥʦʩʪʥʦ-ʘʢʪʠʚʥʳʭ ʧʦʢʨʳʪʠʡ, ʣʠʙʦ ʜʨʫʛʠʤʠ ʤʝʪʦʜʘʤʠ. ʀ, ʧʦʩʢʦʣʴʢʫ, ʚ ʧʨʦʮʝʩʩʝ ʨʦʩʪʘ, 

ʤʝʪʘʩʪʘʙʠʣʴʥʳʡ 2D ʩʣʦʡ ʧʝʨʝʤʝʰʠʚʘʝʪʩʷ ʩ ʛʨʘʥʠʯʘʱʠʤʠ ʬʘʟʘʤʠ ʠ ʘʛʣʦʤʝʨʠʨʫʝʪ ʚ ʦʪʜʝʣʴʥʳʝ 

çʦʩʪʨʦʚʢʠè, ʪʦ ʵʪʦʪ ʩʣʦʡ ʦʩʘʞʜʘʶʪ ʧʨʠ ʥʠʟʢʦʡ ʪʝʤʧʝʨʘʪʫʨʝ, ʯʪʦʙʳ ʠʟʙʝʞʘʪʴ ʚʳʰʝʫʧʦʤʷʥʫʪʳʝ 

ʥʝʛʘʪʠʚʥʳʝ ʧʨʦʮʝʩʩʳ.  

ʉʫʱʝʩʪʚʫʶʱʠʝ ʪʝʭʥʦʣʦʛʠʠ, ʪʘʢʠʝ, ʥʘʧʨʠʤʝʨ, ʢʘʢ ALD (Atomic Layer Deposition), MBE 

(Molecular Beam Epitaxy) ʠ ʪʚʝʨʜʦʬʘʟʥʳʡ ʩʠʥʪʝʟ - ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʳʝ. ʇʦʵʪʦʤʫ, ʩ ʫʯʸʪʦʤ 

ʚʳʰʝʩʢʘʟʘʥʥʦʛʦ, ʙʳʣʘ ʚʳʧʦʣʥʝʥʘ ʩʝʨʠʷ ʠʩʩʣʝʜʦʚʘʥʠʡ [2], ʧʦʩʚʷʱʝʥʥʘ̫ ʧʨʦʙʣʝʤʝ ʩʦʟʜʘʥʠʷ 

ʥʠʟʢʦʪʝʤʧʝʨʘʪʫʨʥʦʡ ʪʝʭʥʦʣʦʛʠʠ ʨʦʩʪʘ ʘʪʦʤʥʦ-ʪʦʥʢʠʭ ʩʣʦʸʚ. ʇʝʨʚʦʥʘʯʘʣʴʥʦ ʚ ʵʪʠʭ ʠʩʩʣʝʜʦʚʘʥʠʷʭ, 

ʙʳʣʘ ʚʳʷʩʥʝʥʘ ʬʠʟʠʢʘ ʨʦʩʪʘ ʥʝʨʘʚʥʦʚʝʩʥʳʭ ʠ ʤʝʪʘʩʪʘʙʠʣʴʥʳʭ ʘʪʦʤʥʦ-ʪʦʥʢʠʭ ʩʣʦʸʚ ʧʨʠ 

ʬʦʨʤʠʨʦʚʘʥʠʠ ʠʥʪʝʨʬʝʡʩʦʚ ʩʠʩʪʝʤʳ ʤʝʪʘʣʣ-ʢʨʝʤʥʠʡ. ɼʘʣʝʝ, ʩ ʧʦʤʦʱʴʶ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʵʪʦʛʦ 

ʧʨʦʮʝʩʩʘ, ʙʳʣʘ ʚʳʷʩʥʝʥʘ ʨʦʣʴ ʢʠʥʝʪʠʢʠ ʣʘʪʝʨʘʣʴʥʦʛʦ ʨʦʩʪʘ ʵʪʠʭ ʩʣʦʸʚ ʠʟ ʘʪʦʤʥʦʛʦ ʧʦʪʦʢʘ. ɿʘʪʝʤ, 

ʧʦʪʨʝʙʦʚʘʣʦʩʴ ʩʦʟʜʘʪʴ ʥʦʚʫʶ ʪʝʭʥʦʣʦʛʠʶ ʠ ʪʝʭʥʠʢʫ ʵʢʩʧʝʨʠʤʝʥʪʘ ï ʦʩʘʞʜʝʥʠʷ ʧʣʸʥʦʢ ʚ ʧʣʘʥʘʨʥʦʡ 

ʛʝʦʤʝʪʨʠʠ, ʛʜʝ ʠʩʪʦʯʥʠʢʦʤ ʩʣʫʞʠʣʠ ʦʜʥʘ ʠʣʠ ʜʚʝ ʥʘʛʨʝʪʳʝ çʩʪʝʥʢʠè (ʨʘʟʤʝʨʦʤ ʥʝ ʤʝʥʴʰʠʤ, ʯʝʤ 

ʨʘʟʤʝʨ ʧʦʜʣʦʞʢʠ ʠ ʥʘ ʨʘʩʩʪʦʷʥʠʠ ʜʦ ʧʦʜʣʦʞʢʠ, ʤʝʥʴʰʝʤ ʠʣʠ ʧʦʨʷʜʢʘ ʨʘʟʤʝʨʘ çʩʪʝʥʦʢè). ɺ 

ʨʝʟʫʣʴʪʘʪʝ, ʙʳʣʦ ʦʪʢʨʳʪʦ ʨʘʥʝʝ ʥʝʠʟʚʝʩʪʥʦʝ ʩʦʩʪʦʷʥʠʝ ʪʚʸʨʜʦʡ ʧʣʸʥʢʠ ʥʘ ʠʥʦʨʦʜʥʦʡ ʧʦʜʣʦʞʢʝ ï 

ʪʚʝʨʜʦʬʘʟʥʳʡ (ʠʣʠ ʟʘʤʦʨʦʞʝʥʥʳʡ) ʩʤʘʯʠʚʘʶʱʠʡ ʩʣʦʡ (SWL ï ñsolid wetting layerò), ʢʦʪʦʨʳʡ ʠʤʝʝʪ 

ʥʘʥʦʬʘʟʥʫʶ ʩʪʨʫʢʪʫʨʫ ʠ ʧʝʨʝʩʪʨʦʝʥʥʳʡ ʧʦʜ ʥʝʸ ʧʨʠʛʨʘʥʠʯʥʳʡ ʩʣʦʡ ʧʦʜʣʦʞʢʠ [3]. Cʪʘʣʦ ʷʩʥʦ, ʯʪʦ 

ʧʨʠ PALD, ʬʠʟʠʢʘ ʬʦʨʤʠʨʦʚʘʥʠʷ ʠʥʪʝʨʬʝʡʩʘ ʤʝʞʜʫ ʧʣʸʥʢʦʡ ʦʙʲʸʤʥʦʡ ʬʘʟʳ ʠ ʠʥʦʨʦʜʥʦʡ 

ʧʦʜʣʦʞʢʦʡ ʜʦʣʞʥʘ ʚʢʣʶʯʘʪʴ ʩʪʘʜʠʶ ʨʦʩʪʘ SWL.  

ʊʝʤ ʥʝ ʤʝʥʝʝ, ʩ ʧʦʤʦʱʴʶ ʥʦʚʦʡ ʪʝʭʥʦʣʦʛʠʠ, ʙʳʣʠ ʦʙʥʘʨʫʞʝʥʳ ʥʦʚʳʝ ʷʚʣʝʥʠʷ ʠ ʥʦʚʳʝ 

ʩʚʦʡʩʪʚʘ ʚ ʦʙʲʝʢʪʘʭ ʠʩʩʣʝʜʦʚʘʥʠʷ [1-3]. ʀ, ʙʣʘʛʦʜʘʨʷ ʥʝʜʘʚʥʠʤ ʪʝʦʨʝʪʠʯʝʩʢʠʤ ʠʩʩʣʝʜʦʚʘʥʠʷʤ [4], 

ʩʪʘʣʘ ʷʩʥʘ ʬʠʟʠʯʝʩʢʘʷ ʧʨʠʨʦʜʘ ʵʪʦʡ ʪʝʭʥʦʣʦʛʠʠ. ʇʦʵʪʦʤʫ, ʵʪʘ ʪʝʭʥʦʣʦʛʠʷ ʙʳʣʘ ʥʘʟʚʘʥʘ ʬʠʟʠʯʝʩʢʠʤ 

ʘʪʦʤʥʦ-ʩʣʦʝʚʳʤ ʦʩʘʞʜʝʥʠʝʤ ï PALD (Physical Atomic Layer Deposition - ʧʦ ʘʥʘʣʦʛʠʠ ʩ ʭʠʤʠʯʝʩʢʠʤ 

ALD). ʅʦ, ʚ ʢʦʥʮʝ ʢʦʥʮʦʚ, ʚʦʟʥʠʢ ʚʦʧʨʦʩ: ʘ ʚʦʟʤʦʞʥʦ ʣʠ ʨʘʩʧʨʦʩʪʨʘʥʠʪʴ PALD ʥʘ ʧʦʜʣʦʞʢʠ 

ʙʦʣʴʰʠʭ ʜʠʘʤʝʪʨʦʚ, ʢʦʪʦʨʳʝ ʠʩʧʦʣʴʟʫʶʪʩʷ ʚ ʧʨʦʤʳʰʣʝʥʥʦʩʪʠ? ʇʨʦʚʝʜʝʥʥʳʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʚ 

ʀʅʄʕ ʈɸʅ ʧʦʢʘʟʳʚʘʶʪ, ʯʪʦ ʤʘʩʰʪʘʙʠʨʦʚʘʥʠʝ ʵʪʦʡ ʪʝʭʥʦʣʦʛʠʠ ʥʘ ʧʨʦʤʳʰʣʝʥʥʳʝ ʧʦʜʣʦʞʢʠ 

ʚʧʦʣʥʝ ʚʦʟʤʦʞʥʦ.  
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ʊʦʣʩʪʳʝ (225 ʥʤ) ʦʜʥʦʬʘʟʥʳʝ ʧʣʝʥʢʠ Cr3Si ʩ ʢʫʙʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʦʡ (A15), ʩʬʦʨʤʠʨʦʚʘʥʥrʝ 

ʤʝʪʦʜʦʤ ʪʚʝʨʜʦʬʘʟʥʦʡ ʨʝʘʢʮʠʠ ʧʨʠ 800Áʉ ʠʟ ʪʦʥʢʠʭ ʙʠʩʣʦʝʚ ʘʤʦʨʬʥʦʛʦ ʢʨʝʤʥʠʷ ʠ ʭʨʦʤʘ ʥʘ 

ʧʦʜʣʦʞʢʝ SiO2/Si ʧʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʣʠ ʩʚʦʡʩʪʚʘ ʤʝʪʘʣʣʘ ʩ ʜʳʨʦʯʥʦʡ ʧʨʦʚʦʜʠʤʦʩʪʴʶ [1]. ʆʜʥʘʢʦ 

ʦʜʥʦʬʘʟʥʳʝ ʪʦʥʢʠʝ (80 ʥʤ) ʧʣʝʥʢʠ Cr3Si ʩ ʚʳʩʦʢʦʫʧʦʨʷʜʦʯʝʥʥʦʡ ʩʪʨʫʢʪʫʨʦʡ DO3, 

ʧʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʣʠ ʧʦʣʫʤʝʪʘʣʣʠʯʝʩʢʠʡ ʭʘʨʘʢʪʝʨ ʧʨʦʚʦʜʠʤʦʩʪʠ ʩ ʣʠʥʝʡʥʳʤ ʧʦʣʦʞʠʪʝʣʴʥʳʤ 

ʤʘʛʥʝʪʦʩʦʧʨʦʪʠʚʣʝʥʠʝʤ (ʄʉ) ʜʦ 100 ʂ ʠ ʧʝʨʝʭʦʜʦʤ ʢ ʦʪʨʠʮʘʪʝʣʴʥʦʤʫ ʄʉ ʥʠʞʝ 5 ʂ [2]. 
ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʠʩʩʣʝʜʦʚʘʥʳ ʩʪʨʫʢʪʫʨʘ ʦʯʝʥʴ ʪʦʥʢʠʭ (10-20.8 ʥʤ) ʦʜʥʦʬʘʟʥʳʭ ʧʣʝʥʦʢ Cr3Si 

ʥʘ ʧʦʜʣʦʞʢʝ ʩʘʧʬʠʨʘ (Al 2O3(001)), ʚʳʨʘʱʝʥʥʳʭ ʤʝʪʦʜʦʤ ʄʃʕ ʧʨʠ ʊ=350, 500 ʠ 650Áʉ. ɼʣʷ ʥʠʭ 

ʠʩʩʣʝʜʦʚʘʥʘ ʢʨʠʩʪʘʣʣʠʯʝʩʢʘʷ ʩʪʨʫʢʪʫʨʘ, ʦʧʪʠʯʝʩʢʠʝ ʠ ʬʦʥʦʥʥʳʝ ʩʚʦʡʩʪʚʘ ʧʦ ʜʘʥʥʳʤ 

ʩʧʝʢʪʨʦʩʢʦʧʠʠ ʂʈʉ ʠ ʀʂ-ʩʧʝʢʪʨʦʩʢʦʧʠʠ, ʢʦʪʦʨʳʝ ʩʦʧʦʩʪʘʚʣʝʥʳ ʩ ʜʘʥʥʳʤʠ ʧʝʨʚʦʧʨʠʥʮʠʧʥʳʭ 

ʨʘʩʯʝʪʦʚ ʵʣʝʢʪʨʦʥʥʦʡ ʩʪʨʫʢʪʫʨʳ, ʦʧʪʠʯʝʩʢʦʛʦ ʦʪʨʘʞʝʥʠʷ, ʩʧʝʢʪʨʘ ʢʦʵʬʬʠʮʠʝʥʪʘ ʧʦʛʣʦʱʝʥʠʷ ʠ 

ʨʘʩʯʝʪʦʚ ʂʈʉ-ʬʦʥʦʥʦʚ ʚ ʦʙʲʝʤʥʦʤ Cr3Si ʩ ʢʫʙʠʯʝʩʢʦʡ ʠ ʪʨʠʛʦʥʘʣʴʥʦʡ ʩʪʨʫʢʪʫʨʦʡ. ʊʝʦʨʝʪʠʯʝʩʢʠʝ 

ʨʘʩʯʝʪʳ ʠʟ ʧʝʨʚʳʭ ʧʨʠʥʮʠʧʦʚ ʜʣʷ ʦʙʲʝʤʥʦʛʦ Cr3Si ʧʦʢʘʟʘʣʠ, ʯʪʦ ʥʘʠʙʦʣʝʝ ʚʳʛʦʜʥʳʤʠ ʷʚʣʷʶʪʩʷ 

ʢʫʙʠʯʝʩʢʘʷ c-Cr3Si (Pmσn) ʠ ʪʨʠʛʦʥʘʣʴʥʘʷ tr-Cr3Si (Rσc) ʤʦʜʠʬʠʢʘʮʠʠ.  

ʊʝʦʨʝʪʠʯʝʩʢʠʝ ʨʘʩʯʝʪʳ ʠʟ ʧʝʨʚʳʭ ʧʨʠʥʮʠʧʦʚ ʜʣʷ ʦʙʲʝʤʥʦʛʦ Cr3Si ʧʦʢʘʟʘʣʠ, ʯʪʦ ʥʘʠʙʦʣʝʝ 

ʚʳʛʦʜʥʳʤʠ ʷʚʣʷʶʪʩʷ ʢʫʙʠʯʝʩʢʘʷ c-Cr3Si (Pmσn) ʠ ʪʨʠʛʦʥʘʣʴʥʘʷ tr-Cr3Si (Rσc) ʤʦʜʠʬʠʢʘʮʠʠ. ʇʨʠ 
ʵʪʦʤ ʪʨʠʛʦʥʘʣʴʥʘʷ ʬʘʟʘ ʠʤʝʝʪ ʟʥʘʯʠʪʝʣʴʥʦ ʤʝʥʴʰʫʶ ʧʦʣʥʫʶ ʵʥʝʨʛʠʶ, ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʢʫʙʠʯʝʩʢʦʡ 

ʬʘʟʦʡ. ʀʩʩʣʝʜʦʚʘʥʠʷ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʳ ʧʣʝʥʦʢ Cr3Si ʤʝʪʦʜʘʤʠ ʍʈɼ ʠ ɺʈ ʇʕʄ ʧʦʢʘʟʘʣʠ, 

ʯʪʦ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ ʧʦʜʣʦʞʢʠ 650 ʦʉ, ʧʨʦʠʩʭʦʜʠʪ ʦʩʪʨʦʚʢʦʚʳʡ ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʠʡ ʨʦʩʪ ʧʣʝʥʢʠ 

Cr3Si ʩ ʟʝʨʥʘʤʠ ʢʫʙʠʯʝʩʢʦʡ ʠ ʪʨʠʛʦʥʘʣʴʥʦʡ ʤʦʜʠʬʠʢʘʮʠʠ. ʋʤʝʥʴʰʝʥʠʝ ʪʝʤʧʝʨʘʪʫʨʳ ʧʦʜʣʦʞʢʠ ʜʦ 

350 ʦʉ ʧʨʠʚʦʜʠʪ ʢ ʨʦʩʪʫ ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʬʘʟʳ Cr3Si ʩ ʚʢʨʘʧʣʝʥʠʷʤʠ ʘʤʦʨʬʥʦʡ ʬʘʟʳ Cr3Si ʧʦ 

ʜʘʥʥʳʤ ʵʥʝʨʛʦʜʠʩʧʝʨʩʠʦʥʥʦʡ ʩʧʝʢʪʨʦʩʢʦʧʠʠ. ʇʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 500 ʦʉ ʥʘʙʣʶʜʘʝʪʩʷ ʨʦʩʪ 

ʫʢʨʫʧʥʝʥʥʳʭ ʥʘʥʦʢʨʠʩʪʘʣʣʦʚ ʩ ʥʝʩʢʦʣʴʢʠʤʠ ʵʧʠʪʘʢʩʠʘʣʴʥʳʤʠ ʦʨʠʝʥʪʘʮʠʷʤʠ. ɺʳʯʠʩʣʝʥʠʝ 

ʧʦʢʘʟʘʪʝʣʷ ʥʝʩʦʦʪʚʝʪʩʪʚʠʷ ʧʨʝʜʣʦʞʝʥʥʦʡ ʤʦʜʝʣʠ ʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ ʜʣʷ ʢʘʞʜʦʡ ʠʟ ʜʚʫʭ 

ʤʦʜʠʬʠʢʘʮʠʡ ʧʦʢʘʟʘʣʠ, ʯʪʦ ʦʙʨʘʟʮʝ ʧʨʠ TSi=500Áʉ ʬʦʨʤʠʨʫʝʪʩʷ ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦ ʪʨʠʛʦʥʘʣʴʥʘʷ 

ʬʘʟʘ tr-Cr3Si.  

ʉʦʧʦʩʪʘʚʣʝʥʠʝ ʨʘʩʯʝʪʥʳʭ ʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʩʧʝʢʪʨʦʚ ʦʪʨʘʞʝʥʠʷ ʧʦʢʘʟʘʣʠ, ʯʪʦ ʣʫʯʰʝʝ 

ʩʦʦʪʚʝʪʩʪʚʠʝ ʥʘʙʣʶʜʘʝʪʩʷ ʜʣʷ ʢʫʙʠʯʝʩʢʦʡ ʬʘʟʳ Cr3Si. ʇʨʠ ʵʪʦʤ ʩʧʝʢʪʨʳ ʢʦʵʬʬʠʮʠʝʥʪʘ 

ʧʦʛʣʦʱʝʥʠʷ ʩʦʧʦʩʪʘʚʠʤʳ ʪʦʣʴʢʦ ʧʨʠ ʵʥʝʨʛʠʷʭ ʬʦʪʦʥʦʚ ʙʦʣʝʝ 0.5 ʵɺ, ʯʪʦ ʩʚʷʟʘʥʦ ʩ ʠʩʢʘʞʝʥʠʷʤʠ 

ʦʪʨʘʞʝʥʠʷ ʟʘ ʩʯʝʪ ʧʦʜʣʦʞʢʠ ʩʘʧʬʠʨʘ. ʇʦʣʫʯʝʥʦ ʫʜʦʚʣʝʪʚʦʨʠʪʝʣʴʥʦʝ ʩʦʦʪʚʝʪʩʪʚʠʝ ʧʦ ʟʥʘʯʝʥʠʷʤ 

ʢʦʵʬʬʠʮʠʝʥʪʘ ʧʦʛʣʦʱʝʥʠʷ ʚ ʩʧʝʢʪʨʘʭ ʧʣʝʥʦʢ ʠ ʜʘʥʥʳʤ ʨʘʩʯʝʪʘ. ɺ ʩʧʝʢʪʨʘʭ ʂʈʉ ʜʣʷ ʦʙʨʘʟʮʘ ʩ 

ʪʝʤʧʝʨʘʪʫʨʦʡ ʨʦʩʪʘ 650 ʦʉ ʥʘʙʣʶʜʘʶʪʩʷ ʯʝʪʳʨʝ ʧʠʢʘ ʂʈʉ (216.0, 261.0, 274.0 ʠ 304.0 ʩʤ-1), ʢʦʪʦʨʳʝ 

ʢʘʯʝʩʪʚʝʥʥʦ ʩʦʛʣʘʩʫʶʪʩʷ ʩ ʪʝʦʨʝʪʠʯʝʩʢʠʤʠ 4 ʧʠʢʘʤʠ ʜʣʷ ʪʨʠʛʦʥʘʣʴʥʦʡ ʬʘʟʳ Cr3Si: 117.6, 184.6 ʠ 

295.65 ʩʤ-1 (ʤʦʜʘ Eg) ʠ 141.9 ʩʤ-1 (ʤʦʜʘ A1g). ʉʫʱʝʩʪʚʦʚʘʥʠʝ ʪʨʠʛʦʥʘʣʴʥʦʡ ʬʘʟʳ Cr3Si, 

ʩʣʝʜʦʚʘʪʝʣʴʥʦ, ʜʦʢʘʟʘʥʦ ʪʝʦʨʝʪʠʯʝʩʢʠ ʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ.  

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʚ ʨʘʤʢʘʭ ʛʦʩʫʜʘʨʩʪʚʝʥʥʦʛʦ ʟʘʜʘʥʠʷ ʀɸʇʋ ɼɺʆ ʈɸʅ (ʪʝʤʘ ˉ FWFW-

2026-0007).   

ʃʠʪʝʨʘʪʫʨʘ 
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Si(111)4³1-(Li,Pb) ʠ Si(111)2³1-(Li,Pb) 

ʎʫʢʘʥʦʚ ɼ.ɸ.1,2), ʈʳʞʢʦʚʘ ʄ.ɺ.1), ʄʠʭʘʣʶʢ ɸ.ʅ.2), ɹʦʥʜʘʨʝʥʢʦ ʃ.ɺ.1) 
1)ʀʥʩʪʠʪʫʪ ʘʚʪʦʤʘʪʠʢʠ ʠ ʧʨʦʮʝʩʩʦʚ ʫʧʨʘʚʣʝʥʠʷ ɼɺʆ ʈɸʅ, ɺʣʘʜʠʚʦʩʪʦʢ, ʈʦʩʩʠʷ 

2)ɼʘʣʴʥʝʚʦʩʪʦʯʥʳʡ ʬʝʜʝʨʘʣʴʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ, ʛ. ɺʣʘʜʠʚʦʩʪʦʢ 

 e-mail: tsukanov@iacp.dvo.ru 

 

ɺ ʧʦʩʣʝʜʥʝʝ ʚʨʝʤʷ ʦʜʥʦʤʝʨʥʳʝ ʥʘʥʦʩʪʨʫʢʪʫʨʳ ʥʘ ʢʨʝʤʥʠʠ ʧʨʠʚʣʝʢʘʶʪ ʦʩʦʙʦʝ ʚʥʠʤʘʥʠʝ 

ʙʣʘʛʦʜʘʨʷ ʩʚʦʠʤ ʫʥʠʢʘʣʴʥʳʤ ʩʚʦʡʩʪʚʘʤ, ʢʦʪʦʨʳʝ ʥʝ 

ʚʩʪʨʝʯʘʶʪʩʷ ʚ ʦʙʲʝʤʥʳʭ ʠ ʜʘʞʝ ʜʚʫʤʝʨʥʳʭ ʧʣʝʥʢʘʭ, 

ʥʘʧʨʠʤʝʨ, ʬʦʨʤʠʨʦʚʘʥʠʝ ʢʚʘʟʠʦʜʥʦʤʝʨʥʳʭ 

ʤʝʪʘʣʣʠʯʝʩʢʠʭ ʧʦʚʝʨʭʥʦʩʪʥʳʭ ʩʦʩʪʦʷʥʠʡ [1], 

ʥʘʣʠʯʠʝ ʟʘʨʷʜʦʚʳʭ ʠ ʩʧʠʥʦʚʳʭ ʚʦʣʥ ʚʩʣʝʜʩʪʚʠʝ 

ʵʬʬʝʢʪʘ ʧʘʡʝʨʣʩʦʚʩʢʦʡ ʥʝʩʪʘʙʠʣʴʥʦʩʪʠ [2] ʠ ʪ.ʜ. 

ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʠʩʩʣʝʜʦʚʘʥʳ 

ʢʨʠʩʪʘʣʣʠʯʝʩʢʘʷ ʩʪʨʫʢʪʫʨʘ, ʵʣʝʢʪʨʦʥʥʳʝ ʩʚʦʡʩʪʚʘ ʠ 

ʵʣʝʢʪʨʠʯʝʩʢʘʷ ʧʨʦʚʦʜʠʤʦʩʪʴ ʜʚʫʤʝʨʥʳʭ ʩʧʣʘʚʦʚ 

Si(111)4³1-(Li ,Pb) ʠ Si(111)2³1-(Li ,Pb). 

ʂʨʠʩʪʘʣʣʠʯʝʩʢʘʷ ʩʪʨʫʢʪʫʨʘ ʠ ʤʦʨʬʦʣʦʛʠʷ 

ʧʦʚʝʨʭʥʦʩʪʠ ʠʟʫʯʝʥʘ ʩ ʧʦʤʦʱʴʶ ʤʝʪʦʜʦʚ ʜʠʬʨʘʢʮʠʠ 

ʤʝʜʣʝʥʥʳʭ ʵʣʝʢʪʨʦʥʦʚ (ɼʄʕ) ʠ ʩʢʘʥʠʨʫʶʱʝʡ 

ʪʫʥʥʝʣʴʥʦʡ ʤʠʢʨʦʩʢʦʧʠʠ (ʉʊʄ). ʕʣʝʢʪʨʦʥʥʘʷ ʩʪʨʫʢʪʫʨʘ ʠʩʩʣʝʜʦʚʘʥʘ ʩ ʧʦʤʦʱʴʶ 

ʫʣʴʪʨʘʬʠʦʣʝʪʦʚʦʡ ʬʦʪʦʵʣʝʢʪʨʦʥʥʦʡ ʩʧʝʢʪʨʦʩʢʦʧʠʠ ʩ ʫʛʣʦʚʳʤ ʨʘʟʨʝʰʝʥʠʝʤ (ʋʌʕʉʋʈ). ʈʘʩʯʝʪʳ 

ʧʨʦʚʦʜʠʣʠʩʴ ʤʝʪʦʜʦʤ ʧʣʦʩʢʠʭ ʚʦʣʥ ʥʘ ʙʘʟʝ ʧʨʦʛʨʘʤʤʥʦʛʦ ʦʙʝʩʧʝʯʝʥʠʷ, ʨʝʘʣʠʟʦʚʘʥʥʦʛʦ ʚ VASP 

(Vienna Ab initio Simulation Package). ʆʧʪʠʤʠʟʘʮʠʷ ʛʝʦʤʝʪʨʠʠ ʩʪʨʫʢʪʫʨ ʙʳʣʘ ʚʳʧʦʣʥʝʥʘ ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʬʫʥʢʮʠʦʥʘʣʘ ʇʝʨʜʴʶ-ɹʝʨʢʘ-ʕʨʥʟʝʨʛʦʬʘ (PBE) ʚ ʧʨʠʙʣʠʞʝʥʠʠ ʦʙʦʙʱʸʥʥʦʛʦ 

ʛʨʘʜʠʝʥʪʘ (GGA) ʤʝʪʦʜʦʤ PAW. ɼʣʷ ʧʦʩʪʨʦʝʥʠʷ ʩʪʨʫʢʪʫʨ ʠ ʚʳʷʚʣʝʥʠʷ ʩʪʨʫʢʪʫʨʳ ʩ ʥʘʠʙʦʣʝʝ 

ʥʠʟʢʦʡ ʵʥʝʨʛʠʝʡ ʠʩʧʦʣʴʟʦʚʘʣʩʷ ʤʝʪʦʜ AIRSS. ʈʘʩʯʝʪʥʳʝ ʘʪʦʤʥʳʝ ʩʪʨʫʢʪʫʨʳ ʩʦʦʪʚʝʪʩʪʚʫʶʪ 

ʢʘʨʪʠʥʘʤ ʧʦʚʝʨʭʥʦʩʪʠ, ʧʦʣʫʯʝʥʥʳʤ ʩ ʧʦʤʦʱʴʶ ʤʝʪʦʜʘ ʉʊʄ. ʀʟʤʝʨʝʥʠʷ ʧʦʚʝʨʭʥʦʩʪʥʦʡ 

ʧʨʦʚʦʜʠʤʦʩʪʠ ʧʨʦʚʦʜʠʣʠʩʴ ʩ ʧʦʤʦʱʴʶ ʯʝʪʳʨʝʭʟʦʥʜʦʚʦʛʦ ʤʝʪʦʜʘ in situ ʩ ʨʘʩʧʦʣʦʞʝʥʠʝʤ ʟʦʥʜʦʚ 

ʧʦ ʫʛʣʘʤ ʢʚʘʜʨʘʪʘ.   

ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʚ ʩʪʨʫʢʪʫʨʝ Si(111)4³1-LiPb ʥʘ ʷʯʝʡʢʫ ʧʨʠʭʦʜʠʪʩʷ 1 ʘʪʦʤ ʣʠʪʠʷ, ʯʪʦ 

ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʧʦʢʨʳʪʠʶ ʣʠʪʠʷ 0,25 ʄʉ ʠ 4 ʘʪʦʤʘ ʩʚʠʥʮʘ (1 ʄʉ ʩʚʠʥʮʘ). ɼʣʷ ʧʨʦʷʩʥʝʥʠʷ ʧʨʠʨʦʜʳ 

ʘʥʠʟʦʪʨʦʧʠʠ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʩʦʧʨʦʪʠʚʣʝʥʠʷ ʙʳʣʘ ʨʘʩʩʯʠʪʘʥʘ ʟʦʥʥʘʷ ʩʪʨʫʢʪʫʨʘ ʧʦʚʝʨʭʥʦʩʪʥʦʡ 

ʬʘʟʳ Si(111)4³1-(Li ,Pb) ʚ ʥʘʧʨʘʚʣʝʥʠʠ ʚʜʦʣʴ ʠ ʧʦʧʝʨʝʢ ʥʘʥʦʧʨʦʚʦʣʦʢ. ʇʦʢʘʟʘʥʦ, ʚʜʦʣʴ ʥʘʧʨʘʚʣʝʥʠʷ 

ʥʘʥʦʧʨʦʚʦʣʦʢ ʧʨʠʩʫʪʩʪʚʫʶʪ ʥʝʩʢʦʣʴʢʦ ʛʣʫʙʦʢʠʭ ʵʣʝʢʪʨʦʥʥʳʭ ʟʦʥ, ʪʦʛʜʘ ʢʘʢ ʧʦʧʝʨʝʢ ʥʘʧʨʘʚʣʝʥʠʷ 

ʥʘʥʦʧʨʦʚʦʣʦʢ ʧʨʠʩʫʪʩʪʚʫʝʪ ʦʜʥʘ ʥʝʙʦʣʴʰʘ ̫ ʜʳʨʦʯʥʘ ̫ ʟʦʥʘ, ʧʝʨʝʩʝʢʘʶʱʘ ̫ ʫʨʦʚʝʥʴ ʌʝʨʤʠ. 

ʇʦʢʘʟʘʥʦ ʪʘʢʞʝ, ʯʪʦ ʩʪʨʫʢʪʫʨʘ Si(111)2³1-(Li ,Pb) ʪʘʢʞʝ ʜʝʤʦʥʩʪʨʠʨʫʝʪ ʚʳʩʦʢʫʶ ʘʥʠʟʦʪʨʦʧʠʶ 

ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʩʦʧʨʦʪʠʚʣʝʥʠʷ. ʈʘʩʯʝʪʥʘʷ ʢʘʨʪʠʥʘ ʋʈʋʌʕʉ ʧʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʣʘ, ʯʪʦ ʚʜʦʣʴ 

ʥʘʥʦʧʨʦʚʦʣʦʢ ʩʪʨʫʢʪʫʨʘ ʵʣʝʢʪʨʦʥʥʳʭ ʟʦʥ ʠʤʝʝʪ ʛʣʫʙʦʢʠʡ ʨʘʩʱʝʧʣʝʥʥʳʡ ʧʦ ʩʧʠʥʫ ʵʣʝʢʪʨʦʥʥʳʡ 

ʫʨʦʚʝʥʴ, ʘ ʚ ʧʦʧʝʨʝʯʥʦʤ ʥʘʧʨʘʚʣʝʥʠʠ ʧʦʚʝʨʭʥʦʩʪʥʳʝ ʩʦʩʪʦʷʥʠʷ, ʧʝʨʝʩʝʢʘʶʱʠʝ ʫʨʦʚʝʥʴ ʌʝʨʤʠ, 

ʦʪʩʫʪʩʪʚʫʶʪ (ʈʠʩʫʥʦʢ 1). 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʚ ʨʘʤʢʘʭ ʛʦʩʟʘʜʘʥʠʷ ʀɸʇʋ ɼɺʆ ʈɸʅ (FWFW-2026-0007). 
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ʈʠʩʫʥʦʢ 1 ï ʈʘʩʯʝʪʥʳʡ ʩʧʝʢʪʨ ʋʈʋʌʕʉ ʜʣʷ  

ʧʦʚʝʨʭʥʦʩʪʠ Si(111)2³1-(Li ,Pb).  
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ʀʩʩʣʝʜʦʚʘʥʠʝ ʛʨʘʥʠʮʳ ʨʘʟʜʝʣʘ ʪʦʥʢʠʭ ʧʣʸʥʦʢ ʦʢʩʠʜʦʚ ʧʝʨʝʭʦʜʥʳʭ ʤʝʪʘʣʣʦʚ, ʧʦʣʫʯʝʥʥʳʭ 

ʤʝʪʦʜʦʤ ʘʪʦʤʥʦ-ʩʣʦʝʚʦʛʦ ʦʩʘʞʜʝʥʠʝ ʥʘ ʢʨʝʤʥʠʝʚʦʡ ʧʦʜʣʦʞʢʝ 

ɸʣʝʢʩʘʥʜʨʦʚ ʅ.ɺ.1,2), ɻʦʨʷʯʝʚ ɸ.ɺ.1), ʂʠʨʠʣʝʥʢʦ ɽ.ʇ.1), ɻʨʦʤʦʚ ɺ.ɼ.1,3), ɼʫʜʠʥ ɸ.ɸ.1) 
1)ʀʥʩʪʠʪʫʪ ʥʘʥʦʪʝʭʥʦʣʦʛʠʡ ʤʠʢʨʦʵʣʝʢʪʨʦʥʠʢʠ ʈɸʅ, ʄʦʩʢʚʘ 

2)ʅʀʊʋ ʄʀʉʀʉ, ʄʦʩʢʚʘ 
3)ʄʦʩʢʦʚʩʢʠʡ ʠʥʩʪʠʪʫʪ ʵʣʝʢʪʨʦʥʥʦʡ ʪʝʭʥʠʢʠ, ɿʝʣʝʥʦʛʨʘʜ 

 e-mail: adelsandrov@mail.ru 

 

ʄʠʥʠʘʪʶʨʠʟʘʮʠʷ ʫʩʪʨʦʡʩʪʚ ʵʣʝʢʪʨʦʥʠʢʠ ʚ ʦʙʱʝʤ ʠ ʧʝʨʝʭʦʜ ʢ ʫʣʴʪʨʘʪʦʥʢʠʤ 

ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʤ ʧʣʸʥʢʘʤ ʚ ʯʘʩʪʥʦʩʪʠ ʚʝʜʫʪ ʢʦ ʚʩʸ ʚʦʟʨʘʩʪʘʶʱʝʡ ʨʦʣʠ ʧʝʨʝʭʦʜʥʳʭ ʩʣʦʸʚ, ʩʦʩʪʘʚ ʠ 

ʩʪʨʫʢʪʫʨʘ ʢʦʪʦʨʳʭ ʟʘʚʠʩʷʪ ʥʝ ʪʦʣʴʢʦ ʦʪ ʤʝʪʦʜʘ ʬʦʨʤʠʨʦʚʘʥʠʷ ʧʣʸʥʦʢ, ʥʦ ʠ ʦʪ ʠʭ ʪʦʣʱʠʥʳ [1]. 

ʇʦʩʢʦʣʴʢʫ ʪʦʣʱʠʥʘ ʧʝʨʝʭʦʜʥʳʭ ʩʣʦʸʚ ʩʦʩʪʘʚʣʷʝʪ ʥʝʩʢʦʣʴʢʦ ʥʘʥʦʤʝʪʨʦʚ (ʨʠʩʫʥʦʢ 1), ʪʦ ʜʣʷ 

ʫʣʴʪʨʘʪʦʥʢʠʭ ʧʣʸʥʦʢ ʪʦʣʱʠʥʘ ʧʝʨʝʭʦʜʥʳʭ ʩʣʦʸʚ ʦʢʘʟʳʚʘʝʪʩʷ ʩʦʧʦʩʪʘʚʠʤʘ ʩ ʪʦʣʱʠʥʦʡ ʩʘʤʦʡ 

ʧʣʸʥʢʠ. ʇʦ ʵʪʦʡ ʧʨʠʯʠʥʝ ʥʘ ʩʚʦʡʩʪʚʘ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʭ ʧʣʸʥʦʢ ʚʣʠʷʶʪ ʦʙʨʘʟʦʚʘʥʠʝ ʧʨʦʤʝʞʫʪʦʯʥʳʭ 

ʭʠʤʠʯʝʩʢʠʭ ʩʦʝʜʠʥʝʥʠʡ ʥʘ ʛʨʘʥʠʮʝ ʨʘʟʜʝʣʘ ʤʝʞʜʫ ʩʣʦʷʤʠ, ʧʦʚʳʰʝʥʥʦʝ ʩʦʜʝʨʞʘʥʠʝ ʛʠʜʨʦʦʢʠʩʣʦʚ 

ʠ ʥʝʦʜʥʦʨʦʜʥʦʝ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʭʠʤʠʯʝʩʢʠʭ ʵʣʝʤʝʥʪʦʚ ʧʦ ʪʦʣʱʠʥʝ ʧʣʸʥʦʢ. 

ɼʣʷ ʜʠʘʛʥʦʩʪʠʢʠ ʪʦʥʢʠʭ ʠ ʫʣʴʪʨʘʪʦʥʢʠʭ ʧʣʸʥʦʢ ʠ ʠʩʩʣʝʜʦʚʘʥʠʷ ʛʨʘʥʠʮ ʨʘʟʜʝʣʘ ʩ ʩʦʩʝʜʥʠʤʠ 

ʩʣʦʷʤʠ ʥʝʦʙʭʦʜʠʤʘ ʨʘʟʨʘʙʦʪʢʘ ʩʧʝʮʠʘʣʠʟʠʨʦʚʘʥʥʳʭ ʤʝʪʦʜʠʢ ʘʥʘʣʠʟʘ ʩ ʚʳʩʦʢʠʤ ʨʘʟʨʝʰʝʥʠʝʤ ʧʦ 

ʛʣʫʙʠʥʝ, ʘ ʪʘʢʞʝ ʦʪʨʘʙʦʪʢʘ ʫʩʣʦʚʠʡ ʚʦʟʜʝʡʩʪʚʠʷ ʧʝʨʚʠʯʥʦʛʦ ʠ ʠʦʥʥʦʛʦ ʧʫʯʢʦʚ ʥʘ ʤʘʪʝʨʠʘʣ ʦʙʨʘʟʮʘ. 

ɺ ʨʘʤʢʘʭ ʜʘʥʥʦʡ ʨʘʙʦʪʳ ʧʦʣʫʯʝʥʳ ʦʞʝ-ʩʧʝʢʪʨʳ ʩʨʘʚʥʝʥʠʷ ʜʣʷ ʥʝʢʦʪʦʨʳʭ ʧʝʨʝʭʦʜʥʳʭ 

ʤʝʪʘʣʣʦʚ (Ti, Hf, Ta, Zr) ʠ ʠʭ ʦʩʥʦʚʥʳʭ ʭʠʤʠʯʝʩʢʠʭ ʩʦʝʜʠʥʝʥʠʡ, ʦʪʨʘʙʦʪʘʥʳ ʫʩʣʦʚʠʷ ʦʞʝ-ʘʥʘʣʠʟʘ ʩ 

ʫʯʸʪʦʤ ʘʨʪʝʬʘʢʪʦʚ ʚʦʟʜʝʡʩʪʚʠʷ ʵʣʝʢʪʨʦʥʥʦʛʦ ʠ ʠʦʥʥʦʛʦ ʧʫʯʢʦʚ, ʘ ʪʘʢʞʝ ʦʧʨʝʜʝʣʝʥʳ ʢʦʵʬʬʠʮʠʝʥʪʳ 

ʦʪʥʦʩʠʪʝʣʴʥʦʡ ʵʣʝʤʝʥʪʥʦʡ ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʠ ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʢʦʥʮʝʥʪʨʘʮʠʡ 

ʭʠʤʠʯʝʩʢʠʭ ʩʦʝʜʠʥʝʥʠʡ ʧʦ ʪʦʣʱʠʥʝ ʪʦʥʢʠʭ ʧʣʸʥʦʢ. ʇʨʦʚʝʜʝʥʦ ʩʨʘʚʥʝʥʠʝ ʧʣʸʥʦʢ ʦʢʩʠʜʦʚ Ti, Ta, 

Hf ʠ HfZr, ʧʦʣʫʯʝʥʥʳʭ ʤʝʪʦʜʦʤ ʘʪʦʤʥʦ-ʩʣʦʝʚʦʛʦ ʦʩʘʞʜʝʥʠʷ.   

ʂʦʨʨʝʣʷʮʠʷ ʤʝʞʜʫ ʨʝʟʫʣʴʪʘʪʘʤʠ ʘʥʘʣʠʟʘ ʤʝʪʦʜʘʤʠ ʵʣʝʢʪʨʦʥʥʦʡ ʦʞʝ-ʩʧʝʢʪʨʦʩʢʦʧʠʠ (ʕʆʉ), 

ʚʨʝʤʷ-ʧʨʦʣʸʪʥʦʡ ʤʘʩʩ-ʩʧʝʢʪʨʦʤʝʪʨʠʠ ʚʪʦʨʠʯʥʳʭ ʠʦʥʦʚ ʠ ʧʨʦʩʚʝʯʠʚʘʶʱʝʡ ʵʣʝʢʪʨʦʥʥʦʡ 

ʤʠʢʨʦʩʢʦʧʠʠ (ʇʕʄ) ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦʙ ʦʙʨʘʟʦʚʘʥʠʠ ʩʣʦʷ ʩʠʣʠʮʠʜʘ ʤʝʪʘʣʣʘ ʥʘ ʛʨʘʥʠʮʝ ʨʘʟʜʝʣʘ ʩ 

ʢʨʝʤʥʠʝʚʦʡ ʧʦʜʣʦʞʢʦʡ. 

 
 

ʈʠʩʫʥʦʢ 1 ï ʀʟʦʙʨʘʞʝʥʠʝ ʧʣʸʥʢʠ TiOx, ʧʦʣʫʯʝʥʥʦʝ ʤʝʪʦʜʦʤ ʇʕʄ (ʩʣʝʚʘ) ʠ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʢʦʥʮʝʥʪʨʘʮʠʡ 

ʭʠʤʠʯʝʩʢʠʭ ʩʦʝʜʠʥʝʥʠʡ ʧʦ ʪʦʣʱʠʥʝ ʪʦʡ ʞʝ ʧʣʸʥʢʠ, ʧʦʣʫʯʝʥʥʦʝ ʤʝʪʦʜʦʤ ʕʆʉ (ʩʧʨʘʚʘ). 

ʃʠʪʝʨʘʪʫʨʘ 

1. J.T. Gaskins. Review ð Investigation and Review of the Thermal, Mechanical, Electrical, Optical, and 

Structural Properties of Atomic Layer Deposited High-k Dielectrics: Beryllium Oxide, Aluminum 

Oxide, Hafnium Oxide, and Aluminum Nitride // ECS Journal of Solid State Science and Technology, 
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ʄʦʣʝʢʫʣʷʨʥʦ-ʣʫʯʝʚʘʷ ʵʧʠʪʘʢʩʠʷ ʥʘʥʦʛʝʪʝʨʦʩʪʨʫʢʪʫʨ GeSn/Si  

ʩʦ ʩʚʝʨʭʪʦʥʢʠʤʠ ʩʣʦʷʤʠ GeSn 

ʉʢʚʦʨʮʦʚ ʀ.ɺ., ʊʠʤʦʬʝʝʚ ɺ.ɸ., ʄʘʰʘʥʦʚ ɺ.ʀ., ɿʠʥʦʚʴʝʚ ɺ.ɸ., ɹʘʮʘʥʦʚ ʉ.ɸ. 

ʌʝʜʝʨʘʣʴʥʦʝ ʛʦʩʫʜʘʨʩʪʚʝʥʥʦʝ ʙʶʜʞʝʪʥʦʝ ʫʯʨʝʞʜʝʥʠʝ ʥʘʫʢʠ ʀʥʩʪʠʪʫʪ ʬʠʟʠʢʠ 

ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚ ʠʤ. ɸ.ɺ. ʈʞʘʥʦʚʘ ʉʠʙʠʨʩʢʦʛʦ ʦʪʜʝʣʝʥʠʷ ʈʦʩʩʠʡʩʢʦʡ ʘʢʘʜʝʤʠʠ ʥʘʫʢ, 

ʅʦʚʦʩʠʙʠʨʩʢ 

 e-mail: i.skvortsov@isp.nsc.ru 

 

ɺ ʧʦʩʣʝʜʥʠʝ ʥʝʩʢʦʣʴʢʦ ʜʝʩʷʪʠʣʝʪʠʡ ʩʦʟʜʘʥʠʝ ʦʧʪʦʵʣʝʢʪʨʦʥʥʳʭ ʫʩʪʨʦʡʩʪʚ ʥʘ ʦʩʥʦʚʝ 

ʵʣʝʤʝʥʪʦʚ IV ʛʨʫʧʧʳ (Ge, Si, Sn) ʩʪʘʣʦ ʧʝʨʩʧʝʢʪʠʚʥʳʤ ʥʘʧʨʘʚʣʝʥʠʝʤ ʙʣʘʛʦʜʘʨʷ ʚʦʟʤʦʞʥʦʩʪʠ 

ʤʦʥʦʣʠʪʥʦʡ ʠʥʪʝʛʨʘʮʠʠ ʦʧʪʦʵʣʝʢʪʨʦʥʥʳʭ ʫʩʪʨʦʡʩʪʚ ʠ ʵʣʝʢʪʨʦʥʥʳʭ ʢʦʤʧʦʥʝʥʪ ʤʠʢʨʦʩʭʝʤ ʥʘ 

ʦʩʥʦʚʝ ʢʦʤʧʣʝʤʝʥʪʘʨʥʳʭ ʩʪʨʫʢʪʫʨ ʤʝʪʘʣʣ-ʦʢʩʠʜ-ʧʦʣʫʧʨʦʚʦʜʥʠʢ (ʂʄʆʇ) ʥʘ ʝʜʠʥʦʤ ʢʨʝʤʥʠʝʚʦʤ 

ʢʨʠʩʪʘʣʣʝ [1]. ʆʩʥʦʚʥʳʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʥʘʧʨʘʚʣʝʥʳ ʥʘ ʨʘʟʨʘʙʦʪʢʫ ʬʦʪʦʧʨʠʝʤʥʳʭ ʠ 

ʩʚʝʪʦʠʟʣʫʯʘʶʱʠʭ ʫʩʪʨʦʡʩʪʚ ʙʣʠʞʥʝʛʦ ʠ ʩʨʝʜʥʝʛʦ ʠʥʬʨʘʢʨʘʩʥʦʛʦ (ʀʂ) ʜʠʘʧʘʟʦʥʘ. ʅʝʩʤʦʪʨʷ ʥʘ 

ʜʦʩʪʠʛʥʫʪʳʝ ʫʩʧʝʭʠ ʚ ʠʟʫʯʝʥʠʠ ʤʘʪʝʨʠʘʣʦʚ ʥʘ ʦʩʥʦʚʝ GeSn, ʥʘ ʩʝʛʦʜʥʷʰʥʠʡ ʜʝʥʴ ʦʩʪʘʶʪʩʷ 

ʧʨʘʢʪʠʯʝʩʢʠ ʥʝ ʠʟʫʯʝʥʥʳʤʠ ʥʘʯʘʣʴʥʳʝ ʩʪʘʜʠʠ ʨʦʩʪʘ, ʘ ʪʘʢʞʝ ʩʪʨʫʢʪʫʨʥʳʝ ʠ ʦʧʪʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ 

ʫʧʨʫʛʦʥʘʧʨʷʞʝʥʥʳʭ ʩʣʦʝʚ GeSn ʩ ʚʳʩʦʢʠʤ ʩʦʜʝʨʞʘʥʠʝʤ Sn, ʩʬʦʨʤʠʨʦʚʘʥʥʳʭ ʥʘ ʧʦʜʣʦʞʢʝ Si. 

ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʠʩʩʣʝʜʦʚʘʥʳ ʥʘʯʘʣʴʥʳʝ ʩʪʘʜʠʠ ʬʦʨʤʠʨʦʚʘʥʠʷ ʪʦʥʢʠʭ ʧʣʝʥʦʢ Ge1ïxSnx ʩ 

ʩʦʜʝʨʞʘʥʠʝʤ Sn 25ï75% ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ Si(100) ʩ ʧʨʠʤʝʥʝʥʠʝʤ ʤʝʪʦʜʘ ʥʠʟʢʦʪʝʤʧʝʨʘʪʫʨʥʦʡ 

ʤʦʣʝʢʫʣʷʨʥʦ-ʣʫʯʝʚʦʡ ʵʧʠʪʘʢʩʠʠ. ʅʘ ʦʩʥʦʚʝ ʜʘʥʥʳʭ ʜʠʬʨʘʢʮʠʠ ʙʳʩʪʨʳʭ ʵʣʝʢʪʨʦʥʦʚ, ʘ ʪʘʢʞʝ 

ʘʪʦʤʥʦ-ʩʠʣʦʚʦʡ ʤʠʢʨʦʩʢʦʧʠʠ, ʫʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʧʨʠ ʦʩʘʞʜʝʥʠʠ ʧʣʝʥʦʢ GeSn ʧʨʦʠʩʭʦʜʠʪ 

ʦʙʨʘʟʦʚʘʥʠʝ ʜʚʦʡʥʦʛʦ ʩʤʘʯʠʚʘʶʱʝʛʦ ʩʣʦʷ ʚʩʣʝʜʩʪʚʠʝ ʩʝʛʨʝʛʘʮʠʠ ʦʣʦʚʘ, ʘ ʟʘʪʝʤ ʬʦʨʤʠʨʫʶʪʩʷ 

ʥʘʥʦʨʘʟʤʝʨʥʳʝ ʦʩʪʨʦʚʢʠ ʧʦ ʤʝʭʘʥʠʟʤʫ ʉʪʨʘʥʩʢʦʛʦ-ʂʨʘʩʪʘʥʦʚʘ. ʀʟʫʯʝʥʳ ʪʝʤʧʝʨʘʪʫʨʥʳʝ 

ʟʘʚʠʩʠʤʦʩʪʠ ʢʨʠʪʠʯʝʩʢʦʡ ʪʦʣʱʠʥʳ ʧʝʨʝʭʦʜʘ ʦʪ ʜʚʫʤʝʨʥʦʛʦ ʨʦʩʪʘ ʢ ʪʨʝʭʤʝʨʥʦʤʫ ʜʣʷ ʧʣʝʥʦʢ GeSn. 

ʆʙʥʘʨʫʞʝʥʦ, ʯʪʦ ʚ ʪʝʤʧʝʨʘʪʫʨʥʦʤ ʜʠʘʧʘʟʦʥʝ 50ï350 ÁC ʢʨʠʪʠʯʝʩʢʘʷ ʪʦʣʱʠʥʘ ʫʚʝʣʠʯʠʚʘʝʪʩʷ ʩ 

ʨʦʩʪʦʤ ʩʦʜʝʨʞʘʥʠʷ Sn. ʄʝʪʦʜʦʤ ʧʨʦʩʚʝʯʠʚʘʶʱʝʡ ʵʣʝʢʪʨʦʥʥʦʡ ʤʠʢʨʦʩʢʦʧʠʠ ʙʳʣʦ 

ʧʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʥʦ ʚʳʩʦʢʦʝ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʝ 

ʩʦʚʝʨʰʝʥʩʪʚʦ ʤʥʦʞʝʩʪʚʝʥʥʳʭ ʢʚʘʥʪʦʚʳʭ ʷʤ 

(ʄʂʗ) GeSn/Si, ʚʢʣʶʯʘʶʱʠʭ ʤʦʥʦʩʣʦʠ 

Ge0.50Sn0.50. ʉʣʦʠ ʪʚʝʨʜʦʛʦ ʨʘʩʪʚʦʨʘ 

ʟʘʨʘʱʠʚʘʣʠʩʴ ʩʣʦʷʤʠ Si ʪʦʣʱʠʥʦʡ 6 ʥʤ. ʅʘ 

ʨʠʩ. 1 ʧʨʠʚʝʜʝʥʦ ʠʟʦʙʨʘʞʝʥʠʝ 

ʚʳʩʦʢʦʨʘʟʨʝʰʘʶʱʝʡ ʵʣʝʢʪʨʦʥʥʦʡ 

ʤʠʢʨʦʩʢʦʧʠʠ (ɺʈʕʄ) ʦʪ ʄʂʗ GeSn/Si. ʈʘʥʝʝ 

ʙʳʣʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʦʪ ʪʘʢʠʭ ʩʪʨʫʢʪʫʨ 

ʥʘʙʣʶʜʘʝʪʩʷ ʬʦʪʦʣʶʤʠʥʝʩʮʝʥʮʠʷ ʚ ʙʣʠʞʥʝʤ 

ʀʂ ʜʠʘʧʘʟʦʥʝ ʚ ʨʝʟʫʣʴʪʘʪʝ ʠʟʣʫʯʘʪʝʣʴʥʦʡ 

ʨʝʢʦʤʙʠʥʘʮʠʠ ʜʳʨʦʢ, ʣʦʢʘʣʠʟʦʚʘʥʥʳʭ ʚ ʩʣʦʷʭ 

GeSn, ʠ ʵʣʝʢʪʨʦʥʦʚ, ʣʦʢʘʣʠʟʦʚʘʥʥʳʭ ʚʙʣʠʟʠ 

ʛʝʪʝʨʦʛʨʘʥʠʮʳ GeSn/Si [2]. 

 

 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʬʠʥʘʥʩʦʚʦʡ ʧʦʜʜʝʨʞʢʝ ʛʦʩʟʘʜʘʥʠʷ ˉ FWGW-2024-0001. 
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ʈʠʩʫʥʦʢ 1 ï ɺʈʕʄ-ʠʟʦʙʨʘʞʝʥʠʝ ʄʂʗ GeSn/Si. ʅʘ 

ʚʩʪʘʚʢʝ ʧʨʠʚʝʜʝʥʘ ʢʘʨʪʠʥʘ ʤʠʢʨʦʜʠʬʨʘʢʮʠʠ ʵʣʝʢʪʨʦʥʦʚ. 
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ʉʨʘʚʥʝʥʠʝ ʪʝʨʤʦʵʣʝʢʪʨʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʪʦʥʢʠʭ ʧʣʝʥʦʢ CrSi ʠ CrSi2, ʚʳʨʘʱʝʥʥʳʭ ʤʝʪʦʜʦʤ 

ʄʃʕ ʥʘ Si(111) ʠ Si(100) 
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ʀʟʚʝʩʪʥʦ, ʯʪʦ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʡ ʜʠʩʠʣʠʮʠʜ ʭʨʦʤʘ (CrSi2) ʠ ʧʦʣʫʤʝʪʘʣʣʠʯʝʩʢʠʡ 

ʤʦʥʦʩʠʣʠʮʠʜ ʭʨʦʤʘ (CrSi) ʨʘʩʪʫʪ ʵʧʠʪʘʢʩʠʘʣʴʥʦ ʥʘ ʢʨʝʤʥʠʠ ʚ ʚʠʜʝ ʪʦʥʢʠʭ ʧʣʝʥʦʢ [1, 2]. ʆʥʠ 

ʦʙʣʘʜʘʶʪ ʭʦʨʦʰʝʡ ʧʨʦʚʦʜʠʤʦʩʪʴʶ ʠ ʟʘʤʝʪʥʳʤ ʢʦʵʬʬʠʮʠʝʥʪʦʤ ɿʝʝʙʝʢʘ [2, 3], ʯʪʦ ʧʦʟʚʦʣʷʝʪ ʠʭ 

ʨʘʩʩʤʘʪʨʠʚʘʪʴ ʚ ʢʘʯʝʩʪʚʝ ʚʦʟʤʦʞʥʳʭ ʧʣʝʥʦʯʥʳʭ ʪʝʨʤʦʵʣʝʢʪʨʠʢʦʚ ʜʣʷ ʫʤʝʨʝʥʥʳʭ ʪʝʤʧʝʨʘʪʫʨ. 

ʆʜʥʘʢʦ ʧʨʷʤʦʝ ʩʨʘʚʥʝʥʠʝ ʠʭ ʪʝʨʤʦʵʣʝʢʪʨʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʨʘʥʝʝ ʥʝ ʧʨʦʚʦʜʠʣʦʩʴ.  

ɺ ʉɺɺ-ʫʩʪʘʥʦʚʢʝ VARIAN  ʩ ʙʘʟʦʚʳʤ ʜʘʚʣʝʥʠʝʤ 2Ĭ10-10 ʊʦʨʨ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ 350 ʠ 450 ʦʉ 

ʤʝʪʦʜʦʤ ʄʃʕ ʙʳʣʠ ʚʳʨʘʱʝʥʳ ʪʦʥʢʠʝ (16 ï 260 ʥʤ) ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʠʝ ʧʣʝʥʢʠ CrSi ʠ CrSi2 ʥʘ 

ʢʨʝʤʥʠʝʚʳʭ ʧʦʜʣʦʞʢʘʭ ʩ ʜʚʫʤʷ ʦʨʠʝʥʪʘʮʠʷʤʠ: (111) ʠ (100). ʂʨʠʩʪʘʣʣʠʯʝʩʢʫʶ ʩʪʨʫʢʪʫʨʫ ʦʙʨʘʟʮʦʚ 

ʠʩʩʣʝʜʦʚʘʣʠ ʤʝʪʦʜʦʤ ʍʈɼ ʥʘ ʜʠʬʨʘʢʪʦʤʝʪʨʝ RIGAKU, ʘ ʤʦʨʬʦʣʦʛʠʶ ʧʣʝʥʦʢ - ʥʘ ʩʢʘʥʠʨʫʶʱʝʤ 

ʟʦʥʜʦʚʦʤ ʤʠʢʨʦʩʢʦʧʝ Solver ʈ47. ʊʝʨʤʦʵʣʝʢʪʨʠʯʝʩʢʠʝ ʠʟʤʝʨʝʥʠʷ ʦʙʨʘʟʮʦʚ ʩ ʧʣʝʥʢʘʤʠ ʧʨʦʚʦʜʠʣʠ 

ʥʘ ʫʩʪʘʥʦʚʢʝ ñCryotelò ʚ ʜʠʘʧʘʟʦʥʝ ʪʝʤʧʝʨʘʪʫʨ 80-450 ʂ. ɼʣʷ ʘʥʘʣʠʟʘ ʰʫʥʪʠʨʦʚʘʥʠʷ ʧʣʝʥʢʠ 

ʧʦʜʣʦʞʢʦʡ ʠ ʨʘʩʯʝʪʘ ʢʦʵʬʬʠʮʠʝʥʪʘ ɿʝʝʙʝʢʘ ʧʣʝʥʦʢ ʠ ʠʭ ʬʘʢʪʦʨʘ ʤʦʱʥʦʩʪʠ ʠʩʧʦʣʴʟʦʚʘʣʠ ʧʦʜʭʦʜ, 

ʨʘʟʚʠʪʳʡ ʚ ʨʘʙʦʪʝ [4] ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʜʚʫʭʩʣʦʡʥʦʡ ʤʦʜʝʣʠ. ʀʩʩʣʝʜʦʚʘʥʠʷ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ 

ʩʪʨʫʢʪʫʨʳ ʧʦʟʚʦʣʠʣʠ ʨʘʟʜʝʣʠʪʴ ʦʙʨʘʟʮʘ ʥʘ ʪʨʠ ʛʨʫʧʧʳ. ɺ ʧʝʨʚʫʶ ʛʨʫʧʧʫ (ʦʙʨʘʟʮʳ A ʠ B) ʚʢʣʶʯʝʥʳ 

ʪʦʥʢʠʝ ʧʣʝʥʢʠ CrSi2
 ʩ ʨʘʟʣʠʯʥʳʤʠ ʦʨʠʝʥʪʘʮʠʷʤʠ ʟʝʨʝʥ: CrSi2(003)//Si(100), CrSi2(003)//Si(111) ʠ 

CrSi2(2ρ1)//Si(111). ɺʦ ʚʪʦʨʫʶ ʛʨʫʧʧʫ (ʦʙʨʘʟʮʳ C, D ʠ E) ʚʦʰʣʠ ʪʦʥʢʠʝ ʧʣʝʥʢʠ CrSi ʩ 

ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦʡ ʦʨʠʝʥʪʘʮʠʝʡ ʪʨʝʭ ʪʠʧʦʚ ʟʝʨʝʥ: CrSi (200), (210) ʠ (211) ʥʘ Si(111). ɺ ʪʨʝʪʴʶ 

ʛʨʫʧʧʫ (ʦʙʨʘʟʮʳ (F, G ʠ H) ʚʢʣʶʯʝʥʳ ï ʧʣʝʥʢʠ, ʚʢʣʶʯʘʶʱʠʝ ʜʚʝ ʬʘʟʳ c ʦʨʠʝʥʪʘʮʠʷʤʠ: CrSi (200), 

(210) (211) ʠ CrSi2 (003) ʥʘ Si(111) ʠ Si(100). ʌʦʨʤʠʨʦʚʘʥʠʝ ʩʠʣʠʮʠʜʦʚ ʧʦʜʪʚʝʨʜʠʣʦʩʴ ʪʘʢʞʝ 

ʜʘʥʥʳʤʠ ʩʧʝʢʪʨʦʩʢʦʧʠʠ ʢʦʤʙʠʥʘʮʠʦʥʥʦʛʦ ʨʘʩʩʝʷʥʠʷ ʩʚʝʪʘ.  

ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʥʝʟʘʚʠʩʠʤʦ ʦʪ ʩʦʩʪʘʚʘ ʩʠʣʠʮʠʜʘ ʭʨʦʤʘ ʧʣʝʥʢʠ ʩ ʪʦʣʱʠʥʘʤʠ 16 ï 33 ʥʤ 

ʠʤʝʶʪ ʟʘʤʝʪʥʦʝ ʰʫʥʪʠʨʦʚʘʥʠʝ ʧʦʜʣʦʞʢʦʡ, ʧʦʵʪʦʤʫ ʧʦʣʫʯʝʥʥʳʝ ʜʘʥʥʳʝ ʜʣʷ ʧʣʝʥʦʢ ʥʝ ʷʚʣʷʶʪʩʷ 

ʠʩʪʠʥʥʳʤʠ ʚ ʨʘʤʢʘʭ ʜʚʫʭʩʣʦʡʥʦʡ ʤʦʜʝʣʠ [5]. ɺ ʧʣʝʥʢʘʭ ʙʦʣʴʰʠʭ ʪʦʣʱʠʥ ʰʫʥʪʠʨʦʚʘʥʠʝʤ ʤʦʞʥʦ 

ʧʨʝʥʝʙʨʝʯʴ. ʈʘʩʯʝʪʳ ʧʘʨʘʤʝʪʨʦʚ ʧʣʝʥʦʢ ʧʦʢʘʟʘʣʠ, ʯʪʦ ʜʣʷ ʧʣʝʥʢʠ CrSi2 ʚ ʦʙʨʘʟʮʝ ɺ (260 ʥʤ) 

ʤʘʢʩʠʤʫʤ ʢʦʵʬʬʠʮʠʝʥʪʘ ɿʝʝʙʝʢʘ 190 ʤʢɺ/K ʠ ʤʘʢʩʠʤʫʤ ʬʘʢʪʦʨʘ ʤʦʱʥʦʩʪʠ (0.4 ʤɺʪ/(ʤĿʂ2)) 

ʥʘʙʣʶʜʘʶʪʩʷ ʧʨʠ 420 ʂ. ʄʘʢʩʠʤʘʣʴʥʳʝ ʟʥʘʯʝʥʠʷ ʢʦʵʬʬʠʮʠʝʥʪʘ ɿʝʝʙʝʢʘ ʠ ʬʘʢʪʦʨʘ ʤʦʱʥʦʩʪʠ 

ʥʘʙʣʶʜʘʶʪʩʷ ʜʣʷ ʧʣʝʥʦʢ CrSi  ʚ ʦʙʨʘʟʮʘʭ ʉ ʠ ɽ ʜʦʩʪʠʛʘʶʪ 50 ʤʢɺ/ ʂ ʠ 1.1-1.3 ʤɺʪ/(ʤĿʂ2) ʧʨʠ 

ʊ=450 ʂ. ɼʣʷ ʧʣʝʥʢʠ ʩʤʝʩʠ CrSi + CrSi2 ʚ ʦʙʨʘʟʮʝ G (72 ʥʤ) ʤʘʢʩʠʤʘʣʴʥʳʝ ʟʥʘʯʝʥʠʷ ʢʦʵʬʬʠʮʠʝʥʪʘ 

ɿʝʝʙʝʢʘ ʠ ʬʘʢʪʦʨʘ ʤʦʱʥʦʩʪʠ ʥʘʙʣʶʜʘʶʪʩʷ ʚ ʜʠʘʧʘʟʦʥʝ ʪʝʤʧʝʨʘʪʫʨ 250-400 ʂ ʠ ʩʦʩʪʘʚʣʷʶʪ 75 - 80 

ʤʢɺ/ʂ ʠ 0.7 ʤɺʪ/(ʤĿʂ2). ɼʚʫʭʬʘʟʥʳʝ ʧʣʝʥʢʠ ʷʚʣʷʶʪʩʷ ʙʦʣʝʝ ʧʝʨʩʧʝʢʪʠʚʥʳʤʠ ʟʘ ʩʯʝʪ ʣʫʯʰʝʡ 

ʧʨʦʚʦʜʠʤʦʩʪʠ ʠ ʭʦʨʦʰʝʛʦ ʢʦʵʬʬʠʮʠʝʥʪʘ ɿʝʝʙʝʢʘ. 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʚ ʨʘʤʢʘʭ ʛʦʩʫʜʘʨʩʪʚʝʥʥʦʛʦ ʟʘʜʘʥʠʷ ʀɸʇʋ ɼɺʆ ʈɸʅ (ʪʝʤʘ ˉ FWFW-

2026-0007).   
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ɺ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʢʨʝʤʥʠʡ ʦʩʪʘʝʪʩʷ ʦʜʥʠʤ ʠʟ ʚʘʞʥʝʡʰʠʭ ʤʘʪʝʨʠʘʣʦʚ ʚ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʦʡ 

ʧʨʦʤʳʰʣʝʥʥʦʩʪʠ, ʧʦʟʚʦʣʷʶʱʠʤ ʩʦʟʜʘʚʘʪʴ ʨʘʟʥʦʦʙʨʘʟʥʳʝ ʫʩʪʨʦʡʩʪʚʘ. ɺ ʧʦʩʣʝʜʥʝʝ ʚʨʝʤʷ ʥʘʜʝʞʜʳ 

ʥʘ ʧʨʦʛʨʝʩʩ ʚ ʦʙʣʘʩʪʠ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʭ ʪʝʭʥʦʣʦʛʠʡ ʚʦʟʣʘʛʘʶʪʩʷ ʥʘ ʦʪʢʨʳʪʠʝ ʥʦʚʳʭ 2D-

ʤʘʪʝʨʠʘʣʦʚ, ʢʦʪʦʨʳʝ ʤʦʛʫʪ ʫʣʫʯʰʠʪʴ ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʴ ʠ ʬʫʥʢʮʠʦʥʘʣʴʥʦʩʪʴ ʵʣʝʢʪʨʦʥʥʳʭ ʠ 

ʦʧʪʦʵʣʝʢʪʨʦʥʥʳʭ ʩʠʩʪʝʤ. ʕʧʠʪʘʢʩʠʘʣʴʥʦʝ ʚʳʨʘʱʠʚʘʥʠʝ ʚ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʢʘʢ 

ʥʘʠʙʦʣʝʝ ʧʨʠʝʤʣʝʤʳʡ ʤʝʪʦʜ ʧʦʣʫʯʝʥʠʷ ʩʠʣʠʮʝʥʘ. ʇʝʨʚʳʝ 

ʧʦʣʦʞʠʪʝʣʴʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʥʘ ʤʝʪʘʣʣʠʯʝʩʢʠʭ 

ʧʦʜʣʦʞʢʘʭ, ʥʦ ʜʣʷ ʫʩʧʝʰʥʦʛʦ ʚʥʝʜʨʝʥʠʷ ʩʠʣʠʮʝʥʘ ʚ ʩʦʚʨʝʤʝʥʥʫʶ 

ʵʣʝʢʪʨʦʥʠʢʫ ʥʝʦʙʭʦʜʠʤʦ ʫʤʝʪʴ ʚʳʨʘʱʠʚʘʪʴ ʩʠʣʠʮʝʥ ʥʘ 

ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʭ ʧʦʜʣʦʞʢʘʭ. ʅʝʜʘʚʥʦ ʙʳʣʠ ʧʦʣʫʯʝʥʳ 

ʤʥʦʛʦʦʙʝʱʘʶʱʠʝ ʨʝʟʫʣʴʪʘʪʳ ʧʦ ʵʧʠʪʘʢʩʠʘʣʴʥʦʤʫ ʚʳʨʘʱʠʚʘʥʠʶ 

ʩʠʣʠʮʝʥʘ ʥʘ ʩʣʦʷʭ CaF2, ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʳʭ ʵʣʝʢʪʨʦʥʥʳʤ 

ʧʫʯʢʦʤ[1]. ʅʘʤʠ ʙʳʣʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʜʣʷ ʫʩʧʝʰʥʦʛʦ ʨʦʩʪʘ 

ʜʦʩʪʘʪʦʯʥʦ ʩʦʟʜʘʪʴ ʰʘʙʣʦʥʥʳʡ ʩʣʦʡ CaSi2 ʩ ʛʝʢʩʘʛʦʥʘʣʴʥʦʡ 

ʫʧʘʢʦʚʢʦʡ. ʄʳ ʠʩʧʦʣʴʟʦʚʘʣʠ  ʜʣʷ ʵʪʦʡ ʮʝʣʠ ʵʣʝʢʪʨʦʥʥʳʡ ʧʫʯʦʢ, 

ʧʘʜʘʶʱʠʡ ʧʦʜ ʥʝʙʦʣʴʰʠʤ ʫʛʣʦʤ ʥʘ ʧʦʚʝʨʭʥʦʩʪʴ ʨʘʩʪʫʱʝʡ ʧʣʝʥʢʠ 

CaF2. ʃʫʯ ʚʳʟʳʚʘʝʪ ʧʨʦʮʝʩʩ ʨʘʜʠʦʣʠʟʘ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ, ʚ ʨʝʟʫʣʴʪʘʪʝ 

ʢʦʪʦʨʦʛʦ ʤʦʣʝʢʫʣʘ CaF2 ʨʘʩʧʘʜʘʝʪʩʷ ʥʘ ʢʘʣʴʮʠʡ ʠ ʬʪʦʨ, ʬʪʦʨ ʣʝʛʢʦ ʜʝʩʦʨʙʠʨʫʝʪʩʷ, ʘ ʢʘʣʴʮʠʡ ʤʦʞʝʪ 

ʩʚʷʟʳʚʘʪʴʩʷ ʩ ʢʨʝʤʥʠʝʤ ʩ ʦʙʨʘʟʦʚʘʥʠʝʤ CaSi2. 

ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʠʩʩʣʝʜʦʚʘʥʳ ʧʨʦʮʝʩʩʳ ʦʙʨʘʟʦʚʘʥʠʷ CaSi2 ʧʨʠ ʦʜʥʦʚʨʝʤʝʥʥʦʤ ʦʩʘʞʜʝʥʠʠ 

ʢʨʝʤʥʠʷ ʠ CaF2 ʧʨʠ ʦʙʣʫʯʝʥʠʠ ʙʳʩʪʨʳʤʠ ʵʣʝʢʪʨʦʥʘʤʠ ʢʘʢ ʚʦ ʚʨʝʤʷ, ʪʘʢ ʠ ʧʦʩʣʝ ʚʳʨʘʱʠʚʘʥʠʷ 

ʧʣʝʥʢʠ. ɹʳʣʦ ʧʦʣʫʯʝʥʦ, ʯʪʦ ʧʨʠ ʟʘʜʘʥʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ ʨʦʩʪʘ (550Áʉ) ʧʨʠ ʦʜʥʦʚʨʝʤʝʥʥʦʤ 

ʦʩʘʞʜʝʥʠʠ ʢʨʝʤʥʠʷ ʠ CaF2 ʬʘʟʘ 3R-CaSi2 ʚʩʝʛʜʘ ʦʙʨʘʟʫʝʪʩʷ ʢʘʢ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ ʚ ʧʨʦʮʝʩʩʝ ʨʦʩʪʘ, 

ʪʘʢ ʠ ʧʦʩʣʝ ʬʦʨʤʠʨʦʚʘʥʠʷ ʧʣʝʥʦʢ ʨʘʟʣʠʯʥʦʡ ʪʦʣʱʠʥʳ. ʈʝʟʫʣʴʪʘʪʳ, ʧʦʣʫʯʝʥʥʳʝ ʚ ʜʘʥʥʦʡ ʨʘʙʦʪʝ, 

ʧʦʟʚʦʣʷʶʪ ʧʨʝʜʧʦʣʦʞʠʪʴ, ʯʪʦ ʧʨʠʩʫʪʩʪʚʠʝ ʘʪʦʤʦʚ Si ʧʦ 

ʚʩʝʡ ʛʣʫʙʠʥʝ ʧʣʝʥʢʠ ʧʦʟʚʦʣʷʝʪ ʩʦʢʨʘʪʠʪʴ ʚʨʝʤʷ 

ʜʠʬʬʫʟʠʠ ʜʦ ʩʦʙʳʪʠʡ ʩʪʦʣʢʥʦʚʝʥʠʷ (ʭʠʤʠʯʝʩʢʦʛʦ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ) ʤʝʞʜʫ Ca ʠ Si, ʢʘʢ ʩʣʝʜʩʪʚʠʝ, ʘʪʦʤʳ 

ʬʪʦʨʘ ʥʝ ʫʩʧʝʚʘʶʪ ʜʝʩʦʨʙʠʨʦʚʘʪʴʩʷ, ʘ ʚʥʝʜʨʷʶʪʩʷ ʚ 

ʤʝʞʜʦʫʟʣʠʷ ʚ ʨʝʰʝʪʢʝ CaSi2, ʩʪʘʙʠʣʠʟʠʨʫʷ 

ʤʝʪʘʩʪʘʙʠʣʴʥʫʶ ʬʘʟʫ 3R-CaSi2 ʧʨʠ ʣʶʙʦʡ ʪʦʣʱʠʥʝ 

ʦʙʣʫʯʘʝʤʦʛʦ ʩʣʦʷ. ɹʳʣʦ ʦʙʥʘʨʫʞʝʥʦ, ʯʪʦ ʥʝʢʦʪʦʨʳʝ 

ʘʪʦʤʳ ʢʨʝʤʥʠʷ ʥʝ ʚʩʪʫʧʘʶʪ ʚ ʨʝʘʢʮʠʶ, ʩʦʙʠʨʘʷʩʴ ʚ 

ʦʪʜʝʣʴʥʳʝ ʦʩʪʨʦʚʢʠ ʚʳʩʦʪʦʡ ʜʦ å100 ʥʤ, ʘ ʪʘʢʞʝ ʚ 

ʥʘʥʦʯʘʩʪʠʮʳ ʢʨʝʤʥʠʷ, ʜʘʶʱʠʝ ʭʘʨʘʢʪʝʨʥʳʝ ʧʠʢʠ ʚ 

ʩʧʝʢʪʨʝ ʢʦʤʙʠʥʘʮʠʦʥʥʦʛʦ ʨʘʩʩʝʷʥʠʷ. 

ɹʣʘʛʦʜʘʨʥʦʩʪʠ: ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʚ ʨʘʤʢʘʭ 

ʛʦʩʫʜʘʨʩʪʚʝʥʥʦʛʦ ʟʘʜʘʥʠʷ ʄʠʥʠʩʪʝʨʩʪʚʘ ʥʘʫʢʠ ʠ 

ʚʳʩʰʝʛʦ ʦʙʨʘʟʦʚʘʥʠʷ ʈʦʩʩʠʡʩʢʦʡ ʌʝʜʝʨʘʮʠʠ (ʪʝʤʘ ˉ 

FWGW-2022-0011 ʌʠʟʠʯʝʩʢʠʝ ʷʚʣʝʥʠʷ ʚ ʢʚʘʥʪʦʚʳʭ 

ʩʪʨʫʢʪʫʨʘʭ ʜʣʷ ʢʦʤʧʦʥʝʥʪ ʥʘʥʦʵʣʝʢʪʨʦʥʠʢʠ, ʥʘʥʦʬʦʪʦʥʠʢʠ ʠ ʩʧʠʥʪʨʦʥʠʢʠ). 

ʃʠʪʝʨʘʪʫʨʘ 

1. Zinovieva, V. Zinovyev, A. Katsyuba, V. A. Volodin, V. I. Muratov, and A. V. Dvurtechenskii, 

ñGrowth of silicene by molecular beam epitaxy on CaF2/Si(111) substrates modified by electron 

irradiation,ò JETP Lett. 119, 703ï707 (2024).  

 
ʈʠʩʫʥʦʢ 1 ï ʉʭʝʤʘ ʚʦʟʜʝʡʩʪʚʠʷ 

ʵʣʝʢʪʨʦʥʥʳʤ ʣʫʯʦʤ ʧʨʠ 

ʩʦʚʤʝʩʪʥʦʤ ʦʩʘʞʜʝʥʠʠ CaF2 ʠ Si. 

 

ʈʠʩʫʥʦʢ 2 ï ʉʧʝʢʪʨʳ ʢʦʤʙʠʥʘʮʠʦʥʥʦʛʦ 

ʨʘʩʩʝʷʥʠʷ ʩʚʝʪʘ ʧʦʣʫʯʝʥʥʳʝ: 1) ʜʣʷ 

ʥʝʦʙʣʫʯʝʥʥʦʡ ʦʙʣʘʩʪʠ,  2) ʦʙʣʫʯʝʥʠʝ ʚʦ ʚʨʝʤʷ 

ʨʦʩʪʘ + ʜʦʧʦʣʥʠʪʝʣʴʥʦ 15 ʤʠʥʫʪ ʧʦʩʣʝ, 3) 

ʦʙʣʫʯʝʥʥʦʡ ʚʦ ʚʨʝʤʷ ʨʦʩʪʘ + ʜʦʧʦʣʥʠʪʝʣʴʥʦ 60 

ʤʠʥʫʪ ʧʦʩʣʝ,4), ʧʦʩʪ ʦʙʣʫʯʝʥʠʝ 60 ʤʠʥʫʪ.  
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ʅʘ ʩʝʛʦʜʥʷʰʥʠʡ ʜʝʥʴ ʬʦʨʤʠʨʦʚʘʥʠʝ ʢʦʥʪʘʢʪʥʦʛʦ ʩʣʦʷ ʧʨʦʚʦʜʠʪʩʷ ʤʝʪʦʜʦʤ ʠʦʥʥʦʛʦ 

ʣʝʛʠʨʦʚʘʥʠʷ. ʄʝʪʦʜ ʠʦʥʥʦʡ ʠʤʧʣʘʥʪʘʮʠʠ ʧʦʟʚʦʣʷʝʪ ʧʦʣʫʯʘʪʴ ʩʣʦʠ ʩ ʚʳʩʦʢʠʤ ʫʨʦʚʥʝʤ ʣʝʛʠʨʦʚʘʥʠʷ, 

ʦʜʥʘʢʦ ʠʟ-ʟʘ ʥʝʦʙʭʦʜʠʤʦʩʪʠ ʧʦʣʫʯʝʥʠʷ ʙʦʣʴʰʠʭ ʢʦʥʮʝʥʪʨʘʮʠʡ ʘʪʦʤʦʚ ʙʦʨʘ (~ 1019-1020 ʩʤ-3) ʚ p++-

ʩʣʦʝ, ʧʨʦʮʝʩʩ ʟʘʥʠʤʘʝʪ ʧʨʦʜʦʣʞʠʪʝʣʴʥʦʝ ʚʨʝʤʷ (ʧʦʨʷʜʢʘ ʥʝʩʢʦʣʴʢʠʭ ʨʘʙʦʯʠʭ ʜʥʝʡ) [1,2]. 

ɸʣʴʪʝʨʥʘʪʠʚʥʳʤ ʤʝʪʦʜʦʤ ʧʦʣʫʯʝʥʠʷ ʣʝʛʠʨʦʚʘʥʥʳʭ ʩʣʦʝʚ ʷʚʣʷʝʪʩʷ ʵʧʠʪʘʢʩʠʘʣʴʥʦʝ ʥʘʨʘʱʠʚʘʥʠʝ ʠ 

ʜʠʬʬʫʟʠʷ. ɼʘʥʥʳʝ ʤʝʪʦʜʳ ʧʦʟʚʦʣʷʶʪ ʧʦʣʫʯʘʪʴ ʪʦʥʢʠʝ ʚʳʩʦʢʦʣʝʛʠʨʦʚʘʥʥʳʝ ʩʣʦʠ ʤʝʥʝʝ ʯʝʤ ʟʘ 1 

ʯʘʩ. 

ʎʝʣʴʶ ʨʘʙʦʪʳ ʙʳʣʦ ʦʧʨʝʜʝʣʝʥʠʝ ʦʧʪʠʤʘʣʴʥʳʭ ʤʝʪʦʜʦʚ ʬʦʨʤʠʨʦʚʘʥʠʷ ʢʦʥʪʘʢʪʥʳʭ ʩʣʦʸʚ 

ʢʨʝʤʥʠʷ ʜʣʷ pin-ʜʠʦʜʦʚ ʉɺʏ ʜʠʘʧʘʟʦʥʘ. ɼʣʷ ʵʢʩʧʝʨʠʤʝʥʪʘ ʙʳʣʦ ʠʟʛʦʪʦʚʣʝʥʦ ʥʝʩʢʦʣʴʢʦ ʦʙʨʘʟʮʦʚ 

pin-ʩʪʨʫʢʪʫʨ, ʚ ʢʦʪʦʨʳʭ ʘʢʪʠʚʥʳʡ i-ʩʣʦʡ ʩʬʦʨʤʠʨʦʚʘʥ ʤʝʪʦʜʦʤ ʵʧʠʪʘʢʩʠʘʣʴʥʦʛʦ ʥʘʨʘʱʠʚʘʥʠʷ ʧʨʠ 

ʧʦʥʠʞʝʥʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ [3], ʘ ʢʦʥʪʘʢʪʥʳʡ p++-ʩʣʦʡ ʤʝʪʦʜʘʤʠ: 1 ï ʠʦʥʥʦʡ ʠʤʧʣʘʥʪʘʮʠʠ, 2 ï 

ʵʧʠʪʘʢʩʠʘʣʴʥʦʛʦ ʥʘʨʘʱʠʚʘʥʠʷ, 3 ï ʢʦʤʙʠʥʠʨʦʚʘʥʥʳʤ ʤʝʪʦʜʦʤ (ʵʧʠʪʘʢʩʠʘʣʴʥʳʡ ʨʦʩʪ ʦʩʥʦʚʥʦʛʦ p-

ʩʣʦʷ ʩ ʧʦʚʝʨʭʥʦʩʪʥʳʤ ʣʝʛʠʨʦʚʘʥʠʝʤ ʤʘʣʦʡ ʜʦʟʦʡ ʠ ʵʥʝʨʛʠʝʡ), 4 ï ʜʠʬʬʫʟʠʠ. 

ɻʣʘʚʥʳʤ ʪʨʝʙʦʚʘʥʠʝʤ ʢ ʩʪʨʫʢʪʫʨʘʤ ʜʣʷ pin-ʜʠʦʜʦʚ ʷʚʣʷʝʪʩʷ ʤʘʣʦʝ ʟʥʘʯʝʥʠʝ ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ 

ʩʦʧʨʦʪʠʚʣʝʥʠʷ. ʇʨʦʚʝʜʝʥʥʳʝ ʠʟʤʝʨʝʥʠʷ ʧʦʢʘʟʘʣʠ, ʯʪʦ ʧʦʚʝʨʭʥʦʩʪʥʦʝ ʩʦʧʨʦʪʠʚʣʝʥʠʝ ʩʪʨʫʢʪʫʨ, 

ʧʦʣʫʯʝʥʥʳʭ ʤʝʪʦʜʦʤ ʵʧʠʪʘʢʩʠʠ ʠʤʝʶʪ ʥʘʠʙʦʣʴʰʝʝ ʟʥʘʯʝʥʠʝ. ɺ ʪʦ ʞʝ ʚʨʝʤʷ ʩʪʨʫʢʪʫʨʳ, ʢʦʪʦʨʳʝ 

ʬʦʨʤʠʨʦʚʘʣʠʩʴ ʤʝʪʦʜʦʤ ʠʦʥʥʦʡ ʠʤʧʣʘʥʪʘʮʠʠ ʠ ʢʦʤʙʠʥʠʨʦʚʘʥʥʳʤ ʤʝʪʦʜʦʤ ʠʤʝʶʪ ʧʦʚʝʨʭʥʦʩʪʥʦʝ 

ʩʦʧʨʦʪʠʚʣʝʥʠʝ ʚ ʥʝʩʢʦʣʴʢʦ ʨʘʟ ʤʝʥʴʰʝ ʠ ʨʘʟʣʠʯʘʶʪʩʷ ʥʝʟʥʘʯʠʪʝʣʴʥʦ. ʅʘ ʦʙʨʘʟʮʘʭ, ʚ ʢʦʪʦʨʳʭ 

ʢʦʥʪʘʢʪʥʳʡ ʩʣʦʡ ʬʦʨʤʠʨʦʚʘʣʘʩʴ ʧʫʪʝʤ ʜʠʬʬʫʟʠʠ ʟʥʘʯʝʥʠʷ ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ ʩʦʧʨʦʪʠʚʣʝʥʠʷ 

ʤʝʥʴʰʝ, ʯʝʤ ʧʨʠ ʵʧʠʪʘʢʩʠʠ, ʥʦ ʙʦʣʴʰʝ, ʯʝʤ ʠʤʧʣʘʥʪʘʮʠʷ ʠ ʢʦʤʙʠʥʠʨʦʚʘʥʥʳʡ ʤʝʪʦʜ. 

ʈʘʙʦʪʘ pin-ʜʠʦʜʘ ʭʘʨʘʢʪʝʨʠʟʫʝʪʩʷ ʢʨʫʪʠʟʥʦʡ ʚʦʣʴʪʘʤʧʝʨʥʦʡ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ (ɺɸʍ) ʠ 

ʧʘʜʝʥʠʝʤ ʧʨʷʤʦʛʦ ʥʘʧʨʷʞʝʥʠʷ Uds. ʀʟʤʝʨʝʥʠʷ ɺɸʍ ʧʦʢʘʟʘʣʠ, ʯʪʦ ʥʘʠʣʫʯʰʠʤʠ ʧʘʨʘʤʝʪʨʘʤʠ 

ʦʙʣʘʜʘʝʪ ʜʠʦʜ, ʧʦʣʫʯʝʥʥʳʡ ʥʘ ʩʪʨʫʢʪʫʨʝ, ʩʬʦʨʤʠʨʦʚʘʥʥʦʡ ʢʦʤʙʠʥʠʨʦʚʘʥʥʳʤ ʤʝʪʦʜʦʤ. 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʚ ʨʘʙʦʪʝ ʧʦʢʘʟʘʥʘ ʚʦʟʤʦʞʥʦʩʪʴ ʧʦʣʫʯʝʥʠʷ ʢʦʥʪʘʢʪʥʦʛʦ ʩʣʦʷ 

ʢʦʤʙʠʥʠʨʦʚʘʥʥʳʤ ʤʝʪʦʜʦʤ, ʢʦʪʦʨʳʡ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʥʘʨʘʱʠʚʘʥʠʝ ʢʦʥʪʘʢʪʥʦʛʦ p++-ʩʣʦʷ 

ʵʧʠʪʘʢʩʠʝʡ ʠʟ ʛʘʟʦʚʦʡ ʬʘʟʳ ʧʨʠ ʧʦʥʠʞʝʥʥʦʤ ʜʘʚʣʝʥʠʠ ʠ ʪʝʤʧʝʨʘʪʫʨʝ ʩ ʧʦʩʣʝʜʫʶʱʠʤ 

ʣʝʛʠʨʦʚʘʥʠʝʤ ʧʦʚʝʨʭʥʦʩʪʠ ʤʘʣʦʡ ʜʦʟʦʡ ʠ ʵʥʝʨʛʠʝʡ. ʇʦʣʫʯʝʥʥʳʝ ʦʧʳʪʥʳʤ ʧʫʪʝʤ ʟʥʘʯʝʥʠʷ ʜʘʶʪ 

ʚʦʟʤʦʞʥʦʩʪʴ ʩʜʝʣʘʪʴ ʚʳʚʦʜ ʦ ʪʦʤ, ʯʪʦ ʜʘʥʥʳʡ ʤʝʪʦʜ ʷʚʣʷʝʪʩʷ ʦʧʪʠʤʘʣʴʥʳʤ ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʩʪʨʫʢʪʫʨ 

pin-ʜʠʦʜʦʚ, ʪʘʢ ʢʘʢ ʧʦʢʘʟʳʚʘʝʪ ʣʫʯʰʠʝ ʨʘʙʦʯʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʠ ʩʥʠʞʘʝʪ ʚʨʝʤʷ ʬʦʨʤʠʨʦʚʘʥʠʷ 

ʢʦʥʪʘʢʪʥʦʛʦ ʩʣʦʷ ʚ 4 ʨʘʟʘ. 
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ʀʩʩʣʝʜʦʚʘʥʠʝ ʥʘʥʦʢʦʤʧʦʟʠʪʥʳʭ ʩʪʨʫʢʪʫʨ ʥʘ ʦʩʥʦʚʝ ʤʝʟʦʧʦʨʠʩʪʦʛʦ ʢʨʝʤʥʠʷ ʠ ʟʦʣʦʪʘ 

ʂʠʤ ʂ.ɹ.1), ʏʝʨʥʝʥʢʦ ʉ.ʉ.1), ʅʠʬʪʘʣʠʝʚ ʉ.ʀ.1), ɻʨʝʯʢʠʥʘ ʄ.ɺ.2), ʏʫʢʘʚʠʥ ɸ.ʀ.3),  

ʃʫʢʠʥ ɸ.ʅ.2), ʃʝʥʴʰʠʥ ɸ.ʉ.1,2) 
1)ɺʦʨʦʥʝʞʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ ʠʥʞʝʥʝʨʥʳʭ ʪʝʭʥʦʣʦʛʠʡ, 

2)ɺʦʨʦʥʝʞʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ, 
3)ʋʜʤʫʨʪʩʢʠʡ ʬʝʜʝʨʘʣʴʥʳʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʮʝʥʪʨ ʋʨʘʣʴʩʢʦʛʦ ʦʪʜʝʣʝʥʠʷ ʈʦʩʩʠʡʩʢʦʡ 

ʘʢʘʜʝʤʠʠ ʥʘʫʢ 

 e-mail: lenshinas@mail.ru 

 

ʇʦʨʠʩʪʳʡ ʢʨʝʤʥʠʡ (por-Si) ʷʚʣʷʝʪʩʷ ʧʝʨʩʧʝʢʪʠʚʥʳʤ ʤʘʪʝʨʠʘʣʦʤ ʜʣʷ ʩʝʥʩʦʨʠʢʠ ʠ ʬʦʪʦʥʠʢʠ 

ʙʣʘʛʦʜʘʨʷ ʨʘʟʚʠʪʦʡ ʧʦʚʝʨʭʥʦʩʪʠ ʠ ʫʥʠʢʘʣʴʥʳʤ ʦʧʪʠʯʝʩʢʠʤ ʩʚʦʡʩʪʚʘʤ. ʄʦʜʠʬʠʢʘʮʠʷ por-Si 

ʥʘʥʦʯʘʩʪʠʮʘʤʠ ʟʦʣʦʪʘ ʧʦʟʚʦʣʷʝʪ ʩʦʟʜʘʚʘʪʴ ʛʠʙʨʠʜʥʳʝ ʩʪʨʫʢʪʫʨʳ ʩ ʫʣʫʯʰʝʥʥʳʤʠ 

ʵʣʝʢʪʨʦʬʠʟʠʯʝʩʢʠʤʠ ʠ ʧʣʘʟʤʦʥʥʳʤʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ. ʎʝʣʴʶ ʨʘʙʦʪʳ ʷʚʣʷʝʪʩʷ ʧʦʣʫʯʝʥʠʝ ʠ 

ʢʦʤʧʣʝʢʩʥʦʝ ʠʩʩʣʝʜʦʚʘʥʠʝ ʩʪʨʫʢʪʫʨʥʦ-ʤʦʨʬʦʣʦʛʠʯʝʩʢʠʭ ʦʩʦʙʝʥʥʦʩʪʝʡ, ʭʠʤʠʯʝʩʢʦʛʦ ʩʦʩʪʘʚʘ ʠ 

ʬʫʥʢʮʠʦʥʘʣʴʥʳʭ ʩʚʦʡʩʪʚ ʥʘʥʦʢʦʤʧʦʟʠʪʥʳʭ ʛʝʪʝʨʦʩʪʨʫʢʪʫʨ ʥʘ ʦʩʥʦʚʝ ʤʝʟʦʧʦʨʠʩʪʦʛʦ ʢʨʝʤʥʠʷ (por-

Si) ʠ ʟʦʣʦʪʘ, ʩʬʦʨʤʠʨʦʚʘʥʥʳʭ ʤʝʪʦʜʦʤ ʚʘʢʫʫʤʥʦ-ʪʝʨʤʠʯʝʩʢʦʛʦ ʦʩʘʞʜʝʥʠʷ. 

ʄʝʟʦʧʦʨʠʩʪʳʡ ʢʨʝʤʥʠʡ ʧʦʣʫʯʘʣʠ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʠʤ ʘʥʦʜʠʨʦʚʘʥʠʝʤ ʧʣʘʩʪʠʥ 

ʤʦʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ ʢʨʝʤʥʠʷ ʂʕʌ (100) ʩ ʫʜʝʣʴʥʳʤ ʩʦʧʨʦʪʠʚʣʝʥʠʝʤ 0.2 ʆʤĿʩʤ. ɿʦʣʦʪʦ ʥʘʥʦʩʠʣʠ 

ʤʝʪʦʜʦʤ ʚʘʢʫʫʤʥʦ-ʪʝʨʤʠʯʝʩʢʦʛʦ ʦʩʘʞʜʝʥʠʷ (ʫʩʪʘʥʦʚʢʘ ɺʋʇ-4) ʧʨʠ ʜʘʚʣʝʥʠʠ ʦʩʪʘʪʦʯʥʳʭ ʛʘʟʦʚ 

5Ŀ10-5 ï 10-4 ʤʤ ʨʪ. ʩʪ. ʊʦʣʱʠʥʘ ʧʣʝʥʢʠ ʩʦʩʪʘʚʣʷʣʘ 200 ʥʤ, ʩʢʦʨʦʩʪʴ ʦʩʘʞʜʝʥʠʷ ï 3ï5 ʥʤ/ʩ. 

ʀʩʩʣʝʜʦʚʘʥʠʝ ʤʦʨʬʦʣʦʛʠʠ ʧʨʦʚʦʜʠʣʠ ʤʝʪʦʜʘʤʠ ʨʘʩʪʨʦʚʦʡ ʵʣʝʢʪʨʦʥʥʦʡ ʤʠʢʨʦʩʢʦʧʠʠ (ʈʕʄ, JSM-

6380LV) ʠ ʘʪʦʤʥʦ-ʩʠʣʦʚʦʡ ʤʠʢʨʦʩʢʦʧʠʠ (ɸʉʄ, SOLVER P47 PRO). ʍʠʤʠʯʝʩʢʠʡ ʩʦʩʪʘʚ ʠ 

ʩʦʩʪʦʷʥʠʝ ʧʦʚʝʨʭʥʦʩʪʠ ʘʥʘʣʠʟʠʨʦʚʘʣʠ ʤʝʪʦʜʘʤʠ ʵʥʝʨʛʦʜʠʩʧʝʨʩʠʦʥʥʦʡ ʨʝʥʪʛʝʥʦʚʩʢʦʡ 

ʩʧʝʢʪʨʦʩʢʦʧʠʠ, ʀʂ-ʌʫʨʴʝ ʩʧʝʢʪʨʦʩʢʦʧʠʠ (Vertex 70) ʠ ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʬʦʪʦʵʣʝʢʪʨʦʥʥʦʡ 

ʩʧʝʢʪʨʦʩʢʦʧʠʠ (XPS, SPECS).  

ʇʦ ʜʘʥʥʳʤ ʈʕʄ, ʩʬʦʨʤʠʨʦʚʘʥʥʳʡ ʧʦʨʠʩʪʳʡ ʩʣʦʡ ʠʤʝʝʪ ʪʦʣʱʠʥʫ 9ï10 ʤʢʤ ʩʦ ʩʨʝʜʥʠʤ 

ʜʠʘʤʝʪʨʦʤ ʧʦʨ ʦʢʦʣʦ 150 ʥʤ. ʇʦʩʣʝ ʦʩʘʞʜʝʥʠʷ ʟʦʣʦʪʘ ʥʘʙʣʶʜʘʝʪʩʷ ʬʦʨʤʠʨʦʚʘʥʠʝ ʩʧʣʦʰʥʦʡ 

ʧʣʝʥʢʠ ʪʦʣʱʠʥʦʡ ʜʦ 200 ʥʤ, ʧʨʠ ʵʪʦʤ ʤʝʪʘʣʣ ʯʘʩʪʠʯʥʦ ʧʨʦʥʠʢʘʝʪ ʚ ʧʦʨʳ, ʥʝ ʨʘʟʨʫʰʘʷ ʧʦʨʠʩʪʫʶ 

ʩʪʨʫʢʪʫʨʫ. ʕʥʝʨʛʦʜʠʩʧʝʨʩʠʦʥʥʳʡ ʘʥʘʣʠʟ ʧʦʜʪʚʝʨʜʠʣ ʥʘʣʠʯʠʝ ʟʦʣʦʪʘ (3.06 ʘʪ.%) ʚ ʩʦʩʪʘʚʝ 

ʛʠʙʨʠʜʥʦʛʦ ʤʘʪʝʨʠʘʣʘ. 

ɸʉʄ-ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʦʢʘʟʘʣʠ, ʯʪʦ ʠʩʭʦʜʥʘʷ ʧʦʚʝʨʭʥʦʩʪʴ por-Si ʭʘʨʘʢʪʝʨʠʟʫʝʪʩʷ ʩʨʝʜʥʝʡ 

ʰʝʨʦʭʦʚʘʪʦʩʪʴʶ 36 ʥʤ. ʇʦʩʣʝ ʦʩʘʞʜʝʥʠʷ ʟʦʣʦʪʘ ʧʘʨʘʤʝʪʨʳ ʰʝʨʦʭʦʚʘʪʦʩʪʠ ʥʝʟʥʘʯʠʪʝʣʴʥʦ 

ʩʥʠʞʘʶʪʩʷ (28 ʥʤ), ʧʨʠ ʵʪʦʤ ʟʥʘʯʝʥʠʝ ʩʪʨʫʢʪʫʨʥʦʡ ʵʥʪʨʦʧʠʠ ʦʩʪʘʝʪʩʷ ʧʨʘʢʪʠʯʝʩʢʠ ʥʝʠʟʤʝʥʥʳʤ, 

ʯʪʦ ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦ ʪʦʯʥʦʤ ʚʦʩʧʨʦʠʟʚʝʜʝʥʠʠ ʟʦʣʦʪʦʡ ʧʣʝʥʢʦʡ ʨʝʣʴʝʬʘ ʧʦʜʣʦʞʢʠ.  

ʀʂ-ʌʫʨʴʝ ʩʧʝʢʪʨʦʩʢʦʧʠʷ ʚʳʷʚʠʣʘ ʫʤʝʥʴʰʝʥʠʝ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʧʦʣʦʩ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ 

ʩʚʷʟʷʤ SiïH (2087, 2106 ʩʤ-ĭ), SiïOïSi (1032 ʩʤ-ĭ) ʠ SiïSi (616 ʩʤ-ĭ), ʯʪʦ ʩʚʷʟʘʥʦ ʩ ʵʢʨʘʥʠʨʦʚʘʥʠʝʤ 

ʧʦʚʝʨʭʥʦʩʪʠ ʤʝʪʘʣʣʠʯʝʩʢʦʡ ʧʣʝʥʢʦʡ. ʆʪʩʫʪʩʪʚʠʝ ʥʦʚʳʭ ʧʦʣʦʩ ʠ ʩʜʚʠʛʦʚ, ʩʫʱʝʩʪʚʫʶʱʠʭ ʫʢʘʟʳʚʘʝʪ 

ʥʘ ʬʠʟʠʯʝʩʢʠʡ ʭʘʨʘʢʪʝʨ ʦʩʘʞʜʝʥʠʷ ʙʝʟ ʭʠʤʠʯʝʩʢʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ. XPS-ʘʥʘʣʠʟ ʧʦʜʪʚʝʨʜʠʣ 

ʥʘʣʠʯʠʝ ʤʝʪʘʣʣʠʯʝʩʢʦʛʦ ʟʦʣʦʪʘ  ʠ ʦʪʩʫʪʩʪʚʠʝ ʦʢʠʩʣʝʥʥʳʭ ʬʦʨʤ, ʘ ʪʘʢʞʝ ʥʘʣʠʯʠʝ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ 

ʢʘʢ ʵʣʝʤʝʥʪʘʨʥʦʛʦ ʢʨʝʤʥʠʷ, ʪʘʢ ʠ ʝʛʦ ʦʢʩʠʜʦʚ. 

ʄʝʪʦʜʦʤ ʚʘʢʫʫʤʥʦ-ʪʝʨʤʠʯʝʩʢʦʛʦ ʦʩʘʞʜʝʥʠʷ ʧʦʣʫʯʝʥʳ ʢʦʤʧʦʟʠʪʥʳʝ ʥʘʥʦʩʪʨʫʢʪʫʨʳ por-

Si/Au, ʧʨʝʜʩʪʘʚʣʷʶʱʠʝ ʩʦʙʦʡ ʩʧʣʦʰʥʫʶ ʟʦʣʦʪʫʶ ʧʣʝʥʢʫ ʪʦʣʱʠʥʦʡ ~200 ʥʤ, ʧʦʚʪʦʨʷʶʱʫʶ ʨʝʣʴʝʬ 

ʧʦʨʠʩʪʦʡ ʧʦʜʣʦʞʢʠ. ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʟʦʣʦʪʦ ʩʦʭʨʘʥʷʝʪ ʤʝʪʘʣʣʠʯʝʩʢʦʝ ʩʦʩʪʦʷʥʠʝ, ʥʝ ʦʙʨʘʟʫʝʪ 

ʭʠʤʠʯʝʩʢʠʭ ʩʦʝʜʠʥʝʥʠʡ ʩ ʢʨʝʤʥʠʝʤ ʠ ʯʘʩʪʠʯʥʦ ʟʘʧʦʣʥʷʝʪ ʧʦʨʳ. ʉʦʯʝʪʘʥʠʝ ʨʘʟʚʠʪʦʡ ʧʦʚʝʨʭʥʦʩʪʠ 

ʧʦʨʠʩʪʦʛʦ ʢʨʝʤʥʠʷ ʠ ʧʨʦʚʦʜʷʱʠʭ ʩʚʦʡʩʪʚ ʟʦʣʦʪʘ ʜʝʣʘʝʪ ʧʦʣʫʯʝʥʥʳʝ ʩʪʨʫʢʪʫʨʳ ʧʝʨʩʧʝʢʪʠʚʥʳʤʠ 

ʜʣʷ ʩʦʟʜʘʥʠʷ ʚʳʩʦʢʦʯʫʚʩʪʚʠʪʝʣʴʥʳʭ ʩʝʥʩʦʨʥʳʭ ʵʣʝʤʝʥʪʦʚ. 

 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʧʦʜʜʝʨʞʢʝ ʛʨʘʥʪʘ ʈʅʌ ˉ 25-73-00149 
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ɸʪʦʤʥʘʷ ʩʪʨʫʢʪʫʨʘ ʨʝʢʦʥʩʪʨʫʢʮʠʠ Cu/TbSi2 ʥʘ Si(111)  

ɹʫʨʢʦʚʩʢʘʷ ʇ.ɺ.1,2), ʂʦʪʣʷʨ ɺ.ɻ.1), ʋʪʘʩ ʊ.ɺ.1), ʈʳʞʢʦʚʘ ʄ.ɺ.1), ɾʜʘʥʦʚ ɺ.ʉ.1),  

ɿʦʪʦʚ ɸ.ɺ.1), ʉʘʨʘʥʠʥ ɸ.ɸ.1) 
1)ʀʥʩʪʠʪʫʪ ʘʚʪʦʤʘʪʠʢʠ ʠ ʧʨʦʮʝʩʩʦʚ ʫʧʨʘʚʣʝʥʠʷ ɼɺʆ ʈɸʅ, ɺʣʘʜʠʚʦʩʪʦʢ, ʈʦʩʩʠʷ 

2)ʌɻɸʆʋ ɺʆ çɼʘʣʴʥʝʚʦʩʪʦʯʥʳʡ ʬʝʜʝʨʘʣʴʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪè, ɺʣʘʜʠʚʦʩʪʦʢ 
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ʉʠʣʠʮʠʜʳ ʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʤʝʪʘʣʣʦʚ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʢʨʝʤʥʠʷ ʫʞʝ ʥʝʩʢʦʣʴʢʦ ʜʝʩʷʪʠʣʝʪʠʡ 

ʧʨʠʚʣʝʢʘʶʪ ʚʥʠʤʘʥʠʝ ʥʘʫʯʥʦʛʦ ʩʦʦʙʱʝʩʪʚʘ. ʀʟ ʣʠʪʝʨʘʪʫʨʳ ʠʟʚʝʩʪʥʦ, ʯʪʦ ʩʪʨʫʢʪʫʨʳ, ʩʦʜʝʨʞʘʱʠʝ 

ʨʝʜʢʦʟʝʤʝʣʴʥʳʝ ʤʝʪʘʣʣʳ, ʦʙʣʘʜʘʶʪ ʫʥʠʢʘʣʴʥʳʤʠ ʩʚʦʡʩʪʚʘʤʠ ʠ ʷʚʣʷʶʪʩʷ ʧʝʨʩʧʝʢʪʠʚʥʳʤʠ 

ʤʘʪʝʨʠʘʣʘʤʠ ʜʣʷ ʧʨʠʤʝʥʝʥʠʷ ʚ ʫʩʪʨʦʡʩʪʚʘʭ ʠ ʩʠʩʪʝʤʘʭ, ʨʘʟʨʘʙʦʪʘʥʥʳʭ ʥʘ ʦʩʥʦʚʝ ʢʨʝʤʥʠʷ [1-2]. ʅʘ 

ʜʘʥʥʳʡ ʤʦʤʝʥʪ ʠʟʫʯʝʥʦ ʤʥʦʞʝʩʪʚʦ ʧʦʜʦʙʥʳʭ ʩʦʝʜʠʥʝʥʠʡ [3]. ɺ ʯʘʩʪʥʦʩʪʠ, ʫʩʪʘʥʦʚʣʝʥʦ ʩʪʨʦʝʥʠʝ 

ʩʠʣʠʮʠʜʘ ʪʝʨʙʠʷ TbSi2 [4]. ɺʦʟʤʦʞʥʦʝ ʠʟʤʝʥʝʥʠʝ ʩʚʦʡʩʪʚ TbSi2 ʚ ʨʝʟʫʣʴʪʘʪʝ ʚʩʪʨʘʠʚʘʥʠʷ ʘʪʦʤʦʚ 

Cu ʚ ʚʝʨʭʥʠʡ ʙʠʩʣʦʡ ʢʨʝʤʥʠʷ ʧʦʩʣʫʞʠʣʦ ʤʦʪʠʚʘʮʠʝʡ ʜʣʷ ʧʨʦʚʝʜʝʥʠʷ ʜʘʥʥʦʛʦ ʠʩʩʣʝʜʦʚʘʥʠʷ. 

ɼʘʥʥʘʷ ʨʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʥʘ ʩʚʝʨʭʚʳʩʦʢʦʚʘʢʫʫʤʥʦʡ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ ʫʩʪʘʥʦʚʢʝ 

OMICRON, ʦʩʥʘʱʝʥʥʦʡ ʩʢʘʥʠʨʫʶʱʠʤ ʪʫʥʥʝʣʴʥʳʤ ʤʠʢʨʦʩʢʦʧʦʤ (ʉʊʄ) ʠ ʜʠʬʨʘʢʮʠʝʡ ʤʝʜʣʝʥʥʳʭ 

ʵʣʝʢʪʨʦʥʦʚ (ɼʄʕ). ʅʘ ʨʠʩ.1 ʘ), ʙ) ʧʨʝʜʩʪʘʚʣʝʥʳ ʉʊʄ ʠʟʦʙʨʘʞʝʥʠʷ ʧʦʚʝʨʭʥʦʩʪʠ 2Ĭ1-(Cu/TbSi2) ʠ 

ʢʘʨʪʠʥʘ ʜʠʬʨʘʢʮʠʠ ʥʘ ʨʠʩ.1 ʚ). ʌʦʨʤʠʨʦʚʘʥʠʝ ʜʘʥʥʦʡ ʨʝʢʦʥʩʪʨʫʢʮʠʠ ʧʨʦʠʩʭʦʜʠʣʦ ʚ ʧʨʦʮʝʩʩʝ 

ʘʜʩʦʨʙʮʠʠ 0,5 ʄʉ Cu ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ ʦʢʦʣʦ 500 Áʉ ʥʘ ʧʨʝʜʚʘʨʠʪʝʣʴʥʦ ʧʦʜʛʦʪʦʚʣʝʥʥʫʶ 

ʧʦʚʝʨʭʥʦʩʪʴ ʩʠʣʠʮʠʜʘ Si(111)1Ĭ1-TbSi2 ʩ ʧʦʢʨʳʪʠʝʤ 1 ʄʉ Tb. ʅʘ ʦʩʥʦʚʝ ʜʘʥʥʳʭ ʉʊʄ ʠ 

ʥʝʵʤʧʠʨʠʯʝʩʢʠʭ ʨʘʩʯʝʪʦʚ ʧʨʝʜʣʦʞʝʥʘ ʤʦʜʝʣʴ ʩʪʨʫʢʪʫʨʳ 2³1-(Cu/TbSi2) (ʨʠʩ.1 ʛ), ʜ)). ɸʪʦʤʳ Cu 

ʤʦʜʠʬʠʮʠʨʫʶʪ ʚʝʨʭʥʠʡ ʙʠʩʣʦʡ ʢʨʝʤʥʠʷ, ʟʘʤʝʱʘʷ ʝʛʦ ʘʪʦʤʳ ʪʘʢʠʤ ʦʙʨʘʟʦʤ, ʯʪʦ ʥʘ ʢʘʞʜʫʶ ʷʯʝʡʢʫ 

2Ĭ1 ʧʨʠʭʦʜʠʪʩʷ 2 ʘʪʦʤʘ Tb, 1 ʘʪʦʤ Cu ʠ 3 ʘʪʦʤʘ Si. 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʚ ʨʘʤʢʘʭ ʛʦʩʫʜʘʨʩʪʚʝʥʥʦʛʦ ʟʘʜʘʥʠʷ ʀɸʇʋ ɼɺʆ ʈɸʅ (ʪʝʤʘ ˉ FWFW-

2026-0007). 
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ʈʠʩʫʥʦʢ 1 ï ʇʦʚʝʨʭʥʦʩʪʥʘʷ ʨʝʢʦʥʩʪʨʫʢʮʠʷ 2³1-(Cu/TbSi2). ʉʊʄ ʠʟʦʙʨʘʞʝʥʠʷ ʟʘʧʦʣʥʝʥʥʳʭ ʩʦʩʪʦʷʥʠʡ ʘ) 

(50³50 ʥʤ2, -1ɺ, 1ʥɸ)  ʠ ʙ) (1,5³1,5 ʥʤ2, -1ɺ, 1ʥɸ), ʚʳʜʝʣʝʥʘ ʷʯʝʡʢʘ 2³1. ʚ) ɼʄʕ ʢʘʨʪʠʥʘ ʧʦʚʝʨʭʥʦʩʪʠ, ɽ 

= 42,5 ʵɺ. ɸʪʦʤʥʘʷ ʤʦʜʝʣʴ ʩʪʨʫʢʪʫʨʳ 2³1-(Cu/TbSi2) ʛ) ʚʠʜ ʩʚʝʨʭʫ ʠ ʜ) ʚʠʜ ʩʙʦʢʫ. 
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ɾʜʘʥʦʚ ɺ.ʉ.1), ʆʣʷʥʠʯ ɼ.ɸ.1), ʋʪʘʩ ʊ.ɺ.1), ɻʨʫʟʥʝʚ ɼ.ɺ.1), ɺʝʢʦʚʰʠʥʠʥ ʖ.ɽ.1,2),  

ʊʫʧʯʘʷ ɸ.ʖ.1), ɹʦʥʜʘʨʝʥʢʦ ʃ.ɺ.1), ʂʦʪʣʷʨ ɺ.ɻ.1), ɹʫʨʢʦʚʩʢʘʷ ʇ.ɺ.1,2), ʄʠʭʘʣʶʢ ɸ.ʅ.1,2),  
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 e-mail: vzhdanov@mail.dvo.ru 

 

ʉʪʨʫʢʪʫʨʳ ʧʦʥʠʞʝʥʥʦʡ ʨʘʟʤʝʨʥʦʩʪʠ ʥʘ ʦʩʥʦʚʝ ʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʵʣʝʤʝʥʪʦʚ ʧʨʠʚʣʝʢʘʶʪ 

ʚʥʠʤʘʥʠʝ ʩ ʪʦʯʢʠ ʟʨʝʥʠʷ ʚʦʟʤʦʞʥʳʭ ʥʝʦʙʳʯʥʳʭ ʩʧʠʥʦʚʳʭ ʩʪʨʫʢʪʫʨ [1]. ʆʩʦʙʳʡ ʠʥʪʝʨʝʩ ʚʳʟʳʚʘʶʪ 

ʥʘʥʦʤʘʪʝʨʠʘʣʳ ʥʘ ʦʩʥʦʚʝ ʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʩʠʣʠʮʠʜʦʚ [2, 3]. ʉʦʟʜʘʥʠʝ ʥʦʚʳʭ ʬʫʥʢʮʠʦʥʘʣʴʥʳʭ 

ʥʘʥʦʤʘʪʝʨʠʘʣʦʚ ʥʘ ʠʭ ʦʩʥʦʚʝ ʧʨʝʜʦʩʪʘʚʣʷʝʪ ʧʦʪʝʥʮʠʘʣʴʥʫʶ ʚʦʟʤʦʞʥʦʩʪʴ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʠʭ ʚ 

ʧʝʨʩʧʝʢʪʠʚʥʳʭ ʫʩʪʨʦʡʩʪʚʘʭ 

ʩʧʠʥʪʨʦʥʠʢʠ.  

ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ 

ʧʨʝʜʩʪʘʚʣʝʥʳ ʨʝʟʫʣʴʪʘʪʳ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ 

ʠʩʩʣʝʜʦʚʘʥʠʡ ʤʝʪʦʜʘʤʠ 

ʩʢʘʥʠʨʫʶʱʝʡ ʪʫʥʥʝʣʴʥʦʡ 

ʤʠʢʨʦʩʢʦʧʠʠ (ʉʊʄ), 

ʜʠʬʨʘʢʮʠʠ ʤʝʜʣʝʥʥʳʭ 

ʵʣʝʢʪʨʦʥʦʚ (ɼʄʕ)  ʠ ʨʘʩʯʝʪʦʚ 

ʚ ʨʘʤʢʘʭ ʪʝʦʨʠʠ ʬʫʥʢʮʠʦʥʘʣʘ 

ʧʣʦʪʥʦʩʪʠ (ʊʌʇ) ʩʠʩʪʝʤʳ (Ho, 

Al )/Si(111). 

ʇʦʢʘʟʘʥʦ, ʯʪʦ 

ʩʬʦʨʤʠʨʦʚʘʥʥʘʷ ʧʣʸʥʢʘ 

ʷʚʣʷʝʪʩʷ ʵʧʠʪʘʢʩʠʘʣʴʥʦʡ, ʨʘʚʥʦʤʝʨʥʦ ʧʦʢʨʳʚʘʝʪ ʚʩʶ ʜʦʩʪʫʧʥʫʶ ʧʦʚʝʨʭʥʦʩʪʴ ʧʦʜʣʦʞʢʠ ʠ ʩʦʩʪʦʠʪ 

ʠʟ ʤʥʦʞʝʩʪʚʘ ʜʦʤʝʥʦʚ ʨʘʟʤʝʨʦʤ ʧʦʨʷʜʢʘ 5ã3Ĭ5ã3 (ʨʠʩʫʥʦʢ 1 (ʘ)), ʧʨʠ ʵʪʦʤ ʚʥʫʪʨʠ ʜʦʤʝʥʘ 

ʧʝʨʠʦʜʠʯʥʦʩʪʴ 1Ĭ1. ʊʌʇ ʨʘʩʯʸʪʳ ʠʟ ʧʝʨʚʳʭ ʧʨʠʥʮʠʧʦʚ ʧʦʢʘʟʘʣʠ, ʯʪʦ ʩʪʨʫʢʪʫʨʥʦ ʜʘʥʥʘʷ ʩʠʩʪʝʤʘ 

ʧʨʝʜʩʪʘʚʣʷʝʪ ʠʟ ʩʝʙʷ çʩʝʥʜʚʠʯè: ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʢʨʝʤʥʠʝʚʦʡ ʧʦʜʣʦʞʢʠ ʥʘʭʦʜʠʪʩʷ ʩʠʣʠʮʠʜ HoSi2 ʩ 

ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʳʤ ʘʣʶʤʠʥʠʝʤ ʚʝʨʭʥʠʤ ʢʨʝʤʥʠʝʚʳʤ ʙʠʩʣʦʝʤ, ʛʜʝ ʘʪʦʤʳ Al ʥʘʭʦʜʠʪʩʷ ʚʥʫʪʨʠ 

ʵʪʦʛʦ Si ʙʠʩʣʦʷ.  ɼʘʥʥʫʶ ʩʠʩʪʝʤʫ ʤʦʞʥʦ ʨʘʩʩʤʘʪʨʠʚʘʪʴ ʢʘʢ ʢʦʤʙʠʥʠʨʦʚʘʥʥʫʶ ʩʪʨʫʢʪʫʨʫ ʠʟ HoSi2 

ʠ ʜʚʫʭ ʩʣʦʸʚ ɔ-ʬʘʟʳ Si-Al [4], ʧʨʠʯʸʤ ʚʝʨʭʥʠʡ ʩʣʦʡ ɔ-ʬʘʟʳ ʧʝʨʝʚʝʨʥʫʪ. ʌʦʨʤʠʨʦʚʘʥʠʝ ʩʠʩʪʝʤʳ 

ʧʨʦʠʩʭʦʜʠʪ ʙʝʟ ʤʘʩʩʦʧʝʨʝʥʦʩʘ, ʧʣʸʥʢʘ HoAl Si  ʷʚʣʷʝʪʩʷ ʧʣʦʩʢʦʡ ʠ ʦʜʥʦʩʣʦʡʥʦʡ, ʯʪʦ ʜʝʣʘʝʪ ʝʸ 

ʧʝʨʩʧʝʢʪʠʚʥʦʡ ʜʣʷ ʜʘʣʴʥʝʡʰʠʭ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʭ ʧʨʠʤʝʥʝʥʠʡ, ʚ ʪʦʤ ʯʠʩʣʝ ʜʣʷ ʜʘʣʴʥʝʡʰʠʭ 

ʢʦʤʙʠʥʘʮʠʡ ʜʚʫʤʝʨʥʳʭ ʤʘʪʝʨʠʘʣʦʚ. ʕʣʝʢʪʨʦʥʥʘʷ ʟʦʥʥʘʷ ʩʪʨʫʢʪʫʨʘ ʧʦʣʫʯʝʥʥʦʡ ʩʠʩʪʝʤʳ ʪʘʢʞʝ 

ʷʚʣʷʝʪʩʷ ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʦʡ ʚʝʨʩʠʝʡ ʟʦʥʥʦʡ ʩʪʨʫʢʪʫʨʳ HoSi2. HoAl2Si2 ʠʤʝʝʪ ʪʝ ʞʝ ʟʦʥʳ 

ʧʝʨʝʩʝʢʘʶʱʠʝ ʫʨʦʚʝʥʴ ʌʝʨʤʠ, ʘ ʪʘʢʞʝ ʧʦ ʜʦʧʦʣʥʠʪʝʣʴʥʦʤʫ ʜʳʨʦʯʥʦʤʫ ʠ ʵʣʝʢʪʨʦʥʥʦʤʫ ʢʘʨʤʘʥʫ ʚ 

ɻ ʠ ʄ ʪʦʯʢʘʭ, ʯʪʦ ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦ ʤʝʪʘʣʣʠʯʝʩʢʦʤ ʭʘʨʘʢʪʝʨʝ ʧʣʸʥʢʠ ʠ ʙʦʣʴʰʝʤ ʢʦʣʠʯʝʩʪʚʝ 

ʥʦʩʠʪʝʣʝʡ ʦʪʥʦʩʠʪʝʣʴʥʦ ʠʩʭʦʜʥʦʛʦ HoSi2. 

ʀʩʩʣʝʜʦʚʘʥʠʝ ʚʳʧʦʣʥʝʥʦ ʟʘ ʩʯʝʪ ʛʨʘʥʪʘ ʈʦʩʩʠʡʩʢʦʛʦ ʥʘʫʯʥʦʛʦ ʬʦʥʜʘ ˉ 24-12-00181, 

https://rscf.ru/project/24-12-00181/. ɺʳʯʠʩʣʝʥʠʷ ʧʨʦʚʦʜʠʣʠʩʴ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʦʙʦʨʫʜʦʚʘʥʠʷ ʎʂʇ 

"ɼʘʣʴʥʝʚʦʩʪʦʯʥʳʡ ʚʳʯʠʩʣʠʪʝʣʴʥʳʡ ʨʝʩʫʨʩ" ʀɸʇʋ ɼɺʆ ʈɸʅ (https://cc.dvo.ru). 

ʃʠʪʝʨʘʪʫʨʘ 

1. A. N. Mihalyuk  et al. // Nanoscale. 2022. V. 14. P. 14732. 

2. D. V. Averyanov et al. // JMST. 2023. V. 164. P. 179. 

3. I. S. Sokolov et al. // Small. 2023. V. 19. P. 2301295. 

4. A. A. Saranin et al. // Surface Science. 2002. V. 517. P. 151.  

 
ʈʠʩʫʥʦʢ 1 ï (ʘ) ʉʊʄ ʠʟʦʙʨʘʞʝʥʠʷ ʚʳʩʦʢʦʛʦ ʨʘʟʨʝʰʝʥʠʷ ʧʦʣʫʯʝʥʥʦʡ ʧʣʸʥʢʠ 

HoAl2Si2(20ʥʤĬ20ʥʤ). (ʙ) ʄʦʜʝʣʴ ʦʪʨʘʞʘʶʱʘʷ ʘʪʦʤʥʦʝ ʫʩʪʨʦʡʩʪʚʦ 

ʧʦʣʫʯʝʥʥʦʡ ʩʠʩʪʝʤʳ. ɸʪʦʤʳ Si ʠʟʦʙʨʘʞʝʥʳ ʚ ʩʠʥʠʭ ʮʚʝʪʘʭ, ʘʪʦʤʳ Al  ʚ 

ʩʝʨʳʭ, ʘʪʦʤʳ Ho ʧʦʢʘʟʘʥʳ ʟʝʣʝʥʳʤ.  
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ɺʣʠʷʥʠʝ ʠʪʪʨʠʷ ʥʘ ʩʪʨʫʢʪʫʨʥʳʝ ʠʟʤʝʥʝʥʠʷ ʧʦʚʝʨʭʥʦʩʪʠ Si(111)-5Ĭ2-Au 

ʆʣʷʥʠʯ ɼ.ɸ.1), ɾʜʘʥʦʚ ɺ.ʉ.1), ʋʪʘʩ ʊ.ɺ.1), ɻʨʫʟʥʝʚ ɼ.ɺ.1), ɺʝʢʦʚʰʠʥʠʥ ʖ.ɽ.1,2),  

ʊʫʧʯʘʷ ɸ.ʖ.1), ɹʦʥʜʘʨʝʥʢʦ ʃ.ɺ.1), ʄʠʭʘʣʶʢ ɸ.ʅ.1,2), ɿʦʪʦʚ ɸ.ɺ.1), ʉʘʨʘʥʠʥ ɸ.ɸ.1) 
1)ʀʥʩʪʠʪʫʪ ʘʚʪʦʤʘʪʠʢʠ ʠ ʧʨʦʮʝʩʩʦʚ ʫʧʨʘʚʣʝʥʠʷ ɼɺʆ ʈɸʅ, ɺʣʘʜʠʚʦʩʪʦʢ, ʈʦʩʩʠʷ 

2)ɼʘʣʴʥʝʚʦʩʪʦʯʥʳʡ ʬʝʜʝʨʘʣʴʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ, ɺʣʘʜʠʚʦʩʪʦʢ 

 e-mail: olyanich@iacp.dvo.ru 

 

ɺ ʧʦʩʣʝʜʥʠʝ ʛʦʜʳ ʟʥʘʯʠʪʝʣʴʥʦʝ ʚʥʠʤʘʥʠʝ ʫʜʝʣʷʝʪʩʷ ʠʩʩʣʝʜʦʚʘʥʠʶ ʩʪʨʫʢʪʫʨʥʳʭ ʠ 

ʵʣʝʢʪʨʦʥʥʳʭ ʩʚʦʡʩʪʚ ʧʦʚʝʨʭʥʦʩʪʝʡ ʢʨʝʤʥʠʷ ʩ ʘʜʩʦʨʙʠʨʦʚʘʥʥʳʤʠ ʤʝʪʘʣʣʘʤʠ, ʦʩʦʙʝʥʥʦ ʚ ʢʦʥʪʝʢʩʪʝ 

ʬʦʨʤʠʨʦʚʘʥʠʷ ʫʧʦʨʷʜʦʯʝʥʥʳʭ ʥʘʥʦʩʪʨʫʢʪʫʨ. ʇʦʚʝʨʭʥʦʩʪʴ Si(111)ï5Ĭ2ïAu, ʦʙʣʘʜʘʶʱʘʷ 

ʤʝʪʘʣʣʠʯʝʩʢʦʡ ʧʨʦʚʦʜʠʤʦʩʪʴʶ, ʷʚʣʷʝʪʩʷ ʫʜʦʙʥʦʡ ʤʦʜʝʣʴʥʦʡ ʩʠʩʪʝʤʦʡ ʜʣʷ ʠʟʫʯʝʥʠʷ ʚʣʠʷʥʠʷ 

ʧʨʠʤʝʩʥʳʭ ʘʪʦʤʦʚ ʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʤʝʪʘʣʣʦʚ, ʚ ʯʘʩʪʥʦʩʪʠ ʠʪʪʨʠʷ, ʥʘ ʝʸ ʩʪʨʫʢʪʫʨʥʳʝ ʠ ʵʣʝʢʪʨʦʥʥʳʝ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ [1].  

ɺ ʨʘʙʦʪʝ ʩ ʧʦʤʦʱʴʶ ʤʝʪʦʜʦʚ ʩʢʘʥʠʨʫʶʱʝʡ ʪʫʥʥʝʣʴʥʦʡ ʤʠʢʨʦʩʢʦʧʠʠ (ʉʊʄ) ʠ ʜʠʬʨʘʢʮʠʠ 

ʤʝʜʣʝʥʥʳʭ ʵʣʝʢʪʨʦʥʦʚ (ɼʄʕ) ʠʩʩʣʝʜʦʚʘʥʦ ʬʦʨʤʠʨʦʚʘʥʠʝ ʩʪʨʫʢʪʫʨʳ Si(111)ïc(12Ĭ2)ï(Au,Y) ʧʨʠ 

ʦʩʘʞʜʝʥʠʠ ʠʪʪʨʠʷ ʥʘ ʧʦʚʝʨʭʥʦʩʪʴ Si(111)ï5Ĭ2ïAu, ʘ ʪʘʢʞʝ ʝʸ ʠʟʤʝʥʝʥʠʷ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʧʦʢʨʳʪʠʷ 

ʠ ʪʝʨʤʠʯʝʩʢʦʡ ʦʙʨʘʙʦʪʢʠ. 

ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʦʩʘʞʜʝʥʠʝ Y ʧʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ (ʂʊ) ʧʨʠʚʦʜʠʪ ʢ ʦʙʨʘʟʦʚʘʥʠʶ 

ʙʝʩʧʦʨʷʜʦʯʥʦ ʨʘʩʧʦʣʦʞʝʥʥʳʭ ʢʣʘʩʪʝʨʦʚ, ʨʘʟʤʝʨ ʢʦʪʦʨʳʭ ʫʚʝʣʠʯʠʚʘʝʪʩʷ ʩ ʨʦʩʪʦʤ ʧʦʢʨʳʪʠʷ. 

ʇʦʩʣʝʜʫʶʱʠʡ ʦʪʞʠʛ ʧʨʠ 520 ÁC ʚʳʟʳʚʘʝʪ ʟʥʘʯʠʪʝʣʴʥʳʝ ʩʪʨʫʢʪʫʨʥʳʝ ʠʟʤʝʥʝʥʠʷ: ʧʨʠ ʧʦʢʨʳʪʠʠ Y 

< 0,04 ʄʉ (1 Ȳȷ = 7,8Ĭ1014 ɗɒḍ2) ʢʦʣʠʯʝʩʪʚʦ ʘʜʘʪʦʤʦʚ ʢʨʝʤʥʠʷ ʫʤʝʥʴʰʘʝʪʩʷ ʩ 0,0273 ʜʦ 0,0098 

ʄʉ; ʧʨʠ ʧʦʢʨʳʪʠʠ 0,04ï0,14 ʄʉ ʨʷʜʳ ʩ ʧʝʨʠʦʜʦʤ 5a0 (1 a0 = 3,84 ¡) ʧʝʨʝʭʦʜʷʪ ʚ ʨʷʜʳ ʩ ʧʝʨʠʦʜʦʤ 

6a0, ʬʦʨʤʠʨʫʷ ʫʧʦʨʷʜʦʯʝʥʥʫʶ ʩʪʨʫʢʪʫʨʫ c(12Ĭ2)ï(Au,Y). ʇʨʠ ʧʦʢʨʳʪʠʠ Y > 0,14 ʄʉ ʩʪʨʫʢʪʫʨʘ ʩ 

ʧʝʨʠʦʜʠʯʥʦʩʪʴʶ c(12Ĭ2) ʠʩʯʝʟʘʝʪ, ʠ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʦʙʨʘʟʫʝʪʩʷ ʩʪʨʫʢʪʫʨʘ ʩ ʧʝʨʠʦʜʠʯʥʦʩʪʴʶ 6Ĭ6. 

ʉʦʩʪʘʚ ʩʪʨʫʢʪʫʨʳ c(12Ĭ2)ï(Au,Y) ʚʢʣʶʯʘʝʪ 0,59 ʄʉ ʘʪʦʤʦʚ Au ʠ 0,14 ʄʉ ʘʪʦʤʦʚ Y (14 Ñ 1 

ʘʪʦʤʦʚ Au ʠ 3ï4 ʘʪʦʤʘ Y ʥʘ ʷʯʝʡʢʫ c(12Ĭ2)). ʀʩʪʦʯʥʠʢʘʤʠ Au ʠ Y ʩʣʫʞʠʣʠ ʚʦʣʴʬʨʘʤʦʚʳʝ ʥʠʪʠ; 

ʩʢʦʨʦʩʪʴ ʦʩʘʞʜʝʥʠʷ ʦʪʢʘʣʠʙʨʦʚʘʥʘ ʧʦ ʢʚʘʨʮʝʚʳʤ ʤʠʢʨʦʚʝʩʘʤ ʠ ʧʦʚʝʨʭʥʦʩʪʥʳʤ ʩʪʨʫʢʪʫʨʘʤ ʩ 

ʠʟʚʝʩʪʥʳʤ ʧʦʢʨʳʪʠʝʤ. ʇʦʣʫʯʝʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʜʝʤʦʥʩʪʨʠʨʫʶʪ ʘʢʪʠʚʥʦʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʠʪʪʨʠʷ ʩ 

ʧʦʚʝʨʭʥʦʩʪʴʶ Si(111)ï5Ĭ2ïAu, ʠʟʤʝʥʷʶʱʝʝ ʝʸ ʩʪʨʫʢʪʫʨʫ ʠ ʧʦʪʝʥʮʠʘʣʴʥʦ ʚʣʠʷʶʱʝʝ ʥʘ 

ʵʣʝʢʪʨʦʥʥʳʝ ʩʚʦʡʩʪʚʘ ʩʠʩʪʝʤʳ. ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʚ ʨʘʤʢʘʭ ʛʦʩʫʜʘʨʩʪʚʝʥʥʦʛʦ ʟʘʜʘʥʠʷ ʀɸʇʋ ɼɺʆ 

ʈɸʅ (ʪʝʤʘ ˉ FWFW-2026-0007). 

ʃʠʪʝʨʘʪʫʨʘ 

1. Kwon, Se Gab and Kang, Myung Ho. Identification of the Au Coverage and Structure of the 

Au/Si(111)ḍ(5Ĭ2) Surface // Phys. Rev. Lett., 113, 2014, 086101. 
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ʈʳʞʢʦʚʘ ʄ.ɺ.1), ʎʫʢʘʥʦʚ ɼ.ɸ.1,2) 
1)ʀʥʩʪʠʪʫʪ ʘʚʪʦʤʘʪʠʢʠ ʠ ʧʨʦʮʝʩʩʦʚ ʫʧʨʘʚʣʝʥʠʷ ɼɺʆ ʈɸʅ, ɺʣʘʜʠʚʦʩʪʦʢ, ʈʦʩʩʠʷ 

2)ɼʘʣʴʥʝʚʦʩʪʦʯʥʳʡ ʬʝʜʝʨʘʣʴʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ, ɺʣʘʜʠʚʦʩʪʦʢ 

 e-mail: horgax@yandex.ru 

 

ʇʦʚʝʨʭʥʦʩʪʥʳʝ ʩʪʨʫʢʪʫʨʳ ʥʘ ʢʨʝʤʥʠʠ, ʬʦʨʤʠʨʫʶʱʠʝʩʷ ʧʨʠ ʘʜʩʦʨʙʮʠʠ ʘʪʦʤʦʚ ʤʝʪʘʣʣʦʚ, 

ʧʨʝʜʩʪʘʚʣʷʶʪ ʠʥʪʝʨʝʩ ʜʣʷ ʠʩʩʣʝʜʦʚʘʥʠʷ ʥʠʟʢʦʨʘʟʤʝʨʥʳʭ ʵʣʝʢʪʨʦʥʥʳʭ ʩʠʩʪʝʤ ʠ ʘʪʦʤʘʨʥʦ-ʪʦʥʢʠʭ 

ʧʨʦʚʦʜʷʱʠʭ ʩʣʦʝʚ. ʆʩʦʙʦʝ ʚʥʠʤʘʥʠʝ 

ʧʨʠʚʣʝʢʘʶʪ ʩʠʩʪʝʤʳ, ʦʙʨʘʟʫʶʱʠʝʩʷ ʧʨʠ 

ʩʦʚʤʝʩʪʥʦʡ ʘʜʩʦʨʙʮʠʠ ʨʘʟʣʠʯʥʳʭ ʤʝʪʘʣʣʦʚ 

ʥʘ ʧʦʚʝʨʭʥʦʩʪʴ Si(111), ʧʦʩʢʦʣʴʢʫ ʚ ʥʠʭ 

ʚʦʟʤʦʞʥʦ ʬʦʨʤʠʨʦʚʘʥʠʝ ʥʦʚʳʭ 

ʫʧʦʨʷʜʦʯʝʥʥʳʭ ʧʦʚʝʨʭʥʦʩʪʥʳʭ ʬʘʟ ʩʦ 

ʩʣʦʞʥʦʡ ʘʪʦʤʥʦʡ ʩʪʨʫʢʪʫʨʦʡ ʠ 

ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʳʤʠ ʵʣʝʢʪʨʦʥʥʳʤʠ 

ʩʚʦʡʩʪʚʘʤʠ, ʥʘʧʨʠʤʝʨ [1]. 

ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʠʩʩʣʝʜʦʚʘʥʳ 

ʧʨʦʮʝʩʩʳ ʬʦʨʤʠʨʦʚʘʥʠʷ ʩʪʨʫʢʪʫʨ Si(111)ï

InSn ʠ ʠʭ ʵʣʝʢʪʨʠʯʝʩʢʘʷ ʧʨʦʚʦʜʠʤʦʩʪʴ. 

ʇʦʢʘʟʘʥʦ, ʯʪʦ ʧʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ 

ʦʩʘʞʜʝʥʠʝ Sn ʥʘ Si(111) ʩ ʧʦʚʝʨʭʥʦʩʪʥʦʡ 

ʬʘʟʦʡ In ʧʨʠʚʦʜʠʪ ʢ ʝʛʦ ʚʳʪʝʩʥʝʥʠʶ ʠ 

ʦʙʨʘʟʦʚʘʥʠʶ ʩʧʣʦʰʥʦʡ ʧʣʝʥʢʠ Sn. ʕʪʦ 

ʩʣʝʜʫʝʪ ʠʟ ʧʦʚʝʜʝʥʠʷ ʵʣʝʢʪʨʠʯʝʩʢʦʡ 

ʧʨʦʚʦʜʠʤʦʩʪʠ (ʨʠʩ. 1): ʧʦʩʣʝ 

ʦʩʘʞʜʝʥʠʷ ʦʢʦʣʦ 0,4 ʄʉ Sn ʥʘ 

ʜʦʩʪʘʪʦʯʥʦ ʪʦʣʩʪʫʶ ʬʘʟʫ ʠʥʜʠʷ ã7Ĭã3 

(ʩ ʧʦʢʨʳʪʠʝʤ ~2,1 ʄʉ) ʟʥʘʯʝʥʠʝ 

ʧʨʦʚʦʜʠʤʦʩʪʠ ʩʪʘʥʦʚʠʪʩʷ ʧʨʘʢʪʠʯʝʩʢʠ 

ʪʘʢʠʤ ʞʝ, ʢʘʢ ʠ ʧʦʩʣʝ ʬʦʨʤʠʨʦʚʘʥʠʷ 

ʧʣʝʥʢʠ Sn, ʦʩʘʞʜʝʥʥʦʡ ʥʘ ʯʠʩʪʫʶ 

ʧʦʚʝʨʭʥʦʩʪʴ Si(111)7Ĭ7. 

ɼʦʧʦʣʥʠʪʝʣʴʥʳʤ ʧʦʜʪʚʝʨʞʜʝʥʠʝʤ 

ʩʣʫʞʘʪ ʜʘʥʥʳʝ ʜʠʬʨʘʢʮʠʠ ʤʝʜʣʝʥʥʳʭ 

ʵʣʝʢʪʨʦʥʦʚ: ʨʝʬʣʝʢʩʳ, 

ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʩʪʨʫʢʪʫʨʝ ã7Ĭã3ïIn, 

ʠʩʯʝʟʘʶʪ, ʠ ʧʦʷʚʣʷʶʪʩʷ ʨʝʬʣʝʢʩʳ, 

ʭʘʨʘʢʪʝʨʥʳʝ ʜʣʷ ʧʣʝʥʢʠ Sn. 

ɺ ʪʦ ʞʝ ʚʨʝʤʷ ʧʨʠ ʧʦʚʳʰʝʥʥʳʭ 

ʪʝʤʧʝʨʘʪʫʨʘʭ ʦʩʘʞʜʝʥʠʝ ʦʣʦʚʘ ʥʘ Si(111)-In ʩ ʨʘʟʣʠʯʥʳʤ ʧʦʢʨʳʪʠʝʤ ʧʨʠʚʦʜʠʪ ʢ ʬʦʨʤʠʨʦʚʘʥʠʶ 

ʙʦʣʴʰʦʛʦ ʯʠʩʣʘ ʩʦʚʤʝʩʪʥʳʭ ʧʦʚʝʨʭʥʦʩʪʥʳʭ ʩʪʨʫʢʪʫʨ InïSn. ɺʧʝʨʚʳʝ ʦʙʥʘʨʫʞʝʥʦ ʦʢʦʣʦ ʜʝʩʷʪʠ 

ʫʧʦʨʷʜʦʯʝʥʥʳʭ ʬʘʟ (ʪʘʙʣ. 1), ʨʘʟʣʠʯʘʶʱʠʭʩʷ ʧʦʚʝʨʭʥʦʩʪʥʦʡ ʧʝʨʠʦʜʠʯʥʦʩʪʴʶ. ɼʣʷ ʚʩʝʭ ʩʪʨʫʢʪʫʨ 

ʧʦʣʫʯʝʥʳ ʜʠʬʨʘʢʮʠʦʥʥʳʝ ʢʘʨʪʠʥʳ ɼʄʕ. ʀʟʤʝʨʝʥʘ ʧʦʚʝʨʭʥʦʩʪʥʘʷ ʵʣʝʢʪʨʠʯʝʩʢʘʷ ʧʨʦʚʦʜʠʤʦʩʪʴ 

ʩʬʦʨʤʠʨʦʚʘʥʥʳʭ ʬʘʟ; ʜʣʷ ʜʚʫʭ ʩʪʨʫʢʪʫʨ ʦʙʥʘʨʫʞʝʥʘ ʚʳʨʘʞʝʥʥʘʷ ʘʥʠʟʦʪʨʦʧʠʷ ʵʣʝʢʪʨʠʯʝʩʢʦʡ 

ʧʨʦʚʦʜʠʤʦʩʪʠ. 

ʃʠʪʝʨʘʪʫʨʘ 

1. F. Klasing, T. Frigge, B. Hafke, B. Krenzer, S. Wall, A. Hanisch-Blicharski, and M. Horn-von Hoegen. 

Hysteresis proves that the In/Si(111) (8Ĭ2) to (4Ĭ1) phase transition is first-order // PHYSICAL 

REVIEW B 89, 2014, 121107. 

 

 
ʈʠʩʫʥʦʢ 1 ï  ɿʘʚʠʩʠʤʦʩʪʴ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʩʦʧʨʦʪʠʚʣʝʥʠʷ 
ʦʙʨʘʟʮʘ ʦʪ ʧʦʢʨʳʪʠʷ Sn ʧʨʠ ʥʘʧʳʣʝʥʠʠ ʥʘ Si(111)ã7Ĭã3-In 

ʧʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ. 

ʊʘʙʣʠʮʘ 1 ï ʋʩʣʦʚʠʷ ʬʦʨʤʠʨʦʚʘʥʠʷ ʩʪʨʫʢʪʫʨ ʠ ʵʣʝʢʪʨʠʯʝʩʢʘʷ 

ʧʨʦʚʦʜʠʤʦʩʪʴ. 

ʩʪʨʫʢʪʫʨʘ Sn,ʄʉ In,ʄʉ ʊʝʤʧʝʨʘʪʫʨʘ,ʦʉ ů, 

10-5 

S/Ǐ 

ůƍ/ů|| 

7Ĭ7 - - - 4.1 0.97 

3ã3Ĭ10 0.6 0.3 170-350 6.6 0.83 

3ã3Ĭã73 0.6 0.3 560 - - 

5Ĭ5 0.3 0.3 170-500 4.7 0.92 

5Ĭ2ã21 0.3 1.2 170-500 6.7 0.69 

3ã3Ĭ4 0.1 0.6 500 4.5 0.93 

5Ĭ10 0.3 1 170-500 6.6 0.62 

2ã3Ĭ7 0.6 1 350-500 6.5 0.93 

2ã3Ĭ5 0.6 2.1 170-550 - - 

6Ĭ6 1 0.3 450-500 - - 

4ã3Ĭ6 1 2.1 170-500 5.5 0.81 
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ɼʚʫʤʝʨʥʳʡ ʩʠʣʠʮʠʜ Pd ʥʘ Si(111) 

ʊʫʧʯʘʷ ɸ.ʖ.1), ɹʦʥʜʘʨʝʥʢʦ ʃ.ɺ.1), ɺʝʢʦʚʰʠʥʠʥ ʖ.ɽ.1), ʋʪʘʩ ʊ.ɺ.1), ɹʨʳʢʠʥ ʃ.ʆ.1,2),  

ʄʠʭʘʣʶʢ ɸ.ʅ.1,2), ɻʨʫʟʥʝʚ ɼ.ɺ.1,2), ɿʦʪʦʚ ɸ.ɺ.1), ʉʘʨʘʥʠʥ ɸ.ɸ.1)  
1)ʀʥʩʪʠʪʫʪ ʘʚʪʦʤʘʪʠʢʠ ʠ ʧʨʦʮʝʩʩʦʚ ʫʧʨʘʚʣʝʥʠʷ ɼɺʆ ʈɸʅ, ɺʣʘʜʠʚʦʩʪʦʢ, ʈʦʩʩʠʷ 

2)ɼʘʣʴʥʝʚʦʩʪʦʯʥʳʡ ʬʝʜʝʨʘʣʴʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ, ɺʣʘʜʠʚʦʩʪʦʢ 

 e-mail: a.tupchaya@gmail.com 

 

ʀʩʩʣʝʜʦʚʘʥʠʷ ʜʚʫʤʝʨʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʚ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʷʚʣʷʶʪʩʷ ʦʜʥʠʤ ʠʟ ʥʘʠʙʦʣʝʝ 

ʜʠʥʘʤʠʯʥʦ ʨʘʟʚʠʚʘʶʱʠʭʩʷ ʥʘʧʨʘʚʣʝʥʠʡ ʬʠʟʠʢʠ ʢʦʥʜʝʥʩʠʨʦʚʘʥʥʦʛʦ ʩʦʩʪʦʷʥʠʷ ʠ 

ʤʘʪʝʨʠʘʣʦʚʝʜʝʥʠʷ. ʆʜʥʘʢʦ, ʥʝʩʤʦʪʨʷ ʥʘ ʚʳʩʦʢʫʶ ʘʢʪʠʚʥʦʩʪʴ ʚ ʜʘʥʥʦʡ ʦʙʣʘʩʪʠ, ʩʦʭʨʘʥʷʝʪʩʷ 

ʟʘʤʝʪʥʳʡ ʧʨʦʙʝʣ ʚ ʠʟʫʯʝʥʠʠ ʜʚʫʤʝʨʥʳʭ ʩʠʣʠʮʠʜʦʚ ʤʝʪʘʣʣʦʚ ʠ ʩʧʦʩʦʙʦʚ ʠʭ ʤʦʜʠʬʠʢʘʮʠʠ, ʭʦʪʷ 

ʠʤʝʥʥʦ ʩʠʣʠʮʠʜʳ ʦʙʣʘʜʘʶʪ ʦʪʣʠʯʥʦʡ ʩʦʚʤʝʩʪʠʤʦʩʪʴʶ ʩ ʢʨʝʤʥʠʝʚʳʤʠ ʪʝʭʥʦʣʦʛʠʷʤʠ, ʣʝʞʘʱʠʤʠ ʚ 

ʦʩʥʦʚʝ ʩʦʚʨʝʤʝʥʥʦʡ ʤʠʢʨʦʵʣʝʢʪʨʦʥʠʢʠ. 

ɺ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʝ ʧʨʝʜʩʪʘʚʣʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʛʦ ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʨʦʮʝʩʩʘ 

ʬʦʨʤʠʨʦʚʘʥʠʷ ʜʚʫʤʝʨʥʦʛʦ ʩʠʣʠʮʠʜʘ ʧʘʣʣʘʜʠʷ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʢʨʝʤʥʠʷ, ʘ ʪʘʢʞʝ ʝʛʦ ʭʘʨʘʢʪʝʨʠʟʘʮʠʠ 

ʤʝʪʦʜʘʤʠ ʩʢʘʥʠʨʫʶʱʝʡ ʪʫʥʥʝʣʴʥʦʡ ʤʠʢʨʦʩʢʦʧʠʠ (ʉʊʄ) ʠ ʫʣʴʪʨʘʬʠʦʣʝʪʦʚʦʡ ʬʦʪʦʵʣʝʢʪʨʦʥʥʦʡ 

ʩʧʝʢʪʨʦʩʢʦʧʠʠ ʩ ʫʛʣʦʚʳʤ ʨʘʟʨʝʰʝʥʠʝʤ (ʋʌʕʉʋʈ).  

ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʙʳʣʦ ʦʙʥʘʨʫʞʝʥʦ, ʯʪʦ ʦʩʘʞʜʝʥʠʝ ʘʪʦʤʦʚ ʧʘʣʣʘʜʠʷ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 

~450ÁC ʥʘ ʠʩʭʦʜʥʫʶ ʧʦʚʝʨʭʥʦʩʪʴ Si(111)7 Ĭ 7 ʧʨʠʚʦʜʠʪ ʢ ʬʦʨʤʠʨʦʚʘʥʠʶ ʭʦʨʦʰʦ ʫʧʦʨʷʜʦʯʝʥʥʦʛʦ 

ʩʣʦʷ ʩ ʧʝʨʠʦʜʦʤ ʨʝʰʝʪʢʠ ã3 Ĭ ã3 (ʨʠʩ. 1ʘ). ʂʘʢ ʚʠʜʥʦ ʥʘ ʉʊʄ ʠʟʦʙʨʘʞʝʥʠʠ, ʩʪʨʫʢʪʫʨʘ ʧʨʝʜʩʪʘʚʣʷʝʪ 

ʩʦʙʦʡ ʩʦʪʦʚʳʡ ʤʘʩʩʠʚ, ʚ ʢʦʪʦʨʦʤ ʢʘʞʜʘʷ ʷʯʝʡʢʘ ʦʙʨʘʟʦʚʘʥʘ ʪʨʝʤʷ ʷʨʢʠʤʠ ʠ ʪʨʝʤʷ ʤʝʥʝʝ ʷʨʢʠʤʠ 

ʤʘʢʩʠʤʫʤʘʤʠ. ʅʘʙʣʶʜʘʝʤʦʝ ʨʘʟʣʠʯʠʝ ʚ ʢʦʥʪʨʘʩʪʝ ʫʢʘʟʳʚʘʝʪ ʥʘ ʥʘʣʠʯʠʝ ʫ ʩʠʩʪʝʤʳ ʩʠʤʤʝʪʨʠʠ C3v. 

 

ʈʠʩʫʥʦʢ 2 ï ɼʚʫʤʝʨʥʳʡ ʩʠʣʠʮʠʜ ʧʘʣʣʘʜʠʷ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ Si(111): (ʘ) 4 Ĭ 4 ʥʤ2 ʉʊʄ ʠʟʦʙʨʘʞʝʥʠʝ (- 0,2 ɺ; 0,8 ʥɸ), 

ʞʝʣʪʳʤ ʨʦʤʙʦʤ ʦʙʦʟʥʘʯʝʥʘ ʷʯʝʡʢʘ ã3 Ĭ ã3, (ʙ) ʧʦʚʝʨʭʥʦʩʪʴ ʌʝʨʤʠ, ʙʝʣʳʤʠ ʰʝʩʪʠʫʛʦʣʴʥʠʢʘʤʠ ʦʙʦʟʥʘʯʝʥʳ ʟʦʥʳ 

ɹʨʠʣʣʶʵʥʘ ã3 Ĭ ã3, ʟʝʣʝʥʳʤ ʰʝʩʪʠʫʛʦʣʴʥʠʢʦʤ ʦʙʦʟʥʘʯʝʥʘ ʟʦʥʘ ɹʨʠʣʣʶʵʥʘ 1 Ĭ 1. ɹʫʢʚʘʤʠ ɻ, ʂ ʠ ʄ ʦʙʦʟʥʘʯʝʥʳ 

ʚʳʩʦʢʦʩʠʤʤʝʪʨʠʯʥʳʝ ʪʦʯʢʠ ʦʙʨʘʪʥʦʛʦ ʧʨʦʩʪʨʘʥʩʪʚʘ.   

ʕʣʝʢʪʨʦʥʥʘʷ ʩʪʨʫʢʪʫʨʘ ʩʬʦʨʤʠʨʦʚʘʥʥʦʛʦ ʜʚʫʤʝʨʥʦʛʦ ʩʠʣʠʮʠʜʘ ʜʝʤʦʥʩʪʨʠʨʫʝʪ ʚʳʨʘʞʝʥʥʳʡ 

ʤʝʪʘʣʣʠʯʝʩʢʠʡ ʭʘʨʘʢʪʝʨ (ʨʠʩ. 1ʙ). ɸʥʘʣʠʟ ʜʠʩʧʝʨʩʠʠ ʵʣʝʢʪʨʦʥʥʳʭ ʩʦʩʪʦʷʥʠʡ ʧʨʠ ʧʦʩʪʨʦʝʥʠʠ 

ʩʨʝʟʦʚ ʧʦ ʵʥʝʨʛʠʷʤ ʥʠʞʝ ʫʨʦʚʥʷ ʌʝʨʤʠ (ɽF) ʧʦʟʚʦʣʷʝʪ ʩʜʝʣʘʪʴ ʚʳʚʦʜ ʦ ʥʘʣʠʯʠʠ ʩʝʜʣʦʚʦʡ ʪʦʯʢʠ ʚ 

ʥʘʧʨʘʚʣʝʥʠʠ ũïK, ʨʘʩʧʦʣʦʞʝʥʥʦʡ ʥʘ 70 ʤʵɺ ʥʠʞʝ ɽF. ʊʘʢʦʝ ʧʦʣʦʞʝʥʠʝ ʜʝʣʘʝʪ ʩʠʩʪʝʤʫ 

ʧʝʨʩʧʝʢʪʠʚʥʦʡ ʩ ʪʦʯʢʠ ʟʨʝʥʠʷ ʫʧʨʘʚʣʝʥʠʷ ʫʨʦʚʥʝʤ ʌʝʨʤʠ ʩ ʮʝʣʴʶ ʫʚʝʣʠʯʝʥʠʷ ʧʣʦʪʥʦʩʪʠ ʩʦʩʪʦʷʥʠʡ 

ʥʘ ʥʝʤ ʠ ʨʝʘʣʠʟʘʮʠʠ ʩʠʣʴʥʦ ʢʦʨʨʝʣʠʨʦʚʘʥʥʳʭ ʵʣʝʢʪʨʦʥʥʳʭ ʩʦʩʪʦʷʥʠʡ. 

 

ʀʩʩʣʝʜʦʚʘʥʠʝ ʚʳʧʦʣʥʝʥʦ ʟʘ ʩʯʝʪ ʛʨʘʥʪʘ ʈʦʩʩʠʡʩʢʦʛʦ ʥʘʫʯʥʦʛʦ ʬʦʥʜʘ ˉ 25-22-00790, 

https://rscf.ru/project/25-22-00790/   

https://rscf.ru/project/25-22-00790/
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ɺʣʠʷʥʠʝ ʩʦʦʪʥʦʰʝʥʠʷ ʧʦʪʦʢʦʚ Ca/Si ʥʘ ʬʦʨʤʠʨʦʚʘʥʠʝ ʧʣʝʥʢʠ Ca2Si ʥʘ Si(111) 

ɻʘʣʢʠʥ ʂ.ʅ.1), ʂʨʦʧʘʯʝʚ ʆ.ɺ.1), ɻʦʨʦʰʢʦ ɼ.ʃ.1), ɻʝʨʘʩʠʤʝʥʢʦ ɸ.ɺ.2), ɻʘʣʢʠʥ ʅ.ɻ.1) 
1)ʀʥʩʪʠʪʫʪ ʘʚʪʦʤʘʪʠʢʠ ʠ ʧʨʦʮʝʩʩʦʚ ʫʧʨʘʚʣʝʥʠʷ ɼɺʆ ʈɸʅ, ɺʣʘʜʠʚʦʩʪʦʢ 

2)ʀʥʩʪʠʪʫʪ ʭʠʤʠʠ ɼɺʆ ʈɸʅ, ɺʣʘʜʠʚʦʩʪʦʢ 

e-mail: galkinkn@iacp.dvo.ru 

 

ɺ ʩʠʩʪʝʤʝ Ca-Si ʚʦʟʤʦʞʥʦ ʬʦʨʤʠʨʦʚʘʥʠʝ 6 ʩʠʣʠʮʠʜʦʚ: Ca2Si, Ca5Si3, CaSi, Ca3Si4, Ca14Si19 ʠ 

CaSi2. ʏʘʩʪʴ ʵʪʠʭ ʩʠʣʠʮʠʜʦʚ (Ca2Si, Ca3Si4, Ca14Si19) ʦʙʣʘʜʘʶʪ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʤʠ ʩʚʦʡʩʪʚʘʤʠ, ʘ 

ʯʘʩʪʴ (Ca5Si3, CaSi, CaSi2) ï ʧʦʣʫʤʝʪʘʣʣʠʯʝʩʢʠʤʠ [1]. ʇʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʡ ʧʦʣʫʩʠʣʠʮʠʜ ʢʘʣʴʮʠʷ 

(Ca2Si) ʦʙʳʯʥʦ ʧʦʣʫʯʘʣʠ ʠʟ ʩʠʣʠʮʠʜʘ ʤʘʛʥʠʷ (Mg2Si) ʧʫʪʝʤ ʟʘʤʝʱʝʥʠʷ ʘʪʦʤʳ ʤʘʛʥʠʷ ʘʪʦʤʘʤʠ 

ʢʘʣʴʮʠʷ [2]. ʌʦʨʤʠʨʦʚʘʥʠʝ ʦʜʥʦʬʘʟʥʦʡ ʧʣʝʥʢʠ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ 300-350 ʦʉ ʦʩʣʦʞʥʝʥʦ ʙʣʠʟʢʠʤʠ 

ʟʥʘʯʝʥʠʷʤʠ ʵʥʪʘʣʴʧʠʠ ʤʝʞʜʫ Ca2Si ʠ Ca5Si3 [4].  

ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʧʨʝʜʣʦʞʝʥ ʤʝʪʦʜ ʧʝʨʝʩʳʱʝʥʠʷ ʧʦʪʦʢʘ ʘʪʦʤʘʤʠ ʢʘʣʴʮʠʷ ʚ 4-19 ʨʘʟ ʧʦ 

ʦʪʥʦʰʝʥʠʶ ʢ ʧʦʪʦʢʫ ʢʨʝʤʥʠʷ, ʧʨʠ ʨʦʩʪʝ ʥʘ ʧʦʜʣʦʞʢʝ ʢʨʝʤʥʠʷ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 300-330 ʦʉ. ʀʟ 

ʈʠʩʫʥʢʘ 1 ʚʠʜʥʦ, ʯʪʦ ʧʨʠ ʩʦʦʪʥʦʰʝʥʠʠ ʧʦʪʦʢʦʚ 4.4:1 ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʥʘʙʣʶʜʘʶʪʩʷ ʧʦʤʠʤʦ ʨʦʚʥʦʡ 

ʧʣʝʥʢʠ ʝʱʝ ʠ ʦʩʪʨʦʚʢʠ ʩ ʨʘʟʤʝʨʘʤʠ 50 ʜʦ 1000 ʥʤ ʠ 

ʧʣʦʪʥʦʩʪʴʶ 2Ĭ1011 ʰʪ/ʤ2. ʇʦ ʜʘʥʥʳʤ ʩʧʝʢʪʨʦʚ 

ʢʦʤʙʠʥʘʮʠʦʥʥʦʛʦ ʨʘʩʩʝʷʥʠʷ (ʂʈʉ) ʧʦʚʝʨʭʥʦʩʪʴ ï ʩʧʣʦʰʥʘʷ 

ʧʣʝʥʢʘ Ca2Si, ʘ ʦʩʪʨʦʚʢʠ ʩʦʩʪʦʷʪ ʠʟ Si. ʋʚʝʣʠʯʝʥʠʝ ʩʢʦʨʦʩʪʠ 

ʧʦʪʦʢʘ ʜʦ 7.6:1 ʧʨʠʚʦʜʠʪ ʢ ʫʤʝʥʴʰʝʥʠʶ ʧʣʦʪʥʦʩʪʠ ʦʩʪʨʦʚʢʦʚ 

ʚ 3 ʨʘʟʘ (6-7Ĭ1010 ʰʪ/ʤ2). ʇʨʠ ʩʦʦʪʥʦʰʝʥʠʷʭ ʧʦʪʦʢʦʚ 15:1 ʠ 

ʙʦʣʝʝ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʥʝ ʥʘʙʣʶʜʘʶʪʩʷ ʦʩʪʨʦʚʢʠ ʢʨʝʤʥʠʷ. 

ʇʦ ʜʘʥʥʳʤ ʦʧʪʠʯʝʩʢʦʡ ʩʧʝʢʪʨʦʬʦʪʦʤʝʪʨʠʠ ʥʘ 

ʦʪʨʘʞʝʥʠʝ ʠ ʧʨʦʩʚʝʪ (ʈʠʩʫʥʦʢ 2) ʚʩʝ ʧʣʝʥʢʠ ʭʘʨʘʢʪʝʨʠʟʫʶʪʩʷ 

ʧʠʢʘʤʠ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʤʠ ʧʦʣʫʩʠʣʠʮʠʜʫ ʢʘʣʴʮʠʷ. ʇʨʠ 

ʤʘʣʳʭ ʧʦʪʦʢʘʭ ʢʦʵʬʬʠʮʠʝʥʪ ʦʪʨʘʞʝʥʠʷ ʥʝ ʧʨʝʚʳʰʘʝʪ 41 %, 

ʪʦʛʜʘ ʢʘʢ ʧʨʠ ʧʦʪʦʢʝ 15:1 ʠ ʚʳʰʝ ʩʦʩʪʘʚʣʷʝʪ 47 % ʧʨʠ 2.1 ʵɺ. 

ʇʨʠ ʧʦʪʦʢʘʭ 15:1 ʠ ʙʦʣʝʝ ʥʘʙʣʶʜʘʝʪʩʷ ʫʤʝʥʴʰʝʥʠʝ 

ʢʦʵʬʬʠʮʠʝʥʪʘ ʧʨʦʧʫʩʢʘʥʠʷ ʧʨʠ ʵʥʝʨʛʠʷʭ ʤʝʥʝʝ 0.3 ʵɺ, ʯʪʦ ʚʦʟʤʦʞʥʦ ʷʚʣʷʝʪʩʷ ʩʣʝʜʩʪʚʠʝʤ 

ʣʝʛʠʨʦʚʘʥʠʷ ʧʣʝʥʢʠ ʘʪʦʤʘʤʠ ʢʘʣʴʮʠʷ. 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʚ ʨʘʤʢʘʭ ʛʦʩʫʜʘʨʩʪʚʝʥʥʦʛʦ ʟʘʜʘʥʠʷ ʀɸʇʋ ɼɺʆ ʈɸʅ (ʪʝʤʘ ˉ FWFW-

2026-0007). 
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ʈʠʩʫʥʦʢ 2 ï ʉʧʝʢʪʨʳ ʦʪʨʘʞʝʥʠʷ ʠ 

ʧʨʦʧʫʩʢʘʥʠʷ 

a) ʙ) ʚ) 

ʈʠʩʫʥʦʢ 1 ï ʀʟʦʙʨʘʞʝʥʠʷ ʈʕʄ ʜʣʷ ʦʙʨʘʟʮʦʚ ʩ ʩʦʦʪʥʦʰʝʥʠʝʤ ʧʦʪʦʢʦʚ: ʘ) 4.4:1, ʙ) 7.6:1 ʠ ʚ) 15:1 
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ɺ ʨʘʙʦʪʝ [1] ʤʝʪʦʜʘʤʠ ʧʝʨʚʦʧʨʠʥʮʠʧʥʳʭ ʨʘʩʯʝʪʦʚ ʵʣʝʢʪʨʦʥʥʦʡ ʩʪʨʫʢʪʫʨʳ ʦʙʲʝʤʥʦʛʦ 

ʤʦʥʦʩʠʣʠʮʠʜʘ ʞʝʣʝʟʘ (FeSi) ʚ ʢʫʙʠʯʝʩʢʦʡ (P213) ʠ ʤʦʥʦʢʣʠʥʥʦʡ (P21) ʩʪʨʫʢʪʫʨʘʭ ʜʦʢʘʟʘʥʦ, ʯʪʦ 

ʤʦʥʦʢʣʠʥʥʘʷ ʬʘʟʘ FeSi ʠʤʝʝʪ ʤʠʥʠʤʘʣʴʥʫʶ ʧʦʣʥʫʶ ʵʥʝʨʛʠʶ ʠ ʭʘʨʘʢʪʝʨʠʟʫʝʪʩʷ ʚʳʩʦʢʦʡ 

ʜʠʥʘʤʠʯʝʩʢʦʡ ʫʩʪʦʡʯʠʚʦʩʪʴʶ ʢ ʬʦʥʦʥʥʦʤʫ ʚʦʟʙʫʞʜʝʥʠʶ. ɺ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ ʯʘʩʪʠ ʨʘʙʦʪʳ [1] 

ʧʦʢʘʟʘʥʦ, ʯʪʦ ʫʣʴʪʨʘʪʦʥʢʘʷ (ʋʊ) ʧʣʝʥʢʘ FeSi ʠʤʝʝʪ ʤʦʥʦʢʣʠʥʥʫʶ ʩʪʨʫʢʪʫʨʫ, ʜʣʷ ʢʦʪʦʨʦʡ 

ʭʘʨʘʢʪʝʨʝʥ ʥʝʤʦʥʦʪʦʥʥʳʡ ʭʘʨʘʢʪʝʨ ʪʝʤʧʝʨʘʪʫʨʥʦʡ ʟʘʚʠʩʠʤʦʩʪʠ ʫʜʝʣʴʥʦʛʦ ʩʦʧʨʦʪʠʚʣʝʥʠʷ r(T), ʥʘ 

ʢʦʪʦʨʦʤ ʚ ʨʘʙʦʪʝ [2] ʚʳʜʝʣʝʥʳ ʫʯʘʩʪʦʢ ʨʦʩʪʘ r ʦʪ 160 ʂ ʜʦ 65 ʂ ʩ Eg=14.8 ʤʵɺ ʠ ʜʘʣʴʥʝʡʰʠʡ ʨʦʩʪ 

r(T) ʙʝʟ ʥʘʩʳʱʝʥʠʷ ʜʦ ʪʝʤʧʝʨʘʪʫʨʳ 1.5 ʂ. ʆʜʥʘʢʦ ʤʝʭʘʥʠʟʤ ʧʨʦʚʦʜʠʤʦʩʪʠ ʥʘ ʧʦʩʣʝʜʥʝʤ ʫʯʘʩʪʢʝ 

ʥʝ ʙʳʣ ʦʧʨʝʜʝʣʝʥ.   

ʈʦʩʪ ʋʊ (3.2 ʥʤ) ʧʣʝʥʢʠ FeSi ʧʨʦʚʦʜʠʣʠ ʤʝʪʦʜʦʤ ʪʚʝʨʜʦʬʘʟʥʦʡ ʵʧʠʪʘʢʩʠʠ ʧʨʠ ʊ=350 ʦʉ ʚ 

ʩʚʝʨʭʚʳʩʦʢʦʚʘʢʫʫʤʥʦʡ ʢʘʤʝʨʝ ʩ ʙʘʟʦʚʳʤ ʚʘʢʫʫʤʦʤ 2Ĭ10ï10 ʪʦʨʨ. ɼʣʷ ʚʳʷʩʥʝʥʠʷ ʧʨʠʨʦʜʳ 

ʤʝʪʘʣʣʠʯʝʩʢʦʡ ʧʨʦʚʦʜʠʤʦʩʪʠ ʚ ʋʊ ʧʣʝʥʢʝ FeSi ʧʨʦʚʦʜʠʣʠ ʧʦʜʛʦʥʢʫ ʥʠʟʢʦʪʝʤʧʝʨʘʪʫʨʥʦʛʦ (2-40 ʂ) 

ʤʘʛʥʝʪʦʩʦʧʨʦʪʠʚʣʝʥʠʷ (ʄʉ) ʠ ʢʦʵʬʬʠʮʠʝʥʪʘ ʍʦʣʣʘ (RH) ʩ ʫʯʝʪʦʤ ʚ ʨʘʤʢʘʭ ʜʚʫʤʝʨʥʦʡ (2D) ʤʦʜʝʣʠ 

ʩʣʘʙʦʡ ʣʦʢʘʣʠʟʘʮʠʠ [3]. 

ʆʙʦʙʱʘʷ ʜʘʥʥʳʝ ʤʘʛʥʝʪʦʩʦʧʨʦʪʠʚʣʝʥʠʷ ʠ ʭʦʣʣʦʚʩʢʠʭ ʠʟʤʝʨʝʥʠʡ ʧʦ ʧʣʝʥʢʝ FeSi, ʤʦʞʥʦ 

ʩʢʘʟʘʪʴ, ʯʪʦ ʚ ʥʝʡ ʩ ʨʦʩʪʦʤ ʪʝʤʧʝʨʘʪʫʨʳ ʠ ʥʘʧʨʷʞʝʥʥʦʩʪʠ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ (H) ʥʝ ʦʙʥʘʨʫʞʝʥ r

ʧʨʠʟʥʘʢʠ ʢʚʘʜʨʘʪʠʯʥʦʡ ʟʘʚʠʩʠʤʦʩʪʝʡ (~H2), ʘ ʥʘʙʣʶʜʘʶʪʩʷ ʟʘʚʠʩʠʤʦʩʪʠ ~Hs, ʛʜʝ s=0.3-1.0, ʘ ʪʘʢʞʝ 

ʥʘʣʠʯʠʝ ʧʦʣʦʞʠʪʝʣʴʥʦʛʦ ʠ ʦʪʨʠʮʘʪʝʣʴʥʦʛʦ ʄʉ, ʢʨʦʩʩʦʚʝʨʦʚ ʤʝʞʜʫ ʥʠʤʠ ʠ ʥʝʤʦʥʦʪʦʥʥʳʝ 

ʟʘʚʠʩʠʤʦʩʪʠ Mʉ(H). ʕʪʦ ʛʦʚʦʨʠʪ ʦ ʪʦʤ, ʯʪʦ ʄʉ ʟʘ ʩʯʝʪ ʩʠʣʳ ʃʦʨʝʥʮʘ [4] (ʠʟʛʠʙ ʪʨʘʝʢʪʦʨʠʡ) ʥʝ 

ʧʨʦʷʚʣʷʝʪʩʷ ʚ ʨʘʩʩʤʘʪʨʠʚʘʝʤʦʡ ʋʊ ʧʣʝʥʢʝ FeSi, ʘ ʤʝʭʘʥʠʟʤ ʄʉ ʩʚʷʟʘʥ ʩ ʵʬʬʝʢʪʘʤʠ ʩʣʘʙʦʡ 

ʣʦʢʘʣʠʟʘʮʠʠ (WL) [3]. ʀʟ ʭʦʣʣʦʚʩʢʠʭ ʠʟʤʝʨʝʥʠʡ ʫʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ RH ʜʣʷ ʧʣʝʥʢʠ FeSi ʚʦ ʚʩʝʤ 

ʪʝʤʧʝʨʘʪʫʨʥʦʤ ʜʠʘʧʘʟʦʥʝ ʧʦʣʦʞʠʪʝʣʴʥʳʡ (RH >0), ʯʪʦ ʦʟʥʘʯʘʝʪ ʧʨʝʚʘʣʠʨʦʚʘʥʠʝ ʜʳʨʦʯʥʦʡ 

ʧʨʦʚʦʜʠʤʦʩʪʠ.  

ɼʣʷ ʠʥʪʝʨʧʨʝʪʘʮʠʠ ʥʠʟʢʦʪʝʤʧʝʨʘʪʫʨʥʦʡ ʧʨʦʚʦʜʠʤʦʩʪʠ ʧʨʠʤʝʥʷʣʠʩʴ 2D-ʤʦʜʝʣ ɹʩʣʘʙʦʡ 

ʣʦʢʘʣʠʟʘʮʠʠ [3], ʩ ʧʦʤʦʱʴʶ ʢʦʪʦʨʦʡ ʧʨʦʚʝʜʝʥʦ ʬʠʪʠʨʦʚʘʥʠʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ ʠ 

ʧʦʣʫʯʝʥʳ ʢʦʵʬʬʠʮʠʝʥʪʳ ʜʠʬʬʫʟʠʠ ʠ ʚʨʝʤʝʥʘ ʜʝʬʘʟʠʨʦʚʢʠ, ʩʧʠʥ-ʦʨʙʠʪʘʣʴʥʦʛʦ ʨʘʩʩʝʷʥʠʷ ʠ 

ʨʘʩʩʝʷʥʠʷ ʥʘ ʤʘʛʥʠʪʥʳʭ ʧʨʠʤʝʩʷʭ. ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʧʦʣʫʯʝʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʤʦʞʥʦ ʦʙʲʷʩʥʠʪʴ 

ʢʦʥʢʫʨʝʥʮʠʝʡ ʚʢʣʘʜʦʚ ʚ ʢʚʘʥʪʦʚʫʶ ʧʦʧʨʘʚʢʫ ʢ ʤʘʛʥʠʪʦʧʨʦʚʦʜʠʤʦʩʪʠ ʢʘʢ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ, ʪʘʢ ʠ 

ʵʬʬʝʢʪʠʚʥʳʭ ʧʦʣʝʡ, ʦʙʫʩʣʦʚʣʝʥʥʳʭ ʜʝʬʘʟʠʨʦʚʢʦʡ Bű, ʩʧʠʥ-ʦʨʙʠʪʘʣʴʥʳʤ ʨʘʩʩʝʷʥʠʝʤ Bso ʠ 

ʨʘʩʩʝʷʥʠʝʤ ʥʘ ʤʘʛʥʠʪʥʳʭ ʧʨʠʤʝʩʷʭ Bs. 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʚ ʨʘʤʢʘʭ ʛʦʩʫʜʘʨʩʪʚʝʥʥʦʛʦ ʟʘʜʘʥʠʷ ʀɸʇʋ ɼɺʆ ʈɸʅ (ʪʝʤʘ ˉ FWFW-

2026-0007).   
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ʀʩʩʣʝʜʦʚʘʥʠʝ ʥʠʟʢʦʪʝʤʧʝʨʘʪʫʨʥʳʭ ʩʚʦʡʩʪʚ ʪʦʥʢʠʭ ʧʣʸʥʦʢ ʤʦʥʦʩʠʣʠʮʠʜʘ ʢʦʙʘʣʴʪʘ (CoSi) 

ʧʨʝʜʩʪʘʚʣʷʝʪ ʦʩʦʙʳʡ ʠʥʪʝʨʝʩ ʚ ʩʠʣʫ ʠʭ ʫʥʠʢʘʣʴʥʦʛʦ ʧʦʣʦʞʝʥʠʷ ʚ ʦʙʰʠʨʥʦʤ ʩʝʤʝʡʩʪʚʝ 

ʤʦʥʦʩʠʣʠʮʠʜʦʚ ʧʝʨʝʭʦʜʥʳʭ ʤʝʪʘʣʣʦʚ (CrSi, MnSi, FeSi, CoSi). ʀʭ ʩʪʨʫʢʪʫʨʘ, ʭʘʨʘʢʪʝʨʠʟʫʶʱʘʷʩʷ 

ʦʪʩʫʪʩʪʚʠʝʤ ʠʥʚʝʨʩʠʦʥʥʦʡ ʩʠʤʤʝʪʨʠʠ, ʯʘʩʪʦ ʧʨʠʚʦʜʠʪ ʢ ʚʦʟʥʠʢʥʦʚʝʥʠʶ ʥʝʪʨʠʚʠʘʣʴʥʳʭ 

ʵʣʝʢʪʨʦʥʥʳʭ ʩʦʩʪʦʷʥʠʡ, ʯʪʦ ʩʪʘʣʦ ʢʣʶʯʝʚʦʡ ʧʨʠʯʠʥʦʡ ʠʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʚ ʩʦʚʨʝʤʝʥʥʦʡ ʬʠʟʠʢʝ 

ʢʦʥʜʝʥʩʠʨʦʚʘʥʥʦʛʦ ʩʦʩʪʦʷʥʠʷ [1]. ʉʨʝʜʠ ʵʪʠʭ ʤʘʪʝʨʠʘʣʦʚ CoSi ʚʳʜʝʣʷʝʪʩʷ ʢʘʢ ʪʦʧʦʣʦʛʠʯʝʩʢʠʡ 

ʚʝʡʣʝʚʩʢʠʡ ʧʦʣʫʤʝʪʘʣʣ [2], ʜʝʤʦʥʩʪʨʠʨʫʶʱʠʡ ʚʳʜʘʶʱʠʝʩʷ ʵʣʝʢʪʨʠʯʝʩʢʠʝ ʠ ʪʝʨʤʦʵʣʝʢʪʨʠʯʝʩʢʠʝ 

ʩʚʦʡʩʪʚʘ, ʢʦʪʦʨʳʝ ʙʳʣʠ ʠʟʫʯʝʥʳ ʚ ʦʙʲʸʤʥʳʭ ʤʦʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʠ ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ 

ʦʙʨʘʟʮʘʭ [3]. ʆʜʥʘʢʦ ʩʦʭʨʘʥʷʝʪʩʷ ʟʥʘʯʠʪʝʣʴʥʳʡ ʧʨʦʙʝʣ ʚ ʟʥʘʥʠʷʭ ʦ ʪʦʤ, ʢʘʢ ʵʪʠ ʷʚʣʝʥʠʷ 

ʧʨʦʷʚʣʷʶʪʩʷ ʚ ʪʦʥʢʦʧʣʸʥʦʯʥʳʭ ʩʪʨʫʢʪʫʨʘʭ [4], ʯʪʦ ʜʝʣʘʝʪ ʵʪʦ ʥʘʧʨʘʚʣʝʥʠʝ ʠʩʩʣʝʜʦʚʘʥʠʡ 

ʘʢʪʫʘʣʴʥʳʤ ʠ ʤʘʣʦʠʟʫʯʝʥʥʳʤ. 

ʇʝʨʝʭʦʜ ʢ ʪʦʥʢʦʧʣʸʥʦʯʥʳʤ ʩʠʩʪʝʤʘʤ ʦʪʢʨʳʚʘʝʪ ʥʦʚʳʝ ʛʨʘʥʠ ʚ ʵʪʠʭ ʠʩʩʣʝʜʦʚʘʥʠʷʭ 

ʙʣʘʛʦʜʘʨʷ ʵʬʬʝʢʪʘʤ ʢʚʘʥʪʦʚʦʛʦ ʦʛʨʘʥʠʯʝʥʠʷ ʠ ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʳʤ ʩʦʩʪʦʷʥʠʷʤ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʠ 

ʛʨʘʥʠʮʘʭ ʨʘʟʜʝʣʘ, ʢʦʪʦʨʳʝ ʤʦʛʫʪ ʢʘʨʜʠʥʘʣʴʥʦ ʠʟʤʝʥʠʪʴ ʧʦʚʝʜʝʥʠʝ ʤʘʪʝʨʠʘʣʘ. ʀʟʤʝʨʝʥʠʷ ʵʬʬʝʢʪʘ 

ʍʦʣʣʘ ʩʪʘʥʦʚʷʪʩʷ ʦʩʦʙʝʥʥʦ ʠʥʬʦʨʤʘʪʠʚʥʳʤʠ ʚ ʪʘʢʠʭ ʩʪʨʫʢʪʫʨʘʭ, ʧʦʩʢʦʣʴʢʫ ʦʥʠ ʤʦʛʫʪ ʚʳʷʚʠʪʴ 

ʩʤʝʥʫ ʤʝʭʘʥʠʟʤʦʚ ʧʝʨʝʥʦʩʘ (ʦʙʲʸʤʥʳʡ/ʧʦʚʝʨʭʥʦʩʪʥʳʡ) ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʪʦʣʱʠʥʳ, ʘ ʪʘʢʞʝ 

ʧʦʟʚʦʣʷʶʪ ʠʩʩʣʝʜʦʚʘʪʴ ʚʦʟʤʦʞʥʳʝ ʘʥʦʤʘʣʴʥʳʝ ʚʢʣʘʜʳ ʚ ʵʬʬʝʢʪ ʍʦʣʣʘ, ʚʦʟʥʠʢʘʶʱʠʝ ʠʟ-ʟʘ 

ʪʦʧʦʣʦʛʠʯʝʩʢʦʡ ʧʨʠʨʦʜʳ ʤʘʪʝʨʠʘʣʘ ʠʣʠ ʬʦʨʤʠʨʦʚʘʥʠʷ ʩʧʠʥʦʚʳʭ ʩʪʨʫʢʪʫʨ. ʀʟʫʯʝʥʠʝ 

ʵʣʝʢʪʨʦʧʨʦʚʦʜʥʦʩʪʠ ʪʦʥʢʠʭ ʧʣʸʥʦʢ ʧʨʠ ʥʠʟʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ ʤʦʞʝʪ ʦʙʥʘʨʫʞʠʪʴ ʥʦʚʳʝ ʤʝʭʘʥʠʟʤʳ 

ʨʘʩʩʝʷʥʠʷ, ʦʪʣʠʯʥʳʝ ʦʪ ʧʦʚʝʜʝʥʠʷ ʚ ʦʙʲʸʤʥʳʭ ʦʙʨʘʟʮʘʭ, ʚʦʟʤʦʞʥʦ, ʩʚʷʟʘʥʥʳʝ ʩ ʜʝʬʝʢʪʘʤʠ ʥʘ 

ʛʨʘʥʠʮʘʭ ʨʘʟʜʝʣʘ ʠʣʠ ʵʣʝʢʪʨʦʥ-ʬʦʥʦʥʥʳʤ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝʤ. ʇʦʥʠʞʝʥʥʘʷ ʨʘʟʤʝʨʥʦʩʪʴ ʤʦʞʝʪ ʪʘʢʞʝ 

ʫʩʠʣʠʚʘʪʴ ʩʧʠʥ-ʦʨʙʠʪʘʣʴʥʳʝ ʵʬʬʝʢʪʳ, ʯʪʦ ʜʝʣʘʝʪ ʠʟʤʝʨʝʥʠʷ ʤʘʛʥʝʪʦʩʦʧʨʦʪʠʚʣʝʥʠʷ ʢʨʠʪʠʯʝʩʢʠ 

ʚʘʞʥʳʤʠ ʜʣʷ ʦʙʥʘʨʫʞʝʥʠʷ ʚʦʟʤʦʞʥʳʭ ʧʨʠʟʥʘʢʦʚ ʢʠʨʘʣʴʥʦʡ ʘʥʦʤʘʣʠʠ ʠʣʠ ʜʨʫʛʠʭ ʪʦʧʦʣʦʛʠʯʝʩʢʠʭ 

ʪʨʘʥʩʧʦʨʪʥʳʭ ʷʚʣʝʥʠʡ, ʢʦʪʦʨʳʝ ʤʦʛʫʪ ʧʦʜʘʚʣʷʪʴʩʷ ʚ ʦʙʲʝʤʥʳʭ ʦʙʨʘʟʮʘʭ. 

ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʤʳ ʠʩʩʣʝʜʦʚʘʣʠ ʵʣʝʢʪʨʦʧʨʦʚʦʜʥʦʩʪʴ ʠ ʵʬʬʝʢʪ ʍʦʣʣʘ ʚ ʜʠʘʧʘʟʦʥʝ 

ʪʝʤʧʝʨʘʪʫʨ 4-300 ʂ ʚ ʪʦʥʢʠʭ ʧʣʝʥʢʘʭ CoSi, ʩʬʦʨʤʠʨʦʚʘʥʥʳʭ ʤʝʪʦʜʦʤ ʪʚʝʨʜʦʬʘʟʥʦʡ ʵʧʠʪʘʢʩʠʠ ʠʟ 

ʩʣʦʝʚ ʢʦʙʘʣʴʪʘ ʪʦʣʱʠʥʦʡ ʜʦ 10 ʥʤ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʤʦʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ ʢʨʝʤʥʠʷ ʚ ʫʩʣʦʚʠʷʭ 

ʩʚʝʨʭʚʳʩʦʢʦʛʦ ʚʘʢʫʫʤʘ. ʅʘ ʦʩʥʦʚʝ ʘʥʘʣʠʟʘ ʧʦʣʝʚʳʭ ʠ ʪʝʤʧʝʨʘʪʫʨʥʳʭ ʟʘʚʠʩʠʤʦʩʪʝʡ ʧʨʦʜʦʣʴʥʦʛʦ ʠ 

ʧʦʧʝʨʝʯʥʦʛʦ ʤʘʛʥʠʪʦʩʦʧʨʦʪʠʚʣʝʥʠʷ ʦʙʩʫʞʜʘʶʪʩʷ ʦʩʦʙʝʥʥʦʩʪʠ ʧʝʨʝʥʦʩʘ ʟʘʨʷʜʘ ʚ ʧʣʝʥʢʘʭ 

ʤʦʥʦʩʠʣʠʮʠʜʘ ʢʦʙʘʣʴʪʘ ʨʘʟʥʦʡ ʪʦʣʱʠʥʳ. 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʚ ʨʘʤʢʘʭ ʛʦʩʫʜʘʨʩʪʚʝʥʥʦʛʦ ʟʘʜʘʥʠʷ ʀɸʇʋ ɼɺʆ ʈɸʅ (ʪʝʤʘ ˉ FWFW-

2026-0007).   
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ʌʦʨʤʠʨʦʚʘʥʠʝ ʠ ʩʪʨʫʢʪʫʨʘ ʤʝʪʘʣʣʠʯʝʩʢʠʭ ʩʠʣʠʮʠʜʦʚ ʭʨʦʤʘ (Cr3Si, Cr5Si3 ʠ CrSi) [1-4], 

ʧʦʜʨʦʙʥʦ ʠʩʩʣʝʜʦʚʘʣʠʩʴ ʨʘʥʝʝ ʠ ʚ ʧʦʩʣʝʜʥʠʝ ʛʦʜʳ. ʄʝʪʘʣʣʠʯʝʩʢʠʝ ʩʠʣʠʮʠʜʳ Cr3Si ʠ Cr5Si3 

ʠʩʩʣʝʜʦʚʘʣʠʩʴ, ʢʘʢ ʚ ʚʠʜʝ ʚ ʚʠʜʝ ʦʙʲʝʤʥʳʭ ʦʙʨʘʟʮʦʚ [2], ʪʘʢ ʠ ʚʠʜʝ ʧʣʝʥʦʢ ʥʘ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ 

ʧʦʜʣʦʞʢʝ [1]. ʆʜʥʘʢʦ ʠʥʬʦʨʤʘʮʠʷ ʦʙ ʵʣʝʢʪʨʦʥʥʦʡ ʠ ʬʦʥʦʥʥʦʡ ʩʪʨʫʢʪʫʨʝ ʠ ʦʧʪʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚʘʭ 

ʪʦʥʢʠʭ ʧʣʝʥʦʢ Cr3Si, ʚʳʨʘʱʝʥʥʳʭ ʥʘ ʩʘʧʬʠʨʝ, ʦʪʩʫʪʩʪʚʫʝʪ ʚ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ. 

ʕʢʩʧʝʨʠʤʝʥʪʳ ʧʦ ʨʦʩʪʫ ʪʦʥʢʠʭ ʧʣʝʥʦʢ ʩʠʣʠʮʠʜʘ ʪʨʠʭʨʦʤʘ (Cr3Si) ʥʘ ʧʦʜʣʦʞʢʝ Al2O3(001) 

ʧʨʦʚʦʜʠʣʠ ʚ ʉɺɺ-ʫʩʪʘʥʦʚʢʝ VARIAN  (2Ĭ10-10 ʊʦʨʨ). ɼʣʷ ʨʦʩʪʘ ʪʦʥʢʠʭ ʧʣʝʥʦʢ Cr3Si ʠʩʧʦʣʴʟʦʚʘʣʠ 

ʤʝʪʦʜ ʤʦʣʝʢʫʣʷʨʥʦ-ʣʫʯʝʚʦʡ ʵʧʠʪʘʢʩʠʠ (ʄʃʕ) ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ 350, 500 ʠ 650 ʦʉ. ɺʳʨʘʱʝʥʳ ʪʨʠ 

ʦʙʨʘʟʮʘ (A, B ʠ C), ʜʣʷ ʢʦʪʦʨʳʭ ʦʧʨʝʜʝʣʝʥʳ ʩʢʦʨʦʩʪʠ ʦʩʘʞʜʝʥʠʷ ʭʨʦʤʘ ʠ ʢʨʝʤʥʠʷ, ʘ ʪʘʢʞʝ 

ʨʘʩʩʯʠʪʘʥʳ ʦʪʥʦʰʝʥʠʷ ʧʦʪʦʢʦʚ ʭʨʦʤʘ ʢ ʢʨʝʤʥʠʶ. ʀʩʩʣʝʜʦʚʘʥʠʷ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨ r

ʚʳʨʘʱʝʥʥʳʭ ʧʣʝʥʦʢ ʧʦʢʘʟʘʣʠ [5], ʯʪʦ ʥʘʙʣʶʜʘʝʪʩʷ ʬʦʨʤʠʨʦʚʘʥʠʝ ʢʘʢ ʢʫʙʠʯʝʩʢʦʡ, ʪʘʢ ʠ 

ʪʨʠʛʦʥʘʣʴʥʦʡ ʬʘʟ Cr3Si, ʢʦʪʦʨʳʝ ʧʦʢʘʟʳʚʘʶʪ ʦʩʦʙʝʥʥʦʩʪʠ ʦʧʪʠʯʝʩʢʦʡ ʠ ʬʦʥʦʥʥʦʡ ʩʪʨʫʢʪʫʨʳ.   

ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʧʨʦʚʝʜʝʥʳ ʠʩʩʣʝʜʦʚʘʥʠʷ ʪʨʘʥʩʧʦʨʪʘ ʠ ʪʝʨʤʦʵʣʝʢʪʨʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʧʣʝʥʦʢ 

Cr3Si, ʚʳʨʘʱʝʥʥʳʭ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ ʧʦʜʣʦʞʢʠ 350 ʠ 500 ʦʉ, ʢʦʪʦʨʳʝ ʷʚʣʷʶʪʩʷ ʩʧʣʦʰʥʳʤʠ ʧʦ 

ʜʘʥʥʳʤ ɺʈ ʇʕʄ [5]. ʊʝʤʧʝʨʘʪʫʨʥʳʝ (80-400 ʂ) ʩʣʦʝʚʦʛʦ ʩʦʧʨʦʪʠʚʣʝʥʠʷ ʠ ʢʦʵʬʬʠʮʠʝʥʪʘ ɿʝʝʙʝʢʘ 

ʧʨʦʚʦʜʠʣʠ ʥʘ ʣʘʙʦʨʘʪʦʨʥʦʡ ʫʩʪʘʥʦʚʢʝ çCryotelè ʚ ʘʪʤʦʩʬʝʨʝ ʘʟʦʪʘ ʚ ʜʠʘʧʘʟʦʥʝ ʪʝʤʧʝʨʘʪʫʨ ʦʪ 80 ʂ 

ʜʦ 450 ʂ ʠ ʨʘʙʦʯʠʭ ʪʦʢʘʭ ʦʪ 10 ʜʦ 100 ʤʢɸ. ʇʦʛʨʝʰʥʦʩʪʴ ʠʟʤʝʨʝʥʠʷ ʪʦʢʘ ʩʦʩʪʘʚʠʣʘ Ñ0,5%, ʘ 

ʧʦʛʨʝʰʥʦʩʪʴ ʠʟʤʝʨʝʥʠʷ ʥʘʧʨʷʞʝʥʠʠ - Ñ0.1 %. 

ɼʣʷ ʧʣʝʥʦʢ Cr3Si ʚ ʦʙʨʘʟʮʘʭ B ʠ C ʧʨʦʚʝʜʝʥʳ ʪʝʤʧʝʨʘʪʫʨʥʳʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʩʣʦʝʚʦʛʦ 

ʩʦʧʨʦʪʠʚʣʝʥʠʷ ʠ ʢʦʵʬʬʠʮʠʝʥʪʘ ɿʝʝʙʝʢʘ ʚ ʜʠʘʧʘʟʦʥʝ ʪʝʤʧʝʨʘʪʫʨ 80-450 ʂ. ʇʣʝʥʢʠ ʧʦʢʘʟʘʣʠ 

ʪʝʤʧʝʨʘʪʫʨʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʩʣʦʝʚʦʛʦ ʩʦʧʨʦʪʠʚʣʝʥʠʷ, ʙʣʠʟʢʠʝ ʢ ʣʠʥʝʡʥʳʤ, ʯʪʦ ʭʘʨʘʢʪʝʨʥʦ ʜʣʷ 

ʤʝʪʘʣʣʠʯʝʩʢʠʭ ʧʣʝʥʦʢ. ʊʝʤʧʝʨʘʪʫʨʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʢʦʵʬʬʠʮʠʝʥʪʘ ɿʝʝʙʝʢʘ ʧʦʢʘʟʘʣʠ, ʯʪʦ ʦʩʥʦʚʥʦʡ 

ʚʢʣʘʜ ʚ ʪʝʨʤʦ-ʵʜʩ ʚʥʦʩʷʪ ʵʣʝʢʪʨʦʥʳ ʚʦ ʚʩʝʤ ʜʠʘʧʘʟʦʥʝ ʪʝʤʧʝʨʘʪʫʨ: 80 ï 450 ʂ, ʘ ʤʠʥʠʤʘʣʴʥʦʝ 

ʫʜʝʣʴʥʦʝ ʩʦʧʨʦʪʠʚʣʝʥʠʝ (2Ŀ10-4 ʆʤϊʩʤ) ʠʤʝʝʪï ʧʣʝʥʢʘ ʚ ʦʙʨʘʟʮʝ ʉ ʩ ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ 

ʩʪʨʫʢʪʫʨʦʡ Cr3Si [5]. ʈʘʩʯʝʪ ʬʘʢʪʦʨʘ ʤʦʱʥʦʩʪʠ ʠʟ ʫʜʝʣʴʥʦʛʦ ʩʦʧʨʦʪʠʚʣʝʥʠʷ ʠ ʢʦʵʬʬʠʮʠʝʥʪʘ 

ɿʝʝʙʝʢʘ ʧʦʢʘʟʘʣ, ʯʪʦ ʚ ʦʙʣʘʩʪʠ ʪʝʤʧʝʨʘʪʫʨ 150-250 ʂ ʦʥ ʤʘʢʩʠʤʘʣʝʥ (0.085 ʤɺʪ/ʂ2) ʜʣʷ ʦʙʨʘʟʮʘ C ʠ 

ʤʠʥʠʤʘʣʝʥ (0.07 ʤɺʪ/ʂ2) ʜʣʷ ʦʙʨʘʟʮʘ ɺ. ʉʣʝʜʦʚʘʪʝʣʴʥʦ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʝ ʢʘʯʝʩʪʚʦ ʩʧʣʦʰʥʳʭ 

ʧʣʝʥʦʢ Cr3Si ʥʝʟʥʘʯʠʪʝʣʴʥʦ ʚʣʠʷʝʪ ʥʘ ʚʝʣʠʯʠʥʫ ʬʘʢʪʦʨʘ ʤʦʱʥʦʩʪʠ ʠ ʭʘʨʘʢʪʝʨ ʝʛʦ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ 

ʪʝʤʧʝʨʘʪʫʨʳ, ʯʪʦ ʧʝʨʩʧʝʢʪʠʚʥʦ ʜʣʷ ʪʝʨʤʦʵʣʝʢʪʨʠʯʝʩʢʠʭ ʧʣʝʥʦʯʥʳʭ ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʝʡ, 

ʨʘʙʦʪʘʶʱʠʭ ʧʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ.  

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʚ ʨʘʤʢʘʭ ʛʦʩʫʜʘʨʩʪʚʝʥʥʦʛʦ ʟʘʜʘʥʠʷ ʀɸʇʋ ɼɺʆ ʈɸʅ (ʪʝʤʘ ˉ FWFW-

2026-0007).   
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ɺʳʩʦʢʦʦʨʛʘʥʠʟʦʚʘʥʥʳʝ ʤʠʢʨʦ- ʠ ʥʘʥʦʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʳʝ ʧʦʚʝʨʭʥʦʩʪʠ ʧʦʟʚʦʣʷʶʪ ʫʧʨʘʚʣʷʪʴ 

ʠʭ ʤʝʞʬʘʟʥʳʤʠ ʩʚʦʡʩʪʚʘʤʠ, ʠʤʝʶʱʠʤʠ ʟʥʘʯʝʥʠʝ ʜʣʷ ʪʘʢʠʭ ʦʙʣʘʩʪʝʡ ʧʨʠʤʝʥʝʥʠʷ, ʢʘʢ ʵʥʝʨʛʝʪʠʢʘ, 

ʵʣʝʢʪʨʦʥʠʢʘ, ʬʦʪʦʥʠʢʘ, ʢʦʤʧʦʟʠʪʥʳʝ ʤʘʪʝʨʠʘʣʳ ʠ ʙʠʦʠʥʞʝʥʝʨʠʷ. ʅʘʧʨʠʤʝʨ, ʧʦʢʘʟʘʥʦ, ʯʪʦ 

ʤʘʩʩʠʚʳ ʘʩʠʤʤʝʪʨʠʯʥʳʭ ʧʦʚʝʨʭʥʦʩʪʥʳʭ ʵʣʝʤʝʥʪʦʚ, ʪʘʢʠʭ ʢʘʢ ʤʘʩʩʠʚʳ ʢʘʥʘʚʦʢ, ʥʘʢʣʦʥʥʳʭ 

ʩʪʦʣʙʠʢʦʚ ʠ ʩʧʠʨʘʣʴʥʳʭ ʚʳʩʪʫʧʦʚ, ʧʨʠʜʘʶʪ ʫʥʠʢʘʣʴʥʳʝ ʘʥʠʟʦʪʨʦʧʥʳʝ ʩʚʦʡʩʪʚʘ, ʚʢʣʶʯʘʷ 

ʩʤʘʯʠʚʘʝʤʦʩʪʴ, ʘʜʛʝʟʠʶ, ʪʝʧʣʦʚʫʶ ʠ/ʠʣʠ ʵʣʝʢʪʨʠʯʝʩʢʫʶ ʧʨʦʚʦʜʠʤʦʩʪʴ, ʦʧʪʠʯʝʩʢʫʶ ʘʢʪʠʚʥʦʩʪʴ ʠ 

ʩʧʦʩʦʙʥʦʩʪʴ ʥʘʧʨʘʚʣʷʪʴ ʨʦʩʪ ʢʣʝʪʦʢ [1]. ʂʣʶʯʝʚʦʡ ʟʘʜʘʯʝʡ ʦʩʪʘʝʪʩʷ ʨʘʟʨʘʙʦʪʢʘ ʥʘʜʝʞʥʳʭ ʠ 

ʚʳʩʦʢʦʧʨʦʠʟʚʦʜʠʪʝʣʴʥʳʭ ʤʝʪʦʜʦʚ ʥʘʥʦʩʪʨʫʢʪʫʨʠʨʦʚʘʥʠʷ. ʄʝʪʦʜ ʤʝʪʘʣʣ-ʩʪʠʤʫʣʠʨʦʚʘʥʥʦʛʦ 

ʢʘʪʘʣʠʪʠʯʝʩʢʦʛʦ ʪʨʘʚʣʝʥʠʷ (ʄʉʂʊ) ʷʚʣʷʝʪʩʷ ʦʜʥʠʤ ʠʟ ʥʘʠʙʦʣʝʝ ʧʝʨʩʧʝʢʪʠʚʥʳʭ ʜʣʷ 

ʩʪʨʫʢʪʫʨʠʨʦʚʘʥʠʷ ʧʦʚʝʨʭʥʦʩʪʠ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚ [2]. ɼʘʥʥʳʡ ʤʝʪʦʜ ʧʦʟʚʦʣʷʝʪ ʣʦʢʘʣʴʥʦ ʨʘʩʪʚʦʨʷʪʴ 

ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʫʶ ʧʦʜʣʦʞʢʫ ʪʦʣʴʢʦ ʧʦʜ ʪʦʥʢʠʤ ʩʣʦʝʤ ʤʝʪʘʣʣʠʯʝʩʢʦʛʦ ʢʘʪʘʣʠʟʘʪʦʨʘ (Au, Ag ʠʣʠ 

Pt) ʧʨʠ ʧʦʤʝʱʝʥʠʠ ʦʙʨʘʟʮʘ ʚ ʚʦʜʥʳʡ ʨʘʩʪʚʦʨ HF ʠ H2O2. 

ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʤ rʜʝʤʦʥʩʪʨʠʨʫʝʤ ʨʘʟʚʠʪʠʝ ʪʝʭʥʦʣʦʛʠʠ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʛʦ ʘʜʛʝʟʠʚʥʦʛʦ 

ʧʝʨʝʥʦʩʘ 1D Au ʨʝʰʝʪʦʢ, ʩ ʮʝʣʴʶ ʩʦʟʜʘʥʠʷ ʤʥʦʛʦʩʣʦʡʥʳʭ ʪʨʝʭʤʝʨʥʳʭ Au ʢʘʪʘʣʠʟʘʪʦʨʦʚ ʜʣʷ 

ʄʉʂʊ, ʢʦʪʦʨʳʝ ʥʝʚʦʟʤʦʞʥʦ ʩʦʟʜʘʪʴ ʜʨʫʛʠʤʠ ʥʘʥʦʣʠʪʦʛʨʘʬʠʯʝʩʢʠʤʠ ʤʝʪʦʜʘʤʠ. ʇʨʦʮʝʩʩʳ 

ʢʘʪʘʣʠʪʠʯʝʩʢʦʛʦ ʪʨʘʚʣʝʥʠʷ Si ʩʦʟʜʘʥʥʳʤʠ ʪʨʝʭʤʝʨʥʳʤʠ Au ʢʘʪʘʣʠʟʘʪʦʨʘʤʠ ʩʫʱʝʩʪʚʝʥʥʦ 

ʦʪʣʠʯʘʶʪʩʷ ʦʪ ʭʦʨʦʰʦ ʠʟʫʯʝʥʥʳʭ ʧʨʦʮʝʩʩʦʚ ʪʨʘʚʣʝʥʠʷ ʧʣʦʩʢʠʤ Au ʨʠʩʫʥʢʦʤ.  

ʈʘʟʨʘʙʦʪʘʥʘ ʤʝʪʦʜʠʢʘ ʥʘʧʨʘʚʣʝʥʥʦʛʦ ʄʉʂʊ, ʥʘ ʦʩʥʦʚʝ ʩʧʝʮʠʘʣʴʥʦʡ ʛʝʦʤʝʪʨʠʠ ʢʘʪʘʣʠʟʘʪʦʨʘ ʠ 

ʦʧʨʝʜʝʣʝʥʥʦʛʦ ʩʦʩʪʘʚʘ ʪʨʘʚʠʪʝʣʷ. ɺ ʨʝʟʫʣʴʪʘʪʝ ʩʦʟʜʘʥʳ ʫʧʦʨʷʜʦʯʝʥʥʳʝ ʤʘʩʩʠʚʳ Si ʥʘʥʦʩʪʦʣʙʠʢʦʚ 

ʩ ʟʘʜʘʥʥʳʤ ʥʘʢʣʦʥʦʤ ʠ ʩʝʯʝʥʠʝʤ, ʘ ʪʘʢʞʝ ʠʭ ʩʚʝʨʭʧʝʨʠʦʜʠʯʝʩʢʠʝ ʤʘʩʩʠʚʳ (ʨʠʩ.1). ɺʳʧʦʣʥʝʥʥʳʝ ʚ 

ʨʘʙʦʪʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʦʜʪʚʝʨʞʜʘʶʪ, ʯʪʦ ʜʚʠʞʝʥʠʝ ʢʘʪʘʣʠʟʘʪʦʨʘ ʧʨʠ ʄʉʂʊ ʦʧʨʝʜʝʣʷʝʪʩʷ ʩʠʣʘʤʠ 

ɺʘʥ-ʜʝʨ-ɺʘʘʣʴʩʘ, ʢʦʪʦʨʳʝ ʟʥʘʯʠʪʝʣʴʥʦ ʚʣʠʷʶʪ ʥʘ ʥʘʢʣʦʥ ʠ ʩʝʯʝʥʠʝ ʬʦʨʤʠʨʫʝʤʳʭ ʥʘʥʦʩʪʦʣʙʠʢʦʚ.  

ʈʘʙʦʪʘ ʧʦʜʜʝʨʞʘʥʘ ʄʠʥʠʩʪʝʨʩʪʚʦʤ ʥʘʫʢʠ ʠ ʚʳʩʰʝʛʦ ʦʙʨʘʟʦʚʘʥʠʷ ʈʦʩʩʠʡʩʢʦʡ ʌʝʜʝʨʘʮʠʠ. 
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ʈʠʩʫʥʦʢ 1 ï ʉʭʝʤʘ ʩʚʝʨʭʧʝʨʠʦʜʠʯʝʩʢʦʡ Au ʩʝʪʢʠ ʠʟʛʦʪʦʚʣʝʥʥʦʡ ʩ ʧʦʤʦʱʴʶ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʡ 4-ʦʭ ʫʨʦʚʥʝʚʦʛʦ 

ʘʜʛʝʟʠʚʥʦʛʦ ʧʝʨʝʥʦʩʘ 1D Au ʨʝʰʝʪʦʢ (ʘ), ʉʕʄ - ʠʟʦʙʨʘʞʝʥʠʝ ʥʘʥʦʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ Si ʩʦ 

ʩʚʝʨʭʧʝʨʠʦʜʠʯʝʩʢʠʤ ʤʘʩʩʠʚʦʤ ʥʘʥʦʩʪʦʣʙʠʢʦʚ, ʩʬʦʨʤʠʨʦʚʘʥʥʳʭ ʧʦʩʣʝ ʄʉʂʊ ɸu ʩʝʪʢʦʡ (ʙ). 
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ʈʦʩʪ ʪʦʧʦʣʦʛʠʯʝʩʢʠʭ ʠʟʦʣʷʪʦʨʦʚ ʥʘ ʧʦʜʣʦʞʢʘʭ S(111) ʤʝʪʦʜʦʤ ʄʃʕ 

ʀʱʝʥʢʦ ɼ.ɺ.1), ʂʳʨʦʚʘ ɽ.ɼ.1), ʂʫʤʘʨ ʅ.1), ʉʫʧʨʫʥ ʉ.ʇ.1), ɻʦʣʷʰʦʚ ɺ.ɸ.1), ʉʪʝʧʠʥʘ ʅ.ʇ.1), ʉʫʭʠʭ 

ɸ.ʉ.2), ʉʫʨʦʚʮʝʚ ʅ.ɺ.3), ʖʥʠʥ ʇ.ɸ.4), ʄʠʣʝʭʠʥ ʀ.ɸ.1), ʄʘʨʪʦʚʠʮʢʠʡ ɺ.ʇ.5),  

ʊʝʨʝʱʝʥʢʦ ʆ.ɽ.1) 
1)ʀʥʩʪʠʪʫʪ ʬʠʟʠʢʠ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚ ʉʆ ʈɸʅ, ʅʦʚʦʩʠʙʠʨʩʢ 

2)ʀʥʩʪʠʪʫʪ ʥʝʦʨʛʘʥʠʯʝʩʢʦʡ ʭʠʤʠʠ ʉʆ ʈɸʅ, ʅʦʚʦʩʠʙʠʨʩʢ 
3)ʀʥʩʪʠʪʫʪ ʘʚʪʦʤʘʪʠʢʠ ʠ ʵʣʝʢʪʨʦʤʝʪʨʠʠ ʉʆ ʈɸʅ, ʅʦʚʦʩʠʙʠʨʩʢ 

4)ʀʥʩʪʠʪʫʪ ʬʠʟʠʢʠ ʤʠʢʨʦʩʪʨʫʢʪʫʨ ʈɸʅ, ʅʠʞʥʠʡ ʅʦʚʛʦʨʦʜ 
5)ʌʠʟʠʯʝʩʢʠʡ ʠʥʩʪʠʪʫʪ ʠʤ. ʃʝʙʝʜʝʚʘ ʈɸʅ, ʄʦʩʢʚʘ 
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ʊʦʧʦʣʦʛʠʯʝʩʢʠʝ ʠʟʦʣʷʪʦʨʳ (ʊʀ) ʧʨʠʚʣʝʢʣʠ ʩʚʦʸ ʚʥʠʤʘʥʠʝ ʙʣʘʛʦʜʘʨʷ ʠʭ ʫʥʠʢʘʣʴʥʳʤʠ 

ʧʦʚʝʨʭʥʦʩʪʥʳʤʠ ʩʦʩʪʦʷʥʠʷʤʠ (ʇʉ) ʠ ʚ ʩʚʷʟʠ ʩ ʚʦʟʤʦʞʥʳʤ ʠʭ ʧʨʠʤʝʥʝʥʠʝʤ ʚ ʵʣʝʢʪʨʦʥʠʢʝ, 

ʩʧʠʥʪʨʦʥʠʢʝ ʠ ʢʚʘʥʪʦʚʳʭ ʚʳʯʠʩʣʝʥʠʷʭ [1]. ɺ ʠʜʝʘʣʴʥʦʤ ʩʣʫʯʘʝ ʵʪʠ ʤʘʪʝʨʠʘʣʳ ʭʘʨʘʢʪʝʨʠʟʫʶʪʩʷ 

ʠʟʦʣʠʨʫʶʱʠʤ ʦʙʲʸʤʦʤ ʠ ʧʨʦʚʦʜʷʱʠʤʠ ʇʉ, ʟʘʱʠʱʸʥʥʳʭ ʩʠʤʤʝʪʨʠʝʡ ʦʙʨʘʱʝʥʠʷ ʚʨʝʤʝʥʠ, ʢʦʪʦʨʘʷ 

ʚʳʟʚʘʥʘ ʩʠʣʴʥʳʤ ʩʧʠʥ-ʦʨʙʠʪʘʣʴʥʳʤ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝʤ [2]. ʂ ʊʀ ʦʪʥʦʩʷʪʩʷ ʙʦʣʴʰʦʝ ʢʦʣʠʯʝʩʪʚʦ 

ʤʘʪʝʨʠʘʣʦʚ, ʚ ʪʦʤ ʯʠʩʣʝ ʠ ʨʘʟʣʠʯʥʳʝ ʩʦʝʜʠʥʝʥʠʷ ʚʠʜʘ A2B3 (A = Bi, Sb, B = Te, Se, S) ʠ ʠʭ 

ʢʦʤʙʠʥʘʮʠʡ. ɺʳʷʚʣʝʥʠʝ ʚʢʣʘʜʘ ʇʉ ʚ ʦʙʱʫʶ ʧʨʦʚʦʜʠʤʦʩʪʴ ʚʦʟʤʦʞʥʦ ʧʫʪʸʤ ʫʤʝʥʴʰʝʥʠʷ ʨʦʣʠ 

ʦʙʲʸʤʘ ʣʠʙʦ ʧʦʜʙʦʨʦʤ ʩʦʩʪʘʚʘ ʪʘʢ, ʯʪʦʙʳ ʫʨʦʚʝʥʴ ʌʝʨʤʠ ʥʘʭʦʜʠʣʩʷ ʚ ʟʘʧʨʝʱʸʥʥʦʡ ʟʦʥʝ, ʥʘʧʨʠʤʝʨ, 

ʧʦʣʫʯʝʥʠʝ ʯʝʪʳʨʸʭʢʦʤʧʦʥʝʥʪʥʳʭ ʨʘʩʪʚʦʨʦʚ (Bi2-xSbxTe3-ySey), ʣʠʙʦ ʫʤʝʥʴʰʝʥʠʝʤ ʛʝʦʤʝʪʨʠʯʝʩʢʠʭ 

ʨʘʟʤʝʨʦʚ. ʊʘʢʞʝ ʧʨʦʚʦʜʷʪʩʷ ʠʩʩʣʝʜʦʚʘʥʠʷ ʩʦʝʜʠʥʝʥʠʡ ʩ ʥʘʨʫʰʝʥʠʝʤ ʟʘʱʠʪʳ ʩʠʤʤʝʪʨʠʠ 

ʦʙʨʘʱʝʥʠʷ ʚʨʝʤʝʥʠ, ʯʪʦ ʚʦʟʤʦʞʥʦ ʧʫʪʸʤ ʚʥʝʜʨʝʥʠʷ ʚ ʨʝʰʸʪʢʫ ʤʘʛʥʠʪʥʳʭ ʧʨʠʤʝʩʝʡ. ɺ [3] ʧʦʢʘʟʘʥʦ, 

ʯʪʦ ʧʨʠ ʚʚʝʜʝʥʠʠ ʘʪʦʤʦʚ Mn ʚ ʨʝʰʸʪʢʫ Bi2Te3 ʦʙʨʘʟʫʝʪʩʷ ʜʨʫʛʘʷ ʯʝʨʝʜʫʶʱʘʷʩʷ ʩʪʨʫʢʪʫʨʘ (Te-Bi-

Te-Mn-Te-Bi-Te) ʩ ʦʙʱʝʡ ʬʦʨʤʫʣʦʡ (MnTe)xĀ(Bi2Te3)y. ɺ ʵʪʦʡ ʩʪʨʫʢʪʫʨʝ ʤʘʛʥʠʪʥʳʡ ʤʦʤʝʥʪ ʢʘʞʜʦʛʦ 

ʩʣʦʷ ʘʪʦʤʦʚ Mn ʥʘʧʨʘʚʣʝʥ ʚʜʦʣʴ ʦʩʠ c, ʥʦ ʘʥʪʠʧʘʨʘʣʣʝʣʝʥ ʤʘʛʥʠʪʥʦʤʫ ʤʦʤʝʥʪʫ ʚ ʩʣʝʜʫʶʱʝʤ ʩʣʦʝ. 

ʇʦʵʪʦʤʫ ʵʣʝʢʪʨʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʵʪʠʭ ʩʪʨʫʢʪʫʨ ʩʠʣʴʥʦ ʟʘʚʠʩʷʪ ʦʪ ʢʦʣʠʯʝʩʪʚʘ (ʯʝʪʥʦʝ ï ʥʝʯʝʪʥʦʝ) 

ʩʣʦʸʚ. ɺ ʩʚʷʟʠ ʩ ʫʢʘʟʘʥʥʳʤʠ ʚʳʰʝ ʩʚʦʡʩʪʚʘʤʠ, ʟʘʜʘʯʘ ʧʦʣʫʯʝʥʠʷ ʊʀ ʠ ʤʘʛʥʠʪʥʳʭ ʊʀ (ʄʊʀ) ʪʦʥʢʠʭ 

ʩʣʦʸʚ ʷʚʣʷʝʪʩʷ ʚ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʯʨʝʟʚʳʯʘʡʥʦ ʘʢʪʫʘʣʴʥʦʡ. 

ʂʨʦʤʝ ʪʦʛʦ, ʭʘʨʘʢʪʝʨʥʦʡ ʦʩʦʙʝʥʥʦʩʪʴʶ ʚʩʝʭ ʵʪʠ ʤʘʪʝʨʠʘʣʦʚ ʷʚʣʷʶʪʩʷ ʠʭ ʩʣʦʠʩʪʘʷ ʩʪʨʫʢʪʫʨʘ, 

ʧʨʠ ʵʪʦʤ ʩʣʦʠ ʩʚʷʟʘʥʳ ʤʝʞʜʫ ʩʦʙʦʡ ʚʘʥ-ʜʝʨ-ɺʘʘʣʴʩʦʚʳʤ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝʤ, ʯʪʦ, ʪʝʦʨʝʪʠʯʝʩʢʠ, 

ʧʦʟʚʦʣʷʝʪ ʚʳʨʘʱʠʚʘʪʴ ʵʪʠ ʤʘʪʝʨʠʘʣʳ ʥʘ ʣʶʙʦʡ ʧʦʚʝʨʭʥʦʩʪʠ. 

ɺ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʝ ʧʦʢʘʟʘʥʳ ʨʝʟʫʣʴʪʘʪʳ ʵʧʠʪʘʢʩʠʘʣʴʥʦʛʦ ʨʦʩʪʘ ʤʝʪʦʜʦʤ ʄʃʕ ʨʘʟʣʠʯʥʳʭ 

ʩʦʝʜʠʥʝʥʠʡ (Bi2Te3, Bi2-xSbxTe3-ySey ʠ (MnTe)xĀ(Bi2Te3)y) ʥʘ ʧʦʜʣʦʞʢʘʭ Si(111) ʠʟ ʨʘʟʣʠʯʥʳʭ 

ʠʩʪʦʯʥʠʢʦʚ: ʵʣʝʤʝʥʪʥʳʭ (Bi, Mn, Te) ʠ ʤʥʦʛʦʢʦʤʧʦʥʝʥʪʥʳʭ (Bi2Te3, BiSbTeSe2). ʇʨʠʚʦʜʷʪʩʷ 

ʜʘʥʥʳʝ ʘʪʦʤʥʦ-ʩʠʣʦʚʦʡ ʤʠʢʨʦʩʢʦʧʠʠ, ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʬʦʪʦʵʣʝʢʪʨʦʥʥʦʡ ʩʧʝʢʪʨʦʩʢʦʧʠʠ, 

ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʜʠʬʨʘʢʮʠʠ, ʵʥʝʨʛʦʜʠʩʧʝʨʩʠʦʥʥʦʡ ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʩʧʝʢʪʨʦʩʢʦʧʠʠ, ʢʦʤʙʠʥʘʮʠʦʥʥʦʛʦ 

ʨʘʩʩʝʷʥʠʷ ʩʚʝʪʘ, ʬʦʪʦʵʣʝʢʪʨʦʥʥʦʡ ʩʧʝʢʪʨʦʩʢʦʧʠʠ ʩ ʫʛʣʦʚʳʤ ʨʘʟʨʝʰʝʥʠʝʤ. ʇʨʠʚʦʜʠʪʩʷ ʩʨʘʚʥʝʥʠʝ 

ʧʣʸʥʦʢ ʊʀ ʠ ʄʊʀ, ʚʳʨʘʱʝʥʥʳʭ ʥʘ ʜʨʫʛʠʭ ʧʦʜʣʦʞʢʘʭ: ʛʨʘʬʝʥ/SiO2/Si, ʛʨʘʬʝʥ/SiC, Al2O3(0001). 

ʈʘʙʦʪʘ ʧʨʦʚʝʜʝʥʘ ʧʨʠ ʯʘʩʪʠʯʥʦʡ ʧʦʜʜʝʨʞʢʝ ɻʦʩʟʘʜʘʥʠʷ ˉ FWGW-2025-0011. 
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ɺ ʧʦʩʣʝʜʥʠʝ ʛʦʜʳ ʘʢʪʠʚʥʦ ʚʝʜʝʪʩʷ ʧʦʠʩʢ 

ʩʧʦʩʦʙʦʚ ʩʠʥʪʝʟʘ ʩʠʣʠʮʠʜʦʚ ʤʝʪʘʣʣʦʚ ʥʘ ʢʨʝʤʥʠʝʚʳʭ 

ʧʦʜʣʦʞʢʘʭ, ʧʝʨʩʧʝʢʪʠʚʥʳʭ ʜʣʷ ʩʦʟʜʘʥʠʷ ʥʦʚʳʭ 

ʥʘʥʦʵʣʝʢʪʨʦʥʥʳʭ ʠ ʦʧʪʦʵʣʝʢʪʨʦʥʥʳʭ ʫʩʪʨʦʡʩʪʚ. ɺ 

ʨʘʙʦʪʝ [1] ʙʳʣ ʧʨʝʜʣʦʞʝʥ ʦʨʠʛʠʥʘʣʴʥʳʡ ʤʝʪʦʜ 

ʧʦʣʫʯʝʥʠʷ ʧʣʝʥʦʢ ʜʠʩʠʣʠʮʠʜʘ ʢʘʣʴʮʠʷ (CaSi2) ʚ 

ʧʨʦʮʝʩʩʝ ʵʧʠʪʘʢʩʠʠ CaF2 ʥʘ Si(111) ʧʨʠ ʦʜʥʦʚʨʝʤʝʥʥʦʤ 

ʦʙʣʫʯʝʥʠʠ ʧʫʯʢʦʤ ʙʳʩʪʨʳʭ ʵʣʝʢʪʨʦʥʦʚ. ʆʙʨʘʟʦʚʘʥʠʝ 

CaSi2 ʧʦʜʪʚʝʨʞʜʝʥʦ ʤʝʪʦʜʘʤʠ ʢʦʤʙʠʥʘʮʠʦʥʥʦʛʦ 

ʨʘʩʩʝʷʥʠʷ ʩʚʝʪʘ ʠ ʵʥʝʨʛʦʜʠʩʧʝʨʩʠʦʥʥʦʡ ʨʝʥʪʛʝʥʦʚʩʢʦʡ 

ʩʧʝʢʪʨʦʩʢʦʧʠʠ (EDX) [1]. ɸʚʪʦʨʳ [1] ʧʨʝʜʧʦʣʦʞʠʣʠ, 

ʯʪʦ ʦʙʣʫʯʝʥʠʝ CaF2 ʵʣʝʢʪʨʦʥʥʳʤ ʧʫʯʢʦʤ ʧʨʠʚʦʜʠʪ ʢ 

ʨʘʟʣʦʞʝʥʠʶ CaF2 ʥʘ ʬʪʦʨ ʠ ʢʘʣʴʮʠʡ ʩ ʧʦʩʣʝʜʫʶʱʝʡ 

ʜʝʩʦʨʙʮʠʝʡ ʠʦʥʦʚ F+ ʩ ʧʦʚʝʨʭʥʦʩʪʠ CaF2. ʆʩʪʘʚʰʠʝʩʷ 

ʘʪʦʤʳ ʢʘʣʴʮʠʷ ʤʦʛʫʪ ʚʧʦʩʣʝʜʩʪʚʠʠ ʨʝʘʛʠʨʦʚʘʪʴ ʩ 

ʢʨʝʤʥʠʝʤ ʩ ʦʙʨʘʟʦʚʘʥʠʝʤ ʩʠʣʠʮʠʜʘ ʢʘʣʴʮʠʷ ʥʘ ʛʨʘʥʠʮʝ 

ʨʘʟʜʝʣʘ ʩ Si ʧʦʜʣʦʞʢʦʡ. ʆʜʥʘʢʦ, ʜʦ ʩʠʭ ʧʦʨ ʥʝ ʙʳʣʦ 

ʧʨʝʜʣʦʞʝʥʦ ʜʝʪʘʣʴʥʦʛʦ ʤʝʭʘʥʠʟʤʘ ʬʦʨʤʠʨʦʚʘʥʠʷ 

CaSi2 ʚ ʫʩʣʦʚʠʷʭ ʦʙʣʫʯʝʥʠʷ ʚʳʩʦʢʦʵʥʝʨʛʝʪʠʯʥʳʤʠ 

ʵʣʝʢʪʨʦʥʘʤʠ.  

ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʙʳʣʠ ʨʘʩʩʤʦʪʨʝʥʳ ʦʩʥʦʚʥʳʝ ʬʘʢʪʦʨʳ, ʣʠʤʠʪʠʨʫʶʱʠʝ ʩʢʦʨʦʩʪʴ 

ʦʙʨʘʟʦʚʘʥʠʷ CaSi2, ʠ ʧʨʝʜʣʦʞʝʥ ʤʝʭʘʥʠʟʤ ʬʦʨʤʠʨʦʚʘʥʠʷ CaSi2. ɺ ʨʘʤʢʘʭ ʜʘʥʥʦʛʦ ʤʝʭʘʥʠʟʤʘ 

ʠʦʥʠʟʘʮʠʷ ʘʪʦʤʦʚ ʢʘʣʴʮʠʷ ʵʣʝʢʪʨʦʥʥʳʤ ʧʫʯʢʦʤ ʷʚʣʷʝʪʩʷ ʦʩʥʦʚʥʳʤ ʣʠʤʠʪʠʨʫʶʱʠʤ ʧʨʦʮʝʩʩʦʤ. 

ʕʪʦʪ ʧʨʦʮʝʩʩ ʢʦʥʪʨʦʣʠʨʫʝʪ ʨʘʩʧʘʜ ʤʦʣʝʢʫʣʳ CaF2 ʧʨʠ ʵʣʝʢʪʨʦʥʥʦʤ ʚʦʟʜʝʡʩʪʚʠʠ [2]. ʄʳ 

ʧʨʝʜʧʦʣʦʞʠʣʠ, ʯʪʦ ʧʨʠ ʠʩʧʦʣʴʟʫʝʤʳʭ ʵʥʝʨʛʠʷʭ ʵʣʝʢʪʨʦʥʦʚ ʧʨʦʮʝʩʩ ʠʦʥʠʟʘʮʠʠ ʧʨʦʠʩʭʦʜʠʪ ʩ 

ʫʯʘʩʪʠʝʤ ʚʥʫʪʨʝʥʥʠʭ M, L ʠ K ʦʙʦʣʦʯʝʢ. ɹʳʣʠ ʧʨʦʚʝʜʝʥʳ ʢʦʣʠʯʝʩʪʚʝʥʥʳʝ ʦʮʝʥʢʠ ʩʢʦʨʦʩʪʠ 

ʦʙʨʘʟʦʚʘʥʠʷ CaSi2 ʧʨʠ ʵʣʝʢʪʨʦʥʥʦʤ ʦʙʣʫʯʝʥʠʠ ʧʨʠ ʩʪʘʥʜʘʨʪʥʳʭ ʧʘʨʘʤʝʪʨʘʭ ʵʣʝʢʪʨʦʥʥʦʛʦ ʧʫʯʢʘ 

(ʫʩʢʦʨʷʶʱʝʝ ʥʘʧʨʷʞʝʥʠʝ 20 ʢʵɺ ʠ ʧʣʦʪʥʦʩʪʴ ʪʦʢʘ ~ 0,125 ʤɸ/ʩʤ2). ʈʝʟʫʣʴʪʘʪʳ ʦʮʝʥʦʢ ʙʳʣʠ 

ʩʦʧʦʩʪʘʚʣʝʥʳ ʩ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤʠ ʜʘʥʥʳʤʠ ʧʦ ʢʦʣʠʯʝʩʪʚʫ ʩʠʥʪʝʟʠʨʦʚʘʥʥʦʛʦ CaSi2, 

ʧʦʣʫʯʝʥʥʳʤʠ ʩ ʧʦʤʦʱʴʶ ʘʪʦʤʥʦ-ʩʠʣʦʚʦʡ ʤʠʢʨʦʩʢʦʧʠʠ (ʈʠʩ. 1) ʠ EDX ʩʧʝʢʪʨʦʩʢʦʧʠʠ ʠ ʧʦʣʫʯʝʥʦ 

ʭʦʨʦʰʝʝ ʩʦʚʧʘʜʝʥʠʝ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʥʘʤʠ ʙʳʣʦ ʧʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʥʦ, ʯʪʦ ʦʩʥʦʚʥʳʤ ʬʘʢʪʦʨʦʤ, 

ʢʦʥʪʨʦʣʠʨʫʶʱʠʤ ʧʨʦʮʝʩʩ ʬʦʨʤʠʨʦʚʘʥʠʷ CaSiϜ ʷʚʣʷʝʪʩʷ ʠʦʥʠʟʘʮʠʷ ʘʪʦʤʦʚ ʢʘʣʴʮʠʷ ʵʣʝʢʪʨʦʥʥʳʤ 
ʧʫʯʢʦʤ. ʇʨʝʜʣʦʞʝʥʥʳʡ ʤʝʭʘʥʠʟʤ ʨʘʙʦʪʘʝʪ ʜʣʷ ʪʦʥʢʠʭ ʧʣʝʥʦʢ CaSi2 (ʪʦʣʱʠʥʦʡ  ¢ 10 ʥʤ) ʠ ʧʨʠ 

ʜʦʩʪʘʪʦʯʥʦ ʚʳʩʦʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ ~550ʉ̄, ʜʣʷ ʙʦʣʝʝ ʪʦʣʩʪʳʭ ʧʣʝʥʦʢ ʠ ʥʠʟʢʠʭ ʪʝʤʧʝʨʘʪʫʨ ʧʨʦʮʝʩʩ 

ʬʦʨʤʠʨʦʚʘʥʠʷ CaSiϜ ʤʦʞʝʪ ʣʠʤʠʪʠʨʦʚʘʪʴʩʷ ʜʠʬʬʫʟʠʝʡ ʢʨʝʤʥʠʷ ʠʟ ʧʦʜʣʦʞʢʠ. 
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ʈʠʩʫʥʦʢ 1 ï ʀʟʦʙʨʘʞʝʥʠʝ ʧʦʚʝʨʭʥʦʩʪʠ ʧʣʝʥʢʠ 

ʪʦʣʱʠʥʦʡ 10 ʥʤ, ʦʙʣʫʯʝʥʥʦʡ ʚ ʪʝʯʝʥʠʝ 5 ʤʠʥ ʚ 

ʧʨʦʮʝʩʩʝ ʨʦʩʪʘ CaF2, ʧʦʣʫʯʝʥʥʦʝ ʤʝʪʦʜʦʤ 

ʘʪʦʤʥʦ-ʩʠʣʦʚʦʡ ʤʠʢʨʦʩʢʦʧʠʠ (ɸʉʄ). 

ɺʳʪʷʥʫʪʳʝ ʥʘʥʦʩʪʨʫʢʪʫʨʳ ʧʨʝʜʩʪʘʚʣʷʶʪ ʩʦʙʦʡ 

ʢʨʠʩʪʘʣʣʠʪʳ CaSi2. 



   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

III. ʌʠʟʠʢʘ ʢʨʝʤʥʠʝʚʳʭ ʢʚʘʥʪʦʚʦ-ʨʘʟʤʝʨʥʳʭ 

ʩʪʨʫʢʪʫʨ ʪʚʝʨʜʦʪʝʣʴʥʦʡ ʵʣʝʢʪʨʦʥʠʢʠ, ʚ ʪʦʤ ʯʠʩʣʝ 

ʥʘʥʦ- ʠ ʦʧʪʦʵʣʝʢʪʨʦʥʠʢʠ, ʬʦʪʦʥʠʢʠ, ʩʧʠʥʪʨʦʥʠʢʠ 

ʠ ʩʢʠʨʤʠʦʥʠʢʠ 
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ɺ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʧʨʦʜʦʣʞʘʶʪʩʷ ʘʢʪʠʚʥʳʝ ʠʩʩʣʝʜʦʚʘʥʠʷ, ʥʘʧʨʘʚʣʝʥʥʳʝ ʥʘ ʩʦʟʜʘʥʠʝ 

ʠʩʪʦʯʥʠʢʦʚ ʠʟʣʫʯʝʥʠʷ ʜʣʷ Si ʬʦʪʦʥʠʢʠ ʥʘ ʦʩʥʦʚʝ ʛʝʪʝʨʦʩʪʨʫʢʪʫʨ IV ʛʨʫʧʧʳ ʪʘʙʣʠʮʳ ʄʝʥʜʝʣʝʝʚʘ 

[1]. ɹʝʟʫʩʣʦʚʥʳʤ ʧʨʝʠʤʫʱʝʩʪʚʦʤ ʪʘʢʠʭ ʠʩʪʦʯʥʠʢʦʚ ʷʚʣʷʝʪʩʷ ʠʭ ʙʦʣʴʰʘʷ ʩʦʚʤʝʩʪʠʤʦʩʪʴ ʩ 

ʢʨʝʤʥʠʝʚʦʡ ʠʥʪʝʛʨʘʣʴʥʦʡ ʪʝʭʥʦʣʦʛʠʝʡ, ʯʝʤ ʠʩʪʦʯʥʠʢʦʚ ʥʘ ʦʩʥʦʚʝ ɸ3ɺ5 ʩʪʨʫʢʪʫʨ. ʇʦ ʵʪʦʤʫ 

ʢʨʠʪʝʨʠʶ ʚʳʜʝʣʷʶʪʩʷ ʩʪʨʫʢʪʫʨʳ ʩ Ge(Si) ʩʘʤʦʬʦʨʤʠʨʫʶʱʠʤʠʩʷ ʥʘʥʦʦʩʪʨʦʚʢʘʤʠ, ʢʦʪʦʨʳʝ ʤʦʛʫʪ 

ʙʳʪʴ ʚʩʪʨʦʝʥʳ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ ʚ ʧʣʘʥʘʨʥʳʡ Si/SiO2 ʚʦʣʥʦʚʦʜ, ʩʬʦʨʤʠʨʦʚʘʥʥʳʡ ʥʘ ʧʣʘʩʪʠʥʝ 

çʢʨʝʤʥʠʡ-ʥʘ-ʠʟʦʣʷʪʦʨʝè (SOI). ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʧʨʝʜʩʪʘʚʣʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʧʦ ʬʦʨʤʠʨʦʚʘʥʠʶ ʠ 

ʠʩʩʣʝʜʦʚʘʥʠʶ ʨʘʙʦʪʘʶʱʠʭ ʚ ʜʠʘʧʘʟʦʥʝ ʜʣʠʥ ʚʦʣʥ 1,2-1,6 ʤʢʤ ʩʚʝʪʦʠʟʣʫʯʘʶʱʠʭ ʜʠʦʜʦʚ (LED) ʠ 

ʪʨʘʥʟʠʩʪʦʨʦʚ (LET) ʥʘ ʦʩʥʦʚʝ ʩʪʨʫʢʪʫʨ ʩ Ge(Si)/SOI ʥʘʥʦʦʩʪʨʦʚʢʘʤʠ ʩ ʚʦʟʤʦʞʥʦʩʪʴʶ ʚʳʚʦʜʠ 

ʠʟʣʫʯʝʥʠʷ ʢʘʢ ʚ ʩʚʦʙʦʜʥʦʝ ʧʨʦʩʪʨʘʥʩʪʚʦ, ʪʘʢ ʠ ʚ Si ʧʣʘʥʘʨʥʳʡ ʚʦʣʥʦʚʦʜ. 

ʅʘ ʩʪʨʫʢʪʫʨʘʭ ʩ Ge(Si)/SOI ʦʩʪʨʦʚʢʘʤʠ ʙʳʣʘ ʨʘʟʚʠʪʘ ʦʨʠʛʠʥʘʣʴʥʘʷ ʪʝʭʥʦʣʦʛʠʷ 

ʬʦʨʤʠʨʦʚʘʥʠʷ ʣʘʪʝʨʘʣʴʥʳʭ p+-i-n+ LED, ʢʦʪʦʨʘʷ ʥʝ ʧʨʠʚʦʜʠʣʘ ʢ ʜʝʛʨʘʜʘʮʠʠ ʠʟʣʫʯʘʪʝʣʴʥʳʭ ʩʚʦʡʩʪʚ 

ʦʩʪʨʦʚʢʦʚ ʧʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ [2]. ɺʩʪʨʘʠʚʘʥʠʝ 2D ʬʦʪʦʥʥʳʭ ʢʨʠʩʪʘʣʣʦʚ (ʌʂ) ʚ i-ʦʙʣʘʩʪʴ 

LED ʧʦʟʚʦʣʠʣʦ ʟʘ ʩʯʝʪ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʦʩʪʨʦʚʢʦʚ ʩ ʤʦʜʘʤʠ ʌʂ ʥʘ ʧʦʨʷʜʦʢ ʫʚʝʣʠʯʠʪʴ ʤʦʱʥʦʩʪʴ 

ʠʟʣʫʯʝʥʠʷ, ʚʳʚʦʜʠʤʦʛʦ ʚ ʩʚʦʙʦʜʥʦʝ ʧʨʦʩʪʨʘʥʩʪʚʦ [2]. ɼʦʩʪʠʛʥʫʪʳʝ ʤʦʱʥʦʩʪʠ ʠʟʣʫʯʝʥʠʷ 

ʜʦʩʪʘʪʦʯʥʳ ʜʣʷ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʧʦʣʫʯʝʥʥʳʭ LED ʚ ʟʘʜʘʯʘʭ ʪʝʩʪʠʨʦʚʘʥʠʷ Si ʬʦʪʦʥʥʳʭ ʩʭʝʤ [1]. 

ɺʳʷʚʣʝʥʦ ʥʝʦʜʥʦʨʦʜʥʦʝ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʩʠʛʥʘʣʘ ʵʣʝʢʪʨʦʣʶʤʠʥʝʩʮʝʥʮʠʠ (ʕʃ) ʚʜʦʣʴ 

LED ʩ ʤʘʢʩʠʤʫʤʦʤ ʚʳʭʦʜʘ ʥʘ ʛʨʘʥʠʮʝ p+-i ʦʙʣʘʩʪʝʡ [3]. ʇʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʥʦ, ʯʪʦ ʜʣʷ LED ʩ 

ʜʣʠʥʥʦʡ (>10 ʤʢʤ) i-ʦʙʣʘʩʪʴʶ ʧʦʜʘʯʘ ʫʧʨʘʚʣʷʶʱʝʛʦ ʥʘʧʨʷʞʝʥʠʷ ʥʘ SOI ʧʦʜʣʦʞʢʫ ʧʦʟʚʦʣʷʝʪ 

ʫʧʨʘʚʣʷʪʴ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʳʤ ʨʘʩʧʨʝʜʝʣʝʥʠʝʤ ʩʠʛʥʘʣʘ ʕʃ [3]. ʉʦʛʣʘʩʥʦ ʨʝʟʫʣʴʪʘʪʘʤ 

ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʚʣʠʷʥʠʝ ʧʦʪʝʥʮʠʘʣʘ ʧʦʜʣʦʞʢʠ ʥʘ ʠʟʣʫʯʘʪʝʣʴʥʳʝ ʩʚʦʡʩʪʚʘ LED ʦʙʫʩʣʦʚʣʝʥʦ 

ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʡ ʣʦʢʘʣʠʟʘʮʠʝʡ ʜʳʨʦʢ ʚ ʦʩʪʨʦʚʢʘʭ ʠ ʦʙʨʘʟʦʚʘʥʠʝʤ ʜʦʧʦʣʥʠʪʝʣʴʥʳʭ ʢʘʥʘʣʦʚ 

ʧʨʦʚʦʜʠʤʦʩʪʠ ʜʣʷ ʥʦʩʠʪʝʣʝʡ ʟʘʨʷʜʘ ʥʘ ʛʨʘʥʠʮʝ ʩʪʨʫʢʪʫʨʳ ʩʦ ʩʢʨʳʪʳʤ ʦʢʠʩʣʦʤ ʧʨʠ ʧʦʜʘʯʝ ʥʘ 

ʧʦʜʣʦʞʢʫ ʥʘʧʨʷʞʝʥʠʷ ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʛʦ ʟʥʘʢʘ [4]. ɺʦʟʤʦʞʥʦʩʪʴ ʫʧʨʘʚʣʝʥʠʷ ʩʚʦʡʩʪʚʘʤʠ 

ʠʟʣʫʯʝʥʠʷ LED ʩ Ge(Si)/SOI ʥʘʥʦʦʩʪʨʦʚʢʘʤʠ ʟʘ ʩʯʝʪ ʧʦʜʘʯʠ ʥʘʧʨʷʞʝʥʠʷ ʥʘ ʧʦʜʣʦʞʢʫ ʧʦʟʚʦʣʷʝʪ 

ʨʘʩʩʤʘʪʨʠʚʘʪʴ ʠʭ ʚ ʢʘʯʝʩʪʚʝ LET [3]. ʇʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʥʘ ʚʦʟʤʦʞʥʦʩʪʴ ʚʳʚʦʜʘ ʠʟʣʫʯʝʥʠʷ Ge(Si) 

ʦʩʪʨʦʚʢʦʚ ʚ ʧʣʘʥʘʨʥʳʡ Si ʚʦʣʥʦʚʦʜ ʠ ʝʛʦ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʝ ʚ ʚʦʣʥʦʚʦʜʝ ʥʘ ʨʘʩʩʪʦʷʥʠʝ ʜʦ 1 ʤʤ, ʯʪʦ 

ʟʥʘʯʠʪʝʣʴʥʦ ʙʦʣʴʰʝ ʨʘʩʩʪʦʷʥʠʷ, ʥʘ ʢʦʪʦʨʦʝ ʨʘʩʧʨʦʩʪʨʘʥʷʝʪʩʷ ʠʟʣʫʯʝʥʠʝ Si ʩʚʝʪʦʜʠʦʜʘ ʚ ʪʘʢʦʤ 

ʚʦʣʥʦʚʦʜʝ (~ 200 ʤʢʤ) [1]. ɺ ʜʦʢʣʘʜʝ ʦʙʩʫʞʜʘʝʪʩʷ ʚʦʟʤʦʞʥʦʩʪʴ ʧʣʘʥʘʨʥʦʛʦ ʚʳʚʦʜʘ ʠʟʣʫʯʝʥʠʷ 

Ge(Si)/SOI ʦʩʪʨʦʚʢʦʚ ʟʘ ʩʯʝʪ ʬʦʪʦʥʥʦ-ʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʚʦʣʥʦʚʦʜʦʚ.  

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʧʦʜʜʝʨʞʢʝ ʈʅʌ (ʛʨʘʥʪ ˉ 25-12-00367) ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ 

ʦʙʦʨʫʜʦʚʘʥʠʷ ʎʂʇ ʀʌʄ ʈɸʅ çʌʠʟʠʢʘ ʠ ʪʝʭʥʦʣʦʛʠʷ ʤʠʢʨʦ- ʠ ʥʘʥʦʩʪʨʫʢʪʫʨè. 
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ʉʠʥʛʫʣʷʨʥʦʩʪʠ ɺʘʥ ʍʦʚʘ (ʉɺʍ) ʷʚʣʷʶʪʩʷ ʢʨʠʪʠʯʝʩʢʠʤʠ ʪʦʯʢʘʤʠ ʚ ʵʣʝʢʪʨʦʥʥʦʡ ʩʪʨʫʢʪʫʨʝ 

ʤʘʪʝʨʠʘʣʦʚ, ʛʜʝ ʛʨʘʜʠʝʥʪ ʵʥʝʨʛʝʪʠʯʝʩʢʦʡ ʜʠʩʧʝʨʩʠʠ ʨʘʚʝʥ ʥʫʣʶ. ɺ ʜʚʫʤʝʨʥʳʭ ʩʠʩʪʝʤʘʭ ʉɺʍ ʯʘʩʪʦ 

ʧʨʦʷʚʣʷʶʪʩʷ ʢʘʢ ʣʦʛʘʨʠʬʤʠʯʝʩʢʠʝ ʨʘʩʭʦʜʠʤʦʩʪʠ ʚ ʧʣʦʪʥʦʩʪʠ ʵʣʝʢʪʨʦʥʥʳʭ ʩʦʩʪʦʷʥʠʡ (ʇʕʉ). ɽʩʣʠ 

ʵʪʠ ʨʘʩʭʦʜʠʤʦʩʪʠ ʥʘʭʦʜʷʪʩʷ ʚʙʣʠʟʠ ʫʨʦʚʥʷ ʌʝʨʤʠ, ʦʥʠ ʟʥʘʯʠʪʝʣʴʥʦ ʫʩʠʣʠʚʘʶʪ ʵʣʝʢʪʨʦʥ-

ʵʣʝʢʪʨʦʥʥʳʝ ʠ ʵʣʝʢʪʨʦʥ-ʬʦʥʦʥʥʳʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ, ʯʪʦ ʤʦʞʝʪ ʧʨʠʚʦʜʠʪʴ ʢ ʧʦʷʚʣʝʥʠʶ ʪʘʢʠʭ 

ʷʚʣʝʥʠʡ, ʢʘʢ ʩʚʝʨʭʧʨʦʚʦʜʠʤʦʩʪʴ, ʤʘʛʥʝʪʠʟʤ ʠ ʚʦʣʥʳ ʟʘʨʷʜʦʚʦʡ ʧʣʦʪʥʦʩʪʠ. ʆʩʦʙʳʡ ʠʥʪʝʨʝʩ 

ʧʨʝʜʩʪʘʚʣʷʶʪ ʉɺʍ ʙʦʣʝʝ ʚʳʩʦʢʦʛʦ ʧʦʨʷʜʢʘ, ʧʨʦʷʚʣʷʶʱʠʝʩʷ ʙʦʣʝʝ ʨʝʟʢʦʡ ʩʪʝʧʝʥʥʦʡ ʟʘʚʠʩʠʤʦʩʪʴʶ 

ʚ ʇʕʉ, ʯʪʦ ʝʱʸ ʫʩʠʣʠʚʘʝʪ ʵʣʝʢʪʨʦʥʥʳʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʠ ʧʦʚʳʰʘʝʪ ʚʝʨʦʷʪʥʦʩʪʴ ʚʦʟʥʠʢʥʦʚʝʥʠʷ 

ʩʠʣʴʥʦ ʢʦʨʨʝʣʠʨʦʚʘʥʥʳʭ ʷʚʣʝʥʠʡ. ɼʚʫʤʝʨʥʳʝ ʩʠʩʪʝʤʳ ʷʚʣʷʶʪʩʷ ʠʜʝʘʣʴʥʳʤ ʦʙʲʝʢʪʦʤ ʜʣʷ 

ʠʟʫʯʝʥʠʷ ʉɺʍ, ʧʦʩʢʦʣʴʢʫ ʚ ʥʠʭ (ʚ ʦʪʣʠʯʠʝ ʦʪ ʪʨʝʭʤʝʨʥʳʭ ʠʣʠ ʦʜʥʦʤʝʨʥʳʭ ʩʠʩʪʝʤ) ʵʪʠ 

ʩʠʥʛʫʣʷʨʥʦʩʪʠ ʷʨʢʦ ʚʳʨʘʞʝʥʳ, ʘ ʪʘʢʞʝ ʜʦʩʪʫʧʥʳ ʜʣʷ ʠʩʩʣʝʜʦʚʘʥʠʡ ʤʝʪʦʜʦʤ ʬʦʪʦʵʣʝʢʪʨʦʥʥʘʷ 

ʩʧʝʢʪʨʦʩʢʦʧʠʷ ʩ ʫʛʣʦʚʳʤ ʨʘʟʨʝʰʝʥʠʝʤ (ʌʕʉʋʈ). ʂʨʦʤʝ ʪʦʛʦ, ʙʣʘʛʦʜʘʨʷ ʨʘʟʥʦʦʙʨʘʟʠʶ ʘʪʦʤʥʳʭ 

ʩʪʨʫʢʪʫʨ ʚ ʜʚʫʤʝʨʥʳʭ ʩʠʩʪʝʤʘʭ ʥʘʙʣʶʜʘʝʪʩʷ ʙʦʣʴʰʦʝ ʨʘʟʥʦʦʙʨʘʟʠʝ ʛʝʦʤʝʪʨʠʠ ʟʦʥ ʵʣʝʢʪʨʦʥʥʳʭ 

ʩʦʩʪʦʷʥʠʡ, ʯʪʦ, ʚ ʩʚʦʶ ʦʯʝʨʝʜʴ, ʧʦʟʚʦʣʷʝʪ ʠʩʩʣʝʜʦʚʘʪʴ ʨʘʟʣʠʯʥʳʝ ʪʠʧʳ ʉɺʍ.  ʅʝʩʤʦʪʨʷ ʥʘ 

ʨʘʩʪʫʱʠʡ ʠʥʪʝʨʝʩ ʢ ʉɺʍ, ʠʩʩʣʝʜʦʚʘʥʠʷ ʵʪʠʭ ʩʠʥʛʫʣʷʨʥʦʩʪʝʡ ʚ ʜʚʫʤʝʨʥʳʭ ʩʠʩʪʝʤʘʭ ʥʘ ʢʨʝʤʥʠʝʚʳʭ 

ʧʦʜʣʦʞʢʘʭ ʧʨʘʢʪʠʯʝʩʢʠ ʦʪʩʫʪʩʪʚʫʶʪ. 

ɺ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʝ ʧʨʠ ʧʦʤʦʱʠ ʤʝʪʦʜʘ ʌʕʉʋʈ ʠ ʨʘʩʯʸʪʦʚ ʥʘ ʦʩʥʦʚʝ ʪʝʦʨʠʠ ʬʫʥʢʮʠʦʥʘʣʘ 

ʧʣʦʪʥʦʩʪʠ ʙʳʣʠ ʠʩʩʣʝʜʦʚʘʥʳ ʉɺʍ ʚ ʥʝʩʢʦʣʴʢʠʭ ʤʝʪʘʣʣʠʯʝʩʢʠʭ ʩʠʩʪʝʤʘʭ ʘʪʦʤʘʨʥʦʡ ʪʦʣʱʠʥʳ ʥʘ 

ʧʦʚʝʨʭʥʦʩʪʠ Si(111). ʊʘʢ, ʚ ʢʘʛʦʤʝ-ʩʠʩʪʝʤʝ LaTl3 ʙʳʣ ʦʙʥʘʨʫʞʝʥ ʮʝʣʳʡ ʥʘʙʦʨ ʉɺʍ, ʚ ʪʦʤ ʯʠʩʣʝ 

ʩʠʥʛʫʣʷʨʥʦʩʪʠ ʙʦʣʝʝ ʚʳʩʦʢʦʛʦ ʧʦʨʷʜʢʘ [1]. ɺ ʜʚʫʤʝʨʥʦʤ ʨʘʩʪʚʦʨʝ AuCu ʠʟʤʝʥʝʥʠʝ ʩʪʝʭʠʦʤʝʪʨʠʠ 

ʦʪ Au3Cu ʜʦ AuCu3 ʧʦʟʚʦʣʠʣʦ ʥʘʨʫʰʠʪʴ ʩʠʤʤʝʪʨʠʶ ʘʪʦʤʥʦʡ ʩʪʨʫʢʪʫʨʳ, ʯʪʦ ʧʨʠʚʝʣʦ ʢ ʧʦʷʚʣʝʥʠʶ 

ʉɺʍ ʚʙʣʠʟʠ ʫʨʦʚʥʷ ʌʝʨʤʠ, ʘ ʪʘʢʞʝ ʢ ʧʝʨʝʭʦʜʫ ʃʠʬʰʠʮʘ. ɺ ʤʦʥʦʘʪʦʤʥʦʤ ʩʣʦʝ ʩʚʠʥʮʘ T4-

ʢʦʥʬʠʛʫʨʘʮʠʠ ʙʳʣʠ ʦʙʥʘʨʫʞʝʥʳ ʉɺʍ ʚʳʩʦʢʦʛʦ ʧʦʨʷʜʢʘ ʚ ʥʝʨʝʛʫʣʷʨʥʳʭ ʪʦʯʢʘʭ ʧʦʚʝʨʭʥʦʩʪʥʦʡ 

ʟʦʥʳ ɹʨʠʣʣʶʵʥʘ, ʯʪʦ ʧʨʦʷʩʥʷʝʪ ʧʨʠʯʠʥʳ ʚʦʟʥʠʢʥʦʚʝʥʠʷ ʩʚʝʨʭʧʨʦʚʦʜʠʤʦʩʪʠ, ʥʘʙʣʶʜʘʝʤʦʡ ʚ 

ʜʘʥʥʦʡ ʩʠʩʪʝʤʝ. 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʚ ʨʘʤʢʘʭ ʛʦʩʫʜʘʨʩʪʚʝʥʥʦʛʦ ʟʘʜʘʥʠʷ ʀɸʇʋ ɼɺʆ ʈɸʅ (ʪʝʤʘ ˉ FWFW-

2026-0007).  
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3)ʅʦʚʦʩʠʙʠʨʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʪʝʭʥʠʯʝʩʢʠʡ ʫʥʠʚʝʨʩʠʪʝʪ, ʅʦʚʦʩʠʙʠʨʩʢ 
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ʊʦʥʢʠʝ ʧʣʝʥʢʠ ʦʢʩʠʜʘ ʤʘʛʥʠʷ (MgO) 

ʠʩʧʦʣʴʟʫʶʪʩʷ ʜʣʷ ʧʨʠʤʝʥʝʥʠʷ ʚ ʨʘʟʣʠʯʥʳʭ 

ʵʣʝʢʪʨʦʥʥʳʭ ʧʨʠʙʦʨʘʭ. MgO ʠʩʧʦʣʴʟʫʝʪʩʷ ʚ ʧʨʠʙʦʨʘʭ 

ʥʘ ʦʩʥʦʚʝ ʚʪʦʨʠʯʥʦʡ ʵʣʝʢʪʨʦʥʥʦʡ ʵʤʠʩʩʠʠ, ʚ 

ʯʘʩʪʥʦʩʪʠ, ʚ ʤʠʢʨʦʢʘʥʘʣʴʥʳʭ ʫʩʪʨʦʡʩʪʚʘʭ. ɽʱʝ ʦʜʥʦ 

ʧʨʠʤʝʥʝʥʠʝ MgO ð ʚʳʩʦʢʦʵʬʬʝʢʪʠʚʥʳʝ 

ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʠ ʩʦʣʥʝʯʥʦʡ ʵʥʝʨʛʠʠ. ʊʫʥʥʝʣʠʨʦʚʘʥʠʝ 

ʯʝʨʝʟ ʪʦʥʢʠʡ ʩʣʦʡ MgO (2 ʥʤ) ʣʝʞʠʪ ʚ ʦʩʥʦʚʝ ʧʨʠʥʮʠʧʘ 

ʤʘʛʥʠʪʦʨʝʟʠʩʪʠʚʥʦʡ ʧʘʤʷʪʠ. ʎʝʣʴ ʜʘʥʥʦʡ ʨʘʙʦʪʳ ð 

ʠʟʫʯʝʥʠʝ ʤʝʭʘʥʠʟʤʘ ʧʝʨʝʥʦʩʘ ʟʘʨʷʜʘ ʠ ʦʧʨʝʜʝʣʝʥʠʝ 

ʧʘʨʘʤʝʪʨʦʚ ʣʦʚʫʰʝʢ, ʦʪʚʝʪʩʪʚʝʥʥʳʭ ʟʘ ʧʝʨʝʥʦʩ ʟʘʨʷʜʘ 

ʚ MgO. 

ʄʝʭʘʥʠʟʤ ʪʨʘʥʩʧʦʨʪʘ ʟʘʨʷʜʘ ʚ ʘʤʦʨʬʥʳʭ 

ʧʣʝʥʢʘʭ ʦʢʩʠʜʘ ʤʘʛʥʠʷ ʥʘ ʢʨʝʤʥʠʝʚʦʡ ʧʦʜʣʦʞʢʝ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʠʩʩʣʝʜʦʚʘʥ ʠ ʩʤʦʜʝʣʠʨʦʚʘʥ 

ʯʠʩʣʝʥʥʦ ʩ ʧʦʤʦʱʴʶ ʯʝʪʳʨʝʭ ʤʦʜʝʣʝʡ ʪʨʘʥʩʧʦʨʪʘ 

ʟʘʨʷʜʘ. ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʵʬʬʝʢʪ ʌʨʝʥʢʝʣʷ, ʤʦʜʝʣʴ 

ʍʠʣʣʘ-ɸʜʘʯʠ ʧʝʨʝʢʨʳʚʘʶʱʠʭʩʷ ʢʫʣʦʥʦʚʩʢʠʭ ʣʦʚʫʰʝʢ 

ʠ ʤʦʜʝʣʴ ʄʘʢʨʘʤʘ-ʕʙʝʡʜʘ ʠ ʃʘʥʥʦʦ ʤʥʦʛʦʬʦʥʦʥʥʦʡ 

ʠʦʥʠʟʘʮʠʠ ʠʟʦʣʠʨʦʚʘʥʥʳʭ ʥʝʡʪʨʘʣʴʥʳʭ ʣʦʚʫʰʝʢ ʥʝ 

ʦʧʠʩʳʚʘʶʪ ʪʨʘʥʩʧʦʨʪ ʟʘʨʷʜʘ ʚ MgO. ʕʢʩʧʝʨʠʤʝʥʪ 

ʦʧʠʩʳʚʘʝʪʩʷ ʤʦʜʝʣʴ ʁ ʬʦʥʦʥ-ʦʙʣʝʛʯʝʥʥʦʛʦ 

ʪʫʥʥʝʣʠʨʦʚʘʥʠʷ ʤʝʞʜʫ ʩʦʩʝʜʥʠʤʠ ʣʦʚʫʰʢʘʤʠ 

ʅʘʩʳʨʦʚʘ-ɻʨʠʮʝʥʢʦ. ʆʧʨʝʜʝʣʝʥʳ ʪʝʨʤʠʯʝʩʢʘʷ (Wt = 

1,35 ʵɺ) ʠ ʦʧʪʠʯʝʩʢʘʷ (Wopt = 2,7 ʵɺ) ʵʥʝʨʛʠʠ ʠʦʥʠʟʘʮʠʠ 

ʣʦʚʫʰʝʢ. ʉ ʧʦʤʦʱʴʶ ʩʜʚʠʛʘ ʚʦʣʴʪ-ʬʘʨʘʜʥʳʭ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʦʧʨʝʜʝʣʝʥʘ ʢʦʥʮʝʥʪʨʘʮʠʷ nt å 1.0Ĭ1017 ʩʤ-3 ʟʘʧʦʣʥʝʥʥʳʭ, ʟʘʨʷʞʝʥʥʳʭ ʣʦʚʫʰʝʢ. 

ʆʢʘʟʘʣʦʩʴ, ʯʪʦ ʢʦʥʮʝʥʪʨʘʮʠʷ ʟʘʨʷʞʝʥʥʳʭ ʣʦʚʫʰʝʢ ʥʘ ʧʦʨʷʜʦʢ ʤʝʥʴʰʝ ʢʦʥʮʝʥʪʨʘʮʠʠ ʥʝʡʪʨʘʣʴʥʳʭ 

ʣʦʚʫʰʝʢ Nt=1.6Ĭ10
20 ʩʤ-3, ʦʧʨʝʜʝʣʝʥʥʦʡ ʚ ʵʢʩʧʝʨʠʤʝʥʪʘʭ ʧʦ ʪʨʘʥʩʧʦʨʪʫ ʟʘʨʷʜʘ. ʕʪʦ ʩʦʦʪʥʦʰʝʥʠʝ 

ʢʦʥʮʝʥʪʨʘʮʠʡ ʟʘʧʦʣʥʝʥʥʳʭ ʠ ʥʝʡʪʨʘʣʴʥʳʭ ʣʦʚʫʰʝʢ ʦʙʲʷʩʥʷʝʪʩʷ ʢʫʣʦʥʦʚʩʢʠʤ ʦʪʪʘʣʢʠʚʘʥʠʝʤ 

ʣʦʢʘʣʠʟʦʚʘʥʥʳʭ ʵʣʝʢʪʨʦʥʦʚ. ʂʫʣʦʥʦʚʩʢʦʝ ʦʪʪʘʣʢʠʚʘʥʠʝ ʣʦʢʘʣʠʟʠʨʦʚʘʥʥʳʭ ʵʣʝʢʪʨʦʥʦʚ ʥʘ 

ʣʦʚʫʰʢʘʭ ʩʦʦʪʥʦʩʠʪʩʷ ʩ ʪʝʦʨʝʪʠʯʝʩʢʠʤ ʧʨʝʜʩʢʘʟʘʥʠʝʤ ʦʙʨʘʟʦʚʘʥʠ ̫ʜʚʫʤʝʨʥʦʛʦ ʩʪʝʢʣʘ, ʧʦʜʦʙʥʦʛʦ 

ʚʠʛʥʝʨʦʚʢʦʡ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ ʣʦʢʘʣʠʟʠʨʦʚʘʥʥʳʭ ʵʣʝʢʪʨʦʥʦʚ ʥʘ ʣʦʚʫʰʢʘʭ ʚ ʜʠʵʣʝʢʪʨʠʢʝ [2]. 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʚ ʨʘʤʢʘʭ ʛʨʘʥʪʘ ʈʅʌ ˉ 25-12-00022. 

ʃʠʪʝʨʘʪʫʨʘ 

1. T.V. Perevalov, D.R. Islamov, T.M. Zalyalov, A.A. Gismatulin, V.A. Golyashov, O.E. Tereshchenko, 

D.V. Gorshkov, V.A. Gritsenko. Electron and hole bipolar injection in magnesium oxide films // Appl. 

Phys. Lett. 124, 2024 P. 042903.  

2. S. S. Shaimeev, V. A. Gritsenko, H. Wong. Wigner crystallization due to electrons localized at deep 

traps in two-dimensional amorphous dielectric. // Appl. Phys. Lett. 96, 2010 P. 263510.  
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ʈʠʩʫʥʦʢ 1 ï (a) ʕʥʝʨʛʝʪʠʯʝʩʢʘʷ ʜʠʘʛʨʘʤʤʘ 

ʩʪʨʫʢʪʫʨʳ Si/MgO/Mg [1]. (b) j-F 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʧʨʠ ʨʘʟʥʳʭ ʪʝʤʧʝʨʘʪʫʨʘʭ 

(ʊʦʯʢʠ) ʠ ʩʨʘʚʥʝʥʠʝ ʩ ʯʠʩʣʝʥʥʦʡ ʤʦʜʝʣʴʶ 

ʅʘʩʳʨʦʚʘ-ɻʨʠʮʝʥʢʦ ʜʣʷ MgO (ʇʫʥʢʪʠʨʥʳʝ 

ʣʠʥʠʠ). 
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ʃʘʟʝʨʥʦ-ʠʥʜʫʮʠʨʦʚʘʥʥʳʝ ʧʝʨʠʦʜʠʯʝʩʢʠʝ ʧʦʚʝʨʭʥʦʩʪʥʳʝ ʩʪʨʫʢʪʫʨʳ ʩ ʚʘʨʴʠʨʫʝʤʳʤ 

ʧʝʨʠʦʜʦʤ ʢʘʢ ʠʥʩʪʨʫʤʝʥʪ ʫʧʨʘʚʣʝʥʠʷ ʦʧʪʦʵʣʝʢʪʨʦʥʥʳʤʠ ʩʚʦʡʩʪʚʘʤʠ ʢʨʝʤʥʠʷ 

ɹʦʨʦʜʘʝʥʢʦ ʖ.ʄ.1), ʐʝʚʣʷʛʠʥ ɸ.ɺ.1), ʂʫʯʤʠʞʘʢ ɸ.ɸ.1,2) 
1)ʀʥʩʪʠʪʫʪ ʘʚʪʦʤʘʪʠʢʠ ʠ ʧʨʦʮʝʩʩʦʚ ʫʧʨʘʚʣʝʥʠʷ ɼɺʆ ʈɸʅ, ɺʣʘʜʠʚʦʩʪʦʢ, ʈʦʩʩʠʷ 

2)ɼʘʣʴʥʝʚʦʩʪʦʯʥʳʡ ʬʝʜʝʨʘʣʴʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ, ɺʣʘʜʠʚʦʩʪʦʢ 

e-mail: serbm@mail.ru 

 

ʂʣʶʯʝʚʳʤʠ ʧʨʦʙʣʝʤʘʤʠ ʧʨʠ ʩʦʟʜʘʥʠʠ ʦʧʪʦʵʣʝʢʪʨʦʥʥʳʭ, ʬʦʪʦʥʥʳʭ ʠ ʬʦʪʦʚʦʣʴʪʘʠʯʝʩʢʠʭ 

ʫʩʪʨʦʡʩʪʚ ʥʘ ʦʩʥʦʚʝ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ ʢʨʝʤʥʠʷ (c-Si) ʦʩʪʘʶʪʩʷ ʚʳʩʦʢʠʝ ʧʦʪʝʨʠ ʥʘ ʦʪʨʘʞʝʥʠʝ, 

ʥʝʜʦʩʪʘʪʦʯʥʘʷ ʰʠʨʠʥʘ ʩʧʝʢʪʨʘʣʴʥʦʛʦ ʜʠʘʧʘʟʦʥʘ (ʜʦ ~1100 ʥʤ) ʠ ʠʟʦʪʨʦʧʥʦʩʪʴ ʝʛʦ ʦʧʪʠʯʝʩʢʠʭ 

ʩʚʦʡʩʪʚ. ʇʝʨʩʧʝʢʪʠʚʥʳʤ ʧʦʜʭʦʜʦʤ ʢ ʧʨʝʦʜʦʣʝʥʠʶ ʫʢʘʟʘʥʥʳʭ ʦʛʨʘʥʠʯʝʥʠʡ ʷʚʣʷʝʪʩʷ ʬʦʨʤʠʨʦʚʘʥʠʝ 

ʤʠʢʨʦ- ʠ ʥʘʥʦʨʝʣʴʝʬʘ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʢʨʝʤʥʠʷ ʤʝʪʦʜʦʤ ʬʝʤʪʦʩʝʢʫʥʜʥʦʡ ʣʘʟʝʨʥʦʡ ʦʙʨʘʙʦʪʢʠ. ʇʨʠ 

ʦʙʣʫʯʝʥʠʠ ʧʨʦʠʩʭʦʜʠʪ ʩʘʤʦʦʨʛʘʥʠʟʘʮʠʷ ʤʘʪʝʨʠʘʣʘ ʩ ʦʙʨʘʟʦʚʘʥʠʝʤ ʣʘʟʝʨʥʦ-ʠʥʜʫʮʠʨʦʚʘʥʥʳʭ 

ʧʝʨʠʦʜʠʯʝʩʢʠʭ ʧʦʚʝʨʭʥʦʩʪʥʳʭ ʩʪʨʫʢʪʫʨ (ʃʀʇʇʉ) ʚ ʚʠʜʝ ʥʘʥʦʨʝʰʝʪʦʢ, ʧʝʨʠʦʜ ʢʦʪʦʨʳʭ ʟʘʚʠʩʠʪ ʦʪ 

ʧʘʨʘʤʝʪʨʦʚ ʦʙʨʘʙʦʪʢʠ, ʩʚʦʡʩʪʚ ʤʘʪʝʨʠʘʣʘ ʠ ʦʢʨʫʞʘʶʱʝʡ ʩʨʝʜʳ. 

ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʟʘ ʩʯʝʪ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʜʚʫʭ ʜʣʠʥ ʚʦʣʥ ʣʘʟʝʨʥʦʛʦ ʠʟʣʫʯʝʥʠʷ (515 ʠ 1030 ʥʤ) 

ʠ ʚʘʨʴʠʨʦʚʘʥʠʷ ʩʨʝʜʳ ʦʙʨʘʙʦʪʢʠ (ʚʦʟʜʫʭ ʠ ʤʝʪʠʣʦʚʳʡ ʩʧʠʨʪ) ʧʨʠ ʬʦʨʤʠʨʦʚʘʥʠʠ ʃʀʇʇʉ ʥʘ 

ʧʦʚʝʨʭʥʦʩʪʠ c-Si ʧʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʥʘ ʚʦʟʤʦʞʥʦʩʪʴ ʩʠʩʪʝʤʘʪʠʯʝʩʢʦʡ ʧʝʨʝʩʪʨʦʡʢʠ ʧʝʨʠʦʜʘ ʥʘʥʦ-

ʨʝʰʝʪʦʢ ʚ ʜʠʘʧʘʟʦʥʝ 70ï700 ʥʤ (ʈʠʩ.1). ʌʦʨʤʠʨʦʚʘʥʠʝ ʃʀʇʇʉ ʧʨʠʚʦʜʠʪ ʢ ʘʥʠʟʦʪʨʦʧʠʠ 

ʦʧʪʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʧʦʚʝʨʭʥʦʩʪʠ ʢʨʝʤʥʠʷ, ʦʙʝʩʧʝʯʠʚʘʷ ʚʦʟʤʦʞʥʦʩʪʴ ʩʦʟʜʘʥʠʷ ʧʦʣʷʨʠʟʘʮʠʦʥʥʦ-

ʯʫʚʩʪʚʠʪʝʣʴʥʳʭ ʬʦʪʦʜʝʪʝʢʪʦʨʦʚ [1,2]. ʆʙʩʫʞʜʘʶʪʩʷ ʚʦʟʤʦʞʥʦʩʪʠ ʨʘʩʰʠʨʝʥʠʷ ʜʠʘʧʘʟʦʥʘ ʨʘʙʦʪʳ 

ʬʦʪʦʜʝʪʝʢʪʦʨʦʚ ʚ ʢʦʨʦʪʢʦʚʦʣʥʦʚʳʡ ʀʂ ʜʠʘʧʘʟʦʥ (SWIR) ʢʘʢ ʟʘ ʩʯʝʪ ʬʦʨʤʠʨʦʚʘʥʠʷ ʧʨʠ ʣʘʟʝʨʥʦʤ 

ʥʘʥʦʩʪʨʫʢʪʫʨʠʨʦʚʘʥʠʠ ʧʨʠʧʦʚʝʨʭʥʦʩʪʥʦʛʦ ʜʝʬʝʢʪʥʦʛʦ ʩʣʦʷ, ʘ ʪʘʢʞʝ ʧʦʩʪ-ʦʩʘʞʜʝʥʠʷ ʪʦʥʢʠʭ 

ʧʣʝʥʦʢ ʩʠʣʠʮʠʜʘ ʤʘʛʥʠʷ. 

 

ʈʠʩʫʥʦʢ 1 ï ʉʕʄ-ʠʟʦʙʨʘʞʝʥʠʷ ʢʨʝʤʥʠʝʚʳʭ ʃʀʇʇʉ (ʚʠʜ ʩʚʝʨʭʫ) ʩ ʨʘʟʣʠʯʥʳʤ ʧʝʨʠʦʜʦʤ ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʣʘʟʝʨʥʳʭ 

ʠʤʧʫʣʴʩʦʚ ʩ ʜʣʠʥʦʡ ʚʦʣʥʳ (ʘ) 515 ʥʤ ʠ (ʙ) 1030 ʥʤ. ʉʨʝʜʘ ʦʙʨʘʙʦʪʢʠ ʠ ʧʝʨʠʦʜ ʧʦʣʫʯʝʥʥʳʭ ʃʀʇʇʉ ʫʢʘʟʘʥʳ ʩʚʝʨʭʫ ʜʣʷ 

ʢʘʞʜʦʡ ʤʦʨʬʦʣʦʛʠʠ; ʧʦʣʷʨʠʟʘʮʠʠ ʠʟʣʫʯʝʥʠʷ ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʘ ʥʘʥʦʟʘʟʦʨʘʤ. 

ɼʘʥʥʘʷ ʨʘʙʦʪʘ ʙʳʣʘ ʧʦʜʜʝʨʞʘʥʘ ʈʦʩʩʠʡʩʢʠʤ ʥʘʫʯʥʳʤ ʬʦʥʜʦʤ (ʛʨʘʥʪ ˉ 24-72-10078). 

ʃʠʪʝʨʘʪʫʨʘ 

1. Borodaenko Y. et al. Deep subwavelength laser-induced periodic surface structures on silicon as a 

novel multifunctional biosensing platform //ACS Applied Materials & Interfaces, 13(45), 2021 ʩʪʨ. 

54551-54560. 

2. Borodaenko Y. et al. Polarized pïn junction Si photodetector enabled by direct laser-induced periodic 

surface structuring //Surfaces and Interfaces, 56, 2025 ʩʪʨ. 105568.  
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ɺʣʠʷʥʠʝ ʪʠʧʘ ʧʨʦʚʦʜʠʤʦʩʪʠ ʧʦʜʣʦʞʢʠ ʢʨʝʤʥʠʷ ʥʘ ʵʣʝʢʪʨʠʯʝʩʢʠʝ ʠ ʤʘʛʥʠʪʦʪʨʘʥʩʧʦʨʪʥʳʝ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʛʠʙʨʠʜʥʦʡ ʩʪʨʫʢʪʫʨʳ Fe3O4/SiO2/Si 

ɹʘʣʘʰʝʚ ɺ.ɺ.1,2), ʇʠʩʘʨʝʥʢʦ ʊ.ɸ.1), ʉʫʙʙʦʪʠʥ ɽ.ʖ.1), ʆʣʷʥʠʯ ɼ.ɸ.1),  

ʗʢʦʚʣʝʚ ɸ.ɸ.1), ʎʫʢʘʥʦʚ ɼ.ɸ.1,2) 
1)ʀʥʩʪʠʪʫʪ ʘʚʪʦʤʘʪʠʢʠ ʠ ʧʨʦʮʝʩʩʦʚ ʫʧʨʘʚʣʝʥʠʷ ɼɺʆ ʈɸʅ, ɺʣʘʜʠʚʦʩʪʦʢ, ʈʦʩʩʠʷ 

2)ɼʘʣʴʥʝʚʦʩʪʦʯʥʳʡ ʬʝʜʝʨʘʣʴʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ, ɺʣʘʜʠʚʦʩʪʦʢ 

e-mail: balashev@dvo.ru 

 

ʄʘʛʥʝʪʠʪ (Fe3O4) ʷʚʣʷʝʪʩʷ ʦʜʥʠʤ ʠʟ ʥʘʠʙʦʣʝʝ 

ʠʟʚʝʩʪʥʳʭ ʬʝʨʨʦʤʘʛʥʠʪʥʳʭ ʤʘʪʝʨʠʘʣʦʚ, ʠʩʧʦʣʴʟʫʝʤʳʭ 

ʚ ʵʣʝʢʪʨʦʥʠʢʝ. ʆʥ ʦʙʣʘʜʘʝʪ ʪʘʢʠʤʠ ʚʘʞʥʳʤʠ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ ʢʘʢ ʚʳʩʦʢʘʷ ʪʝʤʧʝʨʘʪʫʨʘ ʂʶʨʠ (850 

K) ʠ 100% ʩʧʠʥʦʚʘʷ ʧʦʣʷʨʠʟʘʮʠʷ ʵʣʝʢʪʨʦʥʦʚ 

ʧʨʦʚʦʜʠʤʦʩʪʠ. ʀʩʧʦʣʴʟʦʚʘʥʠʝ ʵʪʦʛʦ ʦʢʩʠʜʘ ʞʝʣʝʟʘ 

ʤʦʞʝʪ ʙʳʪʴ ʧʝʨʩʧʝʢʪʠʚʥʳʤ ʧʨʠ ʩʦʟʜʘʥʠʠ ʪʘʢʠʭ 

ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʭ ʩʧʠʥʪʨʦʥʥʳʭ ʫʩʪʨʦʡʩʪʚ ʢʘʢ 

ʩʧʠʥʦʚʳʝ ʧʦʣʝʚʳʝ ʪʨʘʥʟʠʩʪʦʨʳ [1]. ʈʘʟʨʘʙʦʪʢʘ ʪʘʢʠʭ 

ʪʨʘʥʟʠʩʪʦʨʦʚ ʪʨʝʙʫʝʪ ʠʟʫʯʝʥʠʷ ɻ ʬʬʝʢʪʠʚʥʦʡ ʠʥʞʝʢʮʠʠ 

ʩʧʠʥ-ʧʦʣʷʨʠʟʦʚʘʥʥʳʭ ʥʦʩʠʪʝʣʝʡ ʟʘʨʷʜʘ ʠʟ 

ʬʝʨʨʦʤʘʛʥʝʪʠʢʘ ʚ ʧʦʣʫʧʨʦʚʦʜʥʠʢ, ʘ ʪʘʢʞʝ ʠʭ ʧʝʨʝʥʦʩʘ 

ʚʥʫʪʨʠ ʧʦʣʫʧʨʦʚʦʜʥʠʢʘ. ʀʟʚʝʩʪʥʦ, ʯʪʦ ʠʩʧʦʣʴʟʦʚʘʥʠʝ 

ʪʦʥʢʦʛʦ ʩʣʦʷ ʜʠʵʣʝʢʪʨʠʢʘ ʚ ʢʘʯʝʩʪʚʝ ʪʫʥʥʝʣʴʥʦʛʦ 

ʙʘʨʴʝʨʘ ʥʘ ʛʨʘʥʠʮʝ ʨʘʟʜʝʣʘ 

ʬʝʨʨʦʤʘʛʥʝʪʠʢ/ʧʦʣʫʧʨʦʚʦʜʥʠʢ ʟʥʘʯʠʪʝʣʴʥʦ 

ʫʤʝʥʴʰʘʝʪ ʜʝʧʦʣʷʨʠʟʘʮʠʶ ʩʧʠʥʘ ʵʣʝʢʪʨʦʥʦʚ [2]. ɺ 

ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʧʨʦʚʦʜʠʣʦʩʴ ʠʩʩʣʝʜʦʚʘʥʠʝ ʚʦʟʤʦʞʥʦʩʪʠ 

ʠʥʞʝʢʮʠʠ ʩʧʠʥ-ʧʦʣʷʨʠʟʦʚʘʥʥʳʭ ʥʦʩʠʪʝʣʝʡ ʟʘʨʷʜʘ ʠʟ 

ʧʣʝʥʢʠ Fe3O4 ʚ ʧʦʜʣʦʞʢʫ ʢʨʝʤʥʠʷ. ɺ ʢʘʯʝʩʪʚʝ ʪʦʥʢʦʛʦ 

ʪʫʥʥʝʣʴʥʦʛʦ ʙʘʨʴʝʨʘ ʙʳʣ ʠʩʧʦʣʴʟʦʚʘʥ ʜʠʦʢʩʠʜ 

ʢʨʝʤʥʠʷ (SiO2). ʇʣʝʥʢʠ SiO2 ʪʦʣʱʠʥʦʡ ~1.5 ʥʤ, ʙʳʣʠ 

ʩʬʦʨʤʠʨʦʚʘʥʳ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʧʦʜʣʦʞʝʢ Si, ʠʩʧʦʣʴʟʫʷ 

ʤʝʪʦʜ ʚʣʘʞʥʦʡ ʭʠʤʠʯʝʩʢʦʡ ʦʙʨʘʙʦʪʢʠ. ʇʦʩʣʝ ʟʘʛʨʫʟʢʠ ʦʢʠʩʣʝʥʥʳʭ ʦʙʨʘʟʮʦʚ ʚ ʚʳʩʦʢʦʚʘʢʫʫʤʥʫʶ 

ʢʘʤʝʨʫ ʤʝʪʦʜʦʤ ʨʝʘʢʪʠʚʥʦʛʦ ʦʩʘʞʜʝʥʠʷ Fe ʚ ʘʪʤʦʩʬʝʨʝ O2 ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ SiO2/Si ʙʳʣʠ ʚʳʨʘʱʝʥʳ 

ʪʝʢʩʪʫʨʠʨʦʚʘʥʥʳʝ ʧʣʝʥʢʠ Fe3O4 ʪʦʣʱʠʥʦʡ 70 ʥʤ [3]. ʉ ʮʝʣʴʶ ʬʦʨʤʠʨʦʚʘʥʠʷ ʵʣʝʢʪʨʠʯʝʩʢʠ 

ʩʪʘʙʠʣʴʥʳʭ ʢʦʥʪʘʢʪʥʳʭ ʧʣʦʱʘʜʦʢ ʥʘ ʧʣʝʥʢʝ Fe3O4 ʚʳʨʘʱʠʚʘʣʩʷ ʙʠʩʣʦʡ Cu/Ti. ʀʩʧʦʣʴʟʫʷ ʤʝʪʦʜ 

ʩʝʣʝʢʪʠʚʥʦʛʦ (ʞʠʜʢʦʩʪʥʦʛʦ) ʭʠʤʠʯʝʩʢʦʛʦ ʪʨʘʚʣʝʥʠʷ ʩʣʦʸʚ Cu, Ti ʠ Fe3O4, ʙʳʣʠ ʧʦʣʫʯʝʥʳ 

ʤʝʟʘʩʪʨʫʢʪʫʨʳ ʩ ʦʪʜʝʣʴʥʦ ʨʘʩʧʦʣʦʞʝʥʥʳʤʠ ʢʦʥʪʘʢʪʘʤʠ ʤʘʛʥʝʪʠʪʘ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ SiO2/Si. ʅʘ 

ʨʠʩʫʥʢʝ 1, ʧʦʢʘʟʘʥʳ ʜʚʫʭ- ʠ ʪʨʸʭ- ʢʦʥʪʘʢʪʥʳʝ ʢʦʥʬʠʛʫʨʘʮʠʠ ʠʟʤʝʨʝʥʠʷ ʩʠʛʥʘʣʘ, ʦʙʫʩʣʦʚʣʝʥʥʦʛʦ 

ʩʧʠʥʦʚʦʡ ʘʢʢʫʤʫʣʷʮʠʝʡ ʧʦʜ ʢʘʞʜʳʤ ʠʟ ʜʚʫʭ ʠʥʜʠʚʠʜʫʘʣʴʥʳʭ ʢʦʥʪʘʢʪʦʚ. ʇʨʦʚʝʜʝʥʥʳʝ ʠʟʤʝʨʝʥʠʷ 

ʧʦʢʘʟʘʣʠ, ʯʪʦ ʧʨʠ ʠʟʤʝʥʝʥʠʠ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʧʨʦʠʩʭʦʜʠʪ ʠʟʤʝʥʝʥʠʝ ʨʘʟʥʦʩʪʠ ʧʦʪʝʥʮʠʘʣʦʚ ʤʝʞʜʫ 

ʬʝʨʨʦʤʘʛʥʠʪʥʳʤʠ ʢʦʥʪʘʢʪʘʤʠ ʧʨʠ ʧʨʦʧʫʩʢʘʥʠʠ ʪʦʢʘ ʭʦʪʷ ʙʳ ʯʝʨʝʟ ʦʜʠʥ ʢʦʥʪʘʢʪ (ʈʠʩʫʥʦʢ 2). 

ʇʨʝʜʧʦʣʘʛʘʝʪʩʷ, ʯʪʦ ʧʨʠ ʚʢʣʶʯʝʥʠʠ ʚʥʝʰʥʝʛʦ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʧʨʦʠʩʭʦʜʠʪ ʜʝʧʦʣʷʨʠʟʘʮʠʷ ʩʧʠʥʘ 

ʵʣʝʢʪʨʦʥʦʚ, ʠʥʞʝʢʪʠʨʫʝʤʳʭ ʚ ʢʨʝʤʥʠʡ. ɺ ʜʦʢʣʘʜʝ ʦʙʩʫʞʜʘʶʪʩʷ ʤʝʭʘʥʠʟʤʳ ʩʧʠʥʦʚʦʛʦ ʪʨʘʥʩʧʦʨʪʘ 

ʚ ʜʘʥʥʳʭ ʩʪʨʫʢʪʫʨʘʭ, ʘ ʪʘʢʞʝ ʨʝʟʫʣʴʪʘʪʳ ʵʢʩʧʝʨʠʤʝʥʪʦʚ, ʧʦʣʫʯʝʥʥʳʭ ʜʣʷ ʧʦʜʣʦʞʝʢ ʢʨʝʤʥʠʷ c 

ʨʘʟʣʠʯʥʳʤ ʪʠʧʦʤ ʧʨʦʚʦʜʠʤʦʩʪʠ. 
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ʘ)                                            ʙ) 

ʈʠʩʫʥʦʢ 1 ï ʉʭʝʤʳ ʧʦʜʢʣʶʯʝʥʠʷ: ʜʚʫʭ- (ʘ) ʠ 

ʪʨʝʭ- (ʙ) ʢʦʥʪʘʢʪʥʘʷ. 

 

 
ʈʠʩʫʥʦʢ 2 ï ɿʘʚʠʩʠʤʦʩʪʴ ʨʘʟʥʦʩʪʠ ʧʦʪʝʥʮʠʘʣʦʚ 

ʤʝʞʜʫ ʢʦʥʪʘʢʪʘʤʠ ʉ1-ʉ2 ʦʪ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ.  
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ʇʣʸʥʢʠ ʪʝʣʣʫʨʠʜʘ ʚʠʩʤʫʪʘ ʪʦʣʱʠʥʦʡ 5 ʥʤ ʙʳʣʠ ʚʳʨʘʱʝʥʳ ʤʝʪʦʜʦʤ ʤʦʣʝʢʫʣʷʨʥʦ-ʣʫʯʝʚʦʡ 

ʵʧʠʪʘʢʩʠʠ ʚ ʫʩʣʦʚʠʷʭ ʩʚʝʨʭʚʳʩʦʢʦʛʦ ʚʘʢʫʫʤʘ (~10-10 ʊʦʨʨ) ʥʘ ʧʦʜʣʦʞʢʘʭ n-Si(111) [1] ʠ ʟʘʢʨʳʪʳ 

ʩʣʦʷʤʠ ʊʝ, ʢʦʪʦʨʳʝ ʚ ʨʝʟʫʣʴʪʘʪʝ ʦʢʠʩʣʝʥʠʷ ex situ ʪʨʘʥʩʬʦʨʤʠʨʫʶʪʩʷ ʚ ʟʘʱʠʪʥʳʡ ʧʨʦʟʨʘʯʥʳʡ ʩʣʦʡ 

ʧʘʨʘʪʝʣʣʫʨʠʜʘ (TeO2). ɺ ʧʦʣʫʯʝʥʥʦʡ ʩʝʨʠʠ ʦʙʨʘʟʮʦʚ ʚʘʨʴʠʨʦʚʘʣʠʩʴ ʪʦʣʱʠʥʘ ʠ ʪʝʤʧʝʨʘʪʫʨʘ 

ʦʩʘʞʜʝʥʠʷ ʩʣʦʷ ʪʝʣʣʫʨʘ. ʃʘʪʝʨʘʣʴʥʳʡ ʬʦʪʦʵʬʬʝʢʪ ʙʳʣ ʠʟʫʯʝʥ ʚ ʜʠʘʧʘʟʦʥʝ ʜʣʠʥ ʚʦʣʥ 730-830 ʥʤ ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ Ti:sapphire ʣʘʟʝʨʘ (ʜʠʘʤʝʪʨ ʧʫʯʢʘ ï 50 ʤʢʤ) ʠ ʫʥʠʚʝʨʩʘʣʴʥʦʛʦ ʠʟʤʝʨʠʪʝʣʴʥʦʛʦ 

ʧʨʠʙʦʨʘ Keithley-2000. ʈʘʩʩʪʦʷʥʠʝ ʤʝʞʜʫ ʢʦʥʪʘʢʪʘʤʠ ʩʦʩʪʘʚʣʷʣʦ 1 ʤʤ. 

ɺʳʙʦʨ ʩʠʩʪʝʤʳ TeO2/Bi2Te3/n-Si(111) 

ʦʙʫʩʣʦʚʣʝʥ ʩʦʯʝʪʘʥʠʝʤ ʦʧʪʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ 

ʢʨʝʤʥʠʷ ʠ ʪʝʣʣʫʨʠʜʘ ʚʠʩʤʫʪʘ, ʧʦʟʚʦʣʷʶʱʠʤ 

ʩʦʟʜʘʚʘʪʴ ʤʥʦʛʦʬʫʥʢʮʠʦʥʘʣʴʥʳʝ ʘʚʪʦʥʦʤʥʳʝ 

ʩʪʨʫʢʪʫʨʳ ʩ ʚʦʟʤʦʞʥʦʩʪʴʶ ʫʧʨʘʚʣʝʥʠʷ ʩʧʠʥʦʚʦʡ 

ʦʨʠʝʥʪʘʮʠʝʡ ʩ ʧʦʤʦʱʴʶ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʪʦʢʘ [2]. 

ɹʳʣʦ ʦʙʥʘʨʫʞʝʥʦ, ʯʪʦ ʚʝʣʠʯʠʥʘ 

ʣʘʪʝʨʘʣʴʥʦʛʦ ʬʦʪʦʥʘʧʨʷʞʝʥʠʷ ʧʨʘʢʪʠʯʝʩʢʠ ʥʝ 

ʟʘʚʠʩʠʪ ʦʪ ʪʦʣʱʠʥʳ ʟʘʱʠʪʥʦʛʦ ʧʨʦʟʨʘʯʥʦʛʦ 

ʧʦʢʨʳʪʠʷ TeO2 ʚ ʜʠʘʧʘʟʦʥʝ ʪʦʣʱʠʥ 2-10 ʥʤ. 

ʉʧʝʢʪʨʘʣʴʥʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʫʢʘʟʳʚʘʶʪ ʥʘ 

ʤʝʭʘʥʠʟʤ ʛʝʥʝʨʘʮʠʠ ʬʦʪʦʥʦʩʠʪʝʣʝʡ ʚ ʢʨʝʤʥʠʠ 

(ʚʩʪʘʚʢʘ ʥʘ ʨʠʩ. 1). ʉʫʱʝʩʪʚʝʥʥʦʛʦ ʫʣʫʯʰʝʥʠʷ 

ʬʦʪʦʚʦʣʴʪʘʠʯʝʩʢʦʡ ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʠ ʫʜʘʝʪʩʷ 

ʜʦʩʪʠʯʴ ʧʨʠ ʫʚʝʣʠʯʝʥʠʠ ʪʝʤʧʝʨʘʪʫʨʳ ʧʦʜʣʦʞʢʠ 

ʧʨʠ ʦʩʘʞʜʝʥʠʠ ʩʣʦʷ ʪʝʣʣʫʨʘ. ʀʜʝʥʪʠʯʥʦʩʪʴ 

ʬʦʪʦʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʠ ʚ ʩʪʨʫʢʪʫʨʘʭ, ʧʦʣʫʯʝʥʥʳʭ 

ʧʨʠ ʦʩʘʞʜʝʥʠʠ ʪʝʣʣʫʨʘ ʧʨʠ 150 ʠ 200ʉ̄, ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ, ʯʪʦ ʚ ʵʪʦʤ ʪʝʤʧʝʨʘʪʫʨʥʦʤ ʜʠʘʧʘʟʦʥʝ 

ʧʨʦʠʩʭʦʜʠʪ ʧʦʣʠʤʦʨʬʥʳʡ ʩʪʨʫʢʪʫʨʥʦ-ʬʘʟʦʚʳʡ ʧʝʨʝʭʦʜ ʪʝʣʣʫʨʘ [3], ʢʦʪʦʨʳʡ ʧʨʠ ʧʦʩʣʝʜʫʶʱʝʤ 

ʦʢʠʩʣʝʥʠʠ ʧʨʠʚʦʜʠʪ ʢ ʧʦʣʠʤʦʨʬʥʦʤʫ ʠʟʤʝʥʝʥʠʶ ʩʣʦʷ TeO2 [4]. ʇʦʣʠʤʦʨʬʥʦʝ ʧʨʝʦʙʨʘʟʦʚʘʥʠʝ 

ʪʝʣʣʫʨʘ ʧʨʠʚʦʜʠʪ ʢ ʠʟʤʝʥʝʥʠʶ ʤʝʞʘʪʦʤʥʳʭ ʨʘʩʩʪʦʷʥʠʡ ʚ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʝ ʧʣʝʥʢʠ, ʯʪʦ 

ʷʚʣʷʝʪʩʷ ʧʨʠʯʠʥʦʡ ʫʚʝʣʠʯʝʥʠʷ ʧʨʦʟʨʘʯʥʦʩʪʠ ʟʘʱʠʪʥʦʛʦ ʧʦʢʨʳʪʠʷ TeO2 ʠ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, 

ʫʣʫʯʰʝʥʠʷ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʬʦʪʦʚʦʣʴʪʘʠʯʝʩʢʠʭ ʷʯʝʝʢ ʥʘ ʦʩʥʦʚʝ ʛʠʙʨʠʜʥʦʡ ʩʪʨʫʢʪʫʨʳ TeO2/Bi2Te3/n-

Si(111). 
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ʈʠʩʫʥʦʢ 1 ï ɿʘʚʠʩʠʤʦʩʪʠ ʬʦʪʦʥʘʧʨʷʞʝʥʠʷ ʦʪ 

ʧʦʣʦʞʝʥʠʷ ʩʚʝʪʦʚʦʛʦ ʧʷʪʥʘ, ʧʘʨʘʤʝʪʨʠʟʦʚʘʥʥʳʝ 

ʪʝʤʧʝʨʘʪʫʨʦʡ ʦʩʘʞʜʝʥʠʷ ʪʝʣʣʫʨʘ. ʅʘ ʚʩʪʘʚʢʝ 

ʩʧʝʢʪʨʘʣʴʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʬʦʪʦʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʠ. 
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ʕʧʠʪʘʢʩʠʷ ʤʫʣʴʪʠʩʣʦʝʚ ʥʘʥʦʢʨʠʩʪʘʣʣʦʚ b-FeSi2 ʚ ʢʨʝʤʥʠʠ ʥʘ ʧʦʜʣʦʞʢʝ ʂʅʀ(100): 

ʢʨʠʩʪʘʣʣʠʯʝʩʢʘʷ ʩʪʨʫʢʪʫʨʘ ʠ ʬʦʪʦʣʶʤʠʥʝʩʮʝʥʮʠʷ ʥʘ 1.5 ʤʢʤ 

ɻʘʣʢʠʥ ʅ.ɻ.1), ɻʘʣʢʠʥ ʂ.ʅ.1), ʂʨʦʧʘʯʝʚ ʆ.ɺ.1), ɼʦʮʝʥʢʦ ʉ.ɸ.1), ʉʪʝʧʠʭʦʚʘ ʄ.ɺ.2),  

ʖʥʠʥ ʇ.ɸ.2), ɺʦʣʢʦʚʘ ʃ.ʉ.3), ɻʨʠʰʠʥ ʊ.ʉ.3), ɼʫʜʠʥ ɸ.ɸ.3)  
1)ʀʥʩʪʠʪʫʪ ʘʚʪʦʤʘʪʠʢʠ ʠ ʧʨʦʮʝʩʩʦʚ ʫʧʨʘʚʣʝʥʠʷ ɼɺʆ ʈɸʅ, ɺʣʘʜʠʚʦʩʪʦʢ, ʈʦʩʩʠʷ 

2)ʀʥʩʪʠʪʫʪ ʬʠʟʠʢʠ ʤʠʢʨʦʩʪʨʫʢʪʫʨ ʈɸʅ, ʅʠʞʥʠʡ ʅʦʚʛʦʨʦʜ, ʈʦʩʩʠʷ 
3)ʀʥʩʪʠʪʫʪ ʥʘʥʦʪʝʭʥʦʣʦʛʠʡ ʤʠʢʨʦʵʣʝʢʪʨʦʥʠʢʠ ʈɸʅ, ʄʦʩʢʚʘ, ʈʦʩʩʠʷ 

e-mail: ngalk@dvo.ru 

 

ʀʟʚʝʩʪʥʦ, ʯʪʦ ʥʘʥʦʢʨʠʩʪʘʣʣʳ (ʅʂ) b-FeSi2, ʚʩʪʨʦʝʥʥʳʝ ʤʦʥʦʣʠʪʥʦ ʚ ʢʨʝʤʥʠʝʚʫʶ ʨʝʰʝʪʢʫ 

ʧʨʠʚʦʜʷʪ ʢ ʧʦʷʚʣʝʥʠʶ ʬʦʪʦʣʶʤʠʥʝʩʮʝʥʮʠʠ (ʌʃ) ʩ ʜʣʠʥʦʡ ʚʦʣʥʳ 1.5 ʤʢʤ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ ʥʠʞʝ 

80 ʂ [1]. ʂʨʦʤʝ ʪʦʛʦ, ʚ ʪʘʢʦʡ ʥʘʥʦʛʝʪʝʨʦʩʪʨʫʢʪʫʨʝ, ʧʦʤʝʱʝʥʥʦʡ ʚ i-ʦʙʣʘʩʪʴ p-i-n ʜʠʦʜʘ ʥʘ Si(111), 

ʙʳʣʘ ʧʦʣʫʯʝʥʘ ʠʥʪʝʥʩʠʚʥʘʷ ʵʣʝʢʪʨʦʣʶʤʠʥʝʩʮʝʥʮʠʷ ʩ ʤʦʱʥʦʩʪʴʶ ʜʦ 25 ʤʢɺʪ ʧʨʠ ʧʣʦʪʥʦʩʪʠ ʪʦʢʘ 

9 ɸ/ʩʤ2 ʠ ʊ=20 ʦʉ [2]. ɿʜʝʩʴ ʧʨʝʜʩʪʘʚʣʷʝʪʩʷ ʘʢʪʫʘʣʴʥʳʤ ʠʩʩʣʝʜʦʚʘʪʴ ʚʩʪʨʘʠʚʘʥʠʝ ʅʂ b-FeSi2 ʚ 

ʧʦʜʣʦʞʢʫ ʂʅʀ(100), ʩʦʚʤʝʩʪʠʤʫʶ ʩ ʧʣʘʥʘʨʥʦʡ ʪʝʭʥʦʣʦʛʠʝʡ ʉɹʀʉ, ʩ ʮʝʣʴʶ ʧʦʣʫʯʝʥʠʷ 

ʵʬʬʝʢʪʠʚʥʦʛʦ ʣʶʤʠʥʝʩʮʝʥʪʥʦʛʦ ʦʪʢʣʠʢʘ ʥʘ 1.5 ʤʢʤ, ʯʪʦ ʦʪʢʨʦʝʪ ʚʦʟʤʦʞʥʦʩʪʠ ʩʦʟʜʘʥʠʷ ʥʦʚʳʭ 

ʧʨʠʙʦʨʥʳʭ ʩʪʨʫʢʪʫʨ ʜʣʷ ʩʭʝʤ ʠʥʪʝʛʨʘʣʴʥʦʡ ʬʦʪʦʥʠʢʠ.  

ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʅʂ b-FeSi2 ʚʩʪʨʘʠʚʘʣʠʩʴ ʚ ʧʦʜʣʦʞʢʠ ʂʅʀ ʩ ʦʨʠʝʥʪʘʮʠʝʡ (100) ʤʝʪʦʜʦʤ 

ʢʦʤʙʠʥʘʮʠʠ ʪʚʝʨʜʦʬʘʟʥʦʡ ʵʧʠʪʘʢʩʠʠ (ʊʌʕ) ʞʝʣʝʟʘ ʠ ʤʦʣʝʢʫʣʷʨʥʦ-ʣʫʯʝʚʦʡ ʵʧʠʪʘʢʩʠʠ (ʄʃʕ) 

ʢʨʝʤʥʠʷ. ʉʥʘʯʘʣʘ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ Si(100)-2Ĭ1 ʬʦʨʤʠʨʦʚʘʣʠ ʤʝʪʦʜʦʤ ʄʃʕ ʧʨʠ 750 ʦʉ ʙʫʬʝʨʥʳʡ 

ʩʣʦʡ ʪʦʣʱʠʥʦʡ 50 ʥʤ, ʧʦʩʣʝ ʯʝʛʦ ʧʫʪʝʤ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʛʦ ʦʩʘʞʜʝʥʠʷ ʞʝʣʝʟʘ (0.5 ʥʤ) ʧʨʠ ʊ=20 ʦʉ 

ʩ ʧʦʩʣʝʜʫʶʱʠʤ ʦʪʞʠʛʦʤ ʧʨʠ ʊ=630 ʦʉ ʠ ʜʚʫʭ ʩʣʦʝʚ ʢʨʝʤʥʠʷ: 12 ʥʤ ʧʨʠ ʊ=630ʦʉ ʠ 24 ʥʤ ʧʨʠ 

ʊ=700 ʦʉ. ʇʨʦʮʝʜʫʨʫ ʨʦʩʪʘ ʙʠʩʣʦʝʚ ʧʦʚʪʦʨʷʣʠ 8 ʨʘʟ. ʇʦʚʝʨʭʥʦʩʪʴ ʦʙʨʘʟʮʘ ʠʤʝʣʘ ʰʝʨʦʭʦʚʘʪʦʩʪʴ: 

srms=6.5 ʥʤ. ʀʩʩʣʝʜʦʚʘʥʠʷ ʤʝʪʦʜʦʤ ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʜʠʬʨʘʢʮʠʠ ʧʦʢʘʟʘʣʠ ʥʘʣʠʯʠʝ ʬʘʟʳ b-FeSi2, ʯʪʦ 

ʧʦʜʪʚʝʨʞʜʝʥʦ ʤʝʪʦʜʦʤ ɺʈ ʇʕʄ (ʈʠʩ. 1(ʘ,ʙ)). ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʧʨʠ ʚʩʪʨʘʠʚʘʥʠʠ ʅʂ ʢʦʘʣʝʩʮʠʨʫʶʪ 

ʠ ʥʝ ʦʙʨʘʟʫʶʪ ʩʣʦʠʩʪʫʶ ʩʪʨʫʢʪʫʨʫ ʩ ʢʨʝʤʥʠʝʚʳʤʠ ʧʨʦʤʝʞʫʪʢʘʤʠ [1], ʘ ʢʚʘʟʠʦʜʥʦʨʦʜʥʦ 

ʨʘʩʧʨʝʜʝʣʝʥʳ ʧʦ ʪʦʣʱʠʥʝ (ʈʠʩ. 1(ʘ)). ʅʘʥʦʢʨʠʩʪʘʣʣʳ ʠʤʝʶʪ ʦʚʘʣʴʥʫʶ ʬʦʨʤʫ ʩ ʨʘʟʤʝʨʘʤʠ ʦʪ 10 ʜʦ 

30 ʥʤ ʠ ʤʦʥʦʣʠʪʥʦ ʚʩʪʨʦʝʥʳ ʚ ʤʘʪʨʠʮʫ ʢʨʝʤʥʠʷ ʙʝʟ ʦʙʨʘʟʦʚʘʥʠʷ ʜʠʩʣʦʢʘʮʠʡ ʥʝʩʦʦʪʚʝʪʩʪʚʠʷ (ʈʠʩ. 

1(ʙ)). ɼʣʷ ʥʠʭ ʫʩʪʘʥʦʚʣʝʥʳ ʵʧʠʪʘʢʩʠʘʣʴʥʳʝ ʦʪʥʦʰʝʥʠʷ ʠ ʥʘʧʨʷʞʝʥʠʷ ʚ ʨʝʰʝʪʢʝ. ʀʩʩʣʝʜʦʚʘʥʠʷ 

ʩʧʝʢʪʨʦʚ ʌʃ ʧʦʢʘʟʘʣʠ (ʈʠʩ. 

1(ʚ)), ʯʪʦ ʤʘʢʩʠʤʫʤ ʧʠʢʘ 

ʧʨʠ ʊ=77 ʂ ʥʘʭʦʜʠʪʩʷ ʧʨʠ 

1.5 ʤʢʤ ʠ ʦʪʩʫʪʩʪʚʫʶʪ 

ʣʠʥʠʠ ʌʃ, ʭʘʨʘʢʪʝʨʥʳʝ ʜʣʷ 

ʜʠʩʣʦʢʘʮʠʡ. ʇʨʠ ʥʘʛʨʝʚʝ ʜʦ 

300 ʂ ʧʠʢ ʌʃ ʠʩʯʝʟʘʝʪ, ʯʪʦ 

ʩʚʷʟʘʥʦ ʩ 

ʙʝʟʳʟʣʫʯʘʪʝʣʴʥʳʤʠ 

ʧʝʨʝʭʦʜʘʤʠ ʯʝʨʝʟ ʫʨʦʚʥʠ 

ʜʝʬʝʢʪʦʚ ʥʘ ʛʨʘʥʠʮʝ b-

FeSi2/Si.  

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʚ ʨʘʤʢʘʭ ʛʦʩʫʜʘʨʩʪʚʝʥʥʦʛʦ ʟʘʜʘʥʠʷ ʀɸʇʋ ɼɺʆ ʈɸʅ (ʪʝʤʘ ˉ FWFW-

2026-0007). 
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ʈʠʩʫʥʦʢ 1 ï ʉʥʠʤʢʠ ɺʈ ʇʕʄ ʧʦʧʝʨʝʯʥʦʛʦ ʩʨʝʟʘ ʚ ʦʙʨʘʟʮʝ ʧʨʠ ʫʚʝʣʠʯʝʥʠʠ 

100000ʭ (ʘ) ʠ 800000ʭ (ʙ). ʉʧʝʢʪʨʳ ʌʃ ʦʙʨʘʟʮʘ ʧʨʠ ʊ=77 ʂ ʠ 300 ʂ (ʚ). 
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ʄʥʦʛʠʝ ʛʦʜʳ ʧʨʦʛʨʝʩʩ ʚ ʤʠʢʨʦʵʣʝʢʪʨʦʥʠʢʝ ʜʦʩʪʠʛʘʣʩʷ ʟʘ ʩʯʝʪ ʤʠʥʠʘʪʶʨʠʟʘʮʠʠ ʵʣʝʤʝʥʪʦʚ ʠ 

ʫʚʝʣʠʯʝʥʠʷ ʠʭ ʧʣʦʪʥʦʩʪʠ ʨʘʟʤʝʱʝʥʠʷ ʥʘ ʯʠʧʝ. ʆʜʥʘʢʦ ʩʥʠʞʝʥʠʝ ʭʘʨʘʢʪʝʨʥʳʭ ʨʘʟʤʝʨʦʚ ʜʦ ʝʜʠʥʠʮ 

ʥʘʥʦʤʝʪʨʦʚ ʪʨʝʙʫʝʪ ʧʦʠʩʢʘ ʥʦʚʳʭ ʧʦʜʭʦʜʦʚ. ʇʝʨʝʭʦʜ ʢ ʦʧʪʦʵʣʝʢʪʨʦʥʠʢʝ ʠ ʬʦʪʦʥʠʢʝ, ʧʨʠʯʝʤ 

ʩʦʚʤʝʩʪʠʤʦʡ ʩ ʩʦʚʨʝʤʝʥʥʦʡ Si ʂʄʆʇ-ʪʝʭʥʦʣʦʛʠʝʡ, ʷʚʣʷʝʪʩʷ ʦʜʥʠʤ ʠʟ ʧʝʨʩʧʝʢʪʠʚʥʳʭ ʚʘʨʠʘʥʪʦʚ 

ʜʘʣʴʥʝʡʰʝʛʦ ʨʘʟʚʠʪʠʷ. ʂ ʥʘʩʪʦʷʱʝʤʫ ʚʨʝʤʝʥʠ ʤʥʦʛʠʝ ʦʧʪʠʯʝʩʢʠʝ ʵʣʝʤʝʥʪʳ ʥʘ ʙʘʟʝ Si (ʪʘʢʠʝ ʢʘʢ 

ʚʦʣʥʦʚʦʜʳ, ʤʦʜʫʣʷʪʦʨʳ ʠ ʜʨ.) ʫʞʝ ʩʦʟʜʘʥʳ, ʥʦ ʦʪʩʫʪʩʪʚʫʝʪ ʦʜʠʥ ʠʟ ʢʣʶʯʝʚʳʭ ï ʵʬʬʝʢʪʠʚʥʳʡ 

ʠʩʪʦʯʥʠʢ ʠʟʣʫʯʝʥʠʷ ʙʣʠʞʥʝʛʦ ʀʂ ʜʠʘʧʘʟʦʥʘ ʥʘ ʦʩʥʦʚʝ Si (ʣʠʙʦ ʩʦʚʤʝʩʪʠʤʳʡ c Si). ʂʨʦʤʝ ʪʦʛʦ, ʫ 

ʧʨʦʙʣʝʤʳ ʩʦʟʜʘʥʠʷ Si-ʩʦʚʤʝʩʪʠʤʦʛʦ ʠʟʣʫʯʘʪʝʣʷ ʚ ʧʦʩʣʝʜʥʝʝ ʚʨʝʤʷ ʚʦʟʥʠʢ ʥʦʚʳʡ ʘʩʧʝʢʪ, ʩʚʷʟʘʥʥʳʡ 

ʩ ʦʧʪʠʯʝʩʢʠʤʠ ʢʚʘʥʪʦʚʳʤʠ ʚʳʯʠʩʣʝʥʠʷʤʠ ʠ ʢʦʤʤʫʥʠʢʘʮʠʷʤʠ. ɼʣʷ ʨʝʰʝʥʠʷ ʜʘʥʥʦʛʦ ʢʣʘʩʩʘ ʟʘʜʘʯ 

ʥʝʦʙʭʦʜʠʤʳ, ʧʦʤʠʤʦ ʧʨʦʯʝʛʦ, ʠʟʣʫʯʘʪʝʣʠ ʦʜʠʥʦʯʥʳʭ ʬʦʪʦʥʦʚ. ʉʦʟʜʘʥʠʝ ʬʦʪʦʥʥʳʭ ʩʭʝʤ ʥʘ ʯʠʧʝ ʩ 

ʠʥʪʝʛʨʠʨʦʚʘʥʥʳʤʠ ʦʜʥʦʬʦʪʦʥʥʳʤʠ ʠʩʪʦʯʥʠʢʘʤʠ ʦʪʢʨʦʝʪ ʥʦʚʳʝ ʚʦʟʤʦʞʥʦʩʪʠ ʜʣʷ ʨʝʘʣʠʟʘʮʠʠ 

ʢʚʘʥʪʦʚʳʭ ʚʳʯʠʩʣʠʪʝʣʴʥʳʭ ʧʨʦʪʦʢʦʣʦʚ, ʘ ʪʘʢʞʝ ʜʣʷ ʤʘʩʰʪʘʙʠʨʦʚʘʥʠʷ ʪʘʢʠʭ ʩʠʩʪʝʤ.  

ʆʜʥʦʡ ʠʟ ʚʦʟʤʦʞʥʳʭ ʤʘʪʝʨʠʘʣʴʥʳʭ ʩʠʩʪʝʤ, ʤʦʛʫʱʠʭ ʙʳʪʴ ʠʩʧʦʣʴʟʦʚʘʥʥʦʡ ʜʣʷ ʨʝʰʝʥʠʷ 

ʚʳʰʝʦʧʠʩʘʥʥʳʭ ʟʘʜʘʯ, ʷʚʣʷʪʁʩʷ ʦʧʪʠʯʝʩʢʠ ʘʢʪʠʚʥʳʝ ʜʝʬʝʢʪʥʳʝ ʮʝʥʪʨ rʚ Si [1]. ʉʦʟʜʘʥʠʝ ʠʭ 

ʚʦʟʤʦʞʥʦ ʨʘʟʣʠʯʥʳʤʠ ʤʝʪʦʜʘʤʠ, ʚ ʯʘʩʪʥʦʩʪʠ, ʟʘ ʩʯʝʪ ʩʪʘʥʜʘʨʪʥʦʛʦ ʤʝʪʦʜʘ ʠʦʥʥʦʡ ʠʤʧʣʘʥʪʘʮʠʠ. 

ʉʨʝʜʠ ʙʦʣʴʰʦʛʦ ʨʘʟʥʦʦʙʨʘʟʠʷ ʜʝʬʝʢʪʥʳʭ ʮʝʥʪʨʦʚ ʚ Si [2], ʚʥʠʤʘʥʠʝ ʙʫʜʝʪ ʩʦʩʨʝʜʦʪʦʯʝʥʦ ʥʘ ʜʚʫʭ  

ï ʪ.ʥ. G- ʠ W-ʮʝʥʪʨʘʭ. G-ʮʝʥʪʨ (ʢʦʤʧʣʝʢʩ ʠʟ 2 ʘʪʦʤʦʚ ʉ ʠ 1 ʘʪʦʤʘ Si) ʷʚʣʷʝʪʩʷ ʧʦʧʫʣʷʨʥʳʤ ʦʙʲʝʢʪʦʤ 

ʠʩʩʣʝʜʦʚʘʥʠʡ ʚʚʠʜʫ ʪʦʛʦ, ʯʪʦ ʝʛʦ ʙʝʩʬʦʥʦʥʥʘʷ ʣʠʥʠʷ ʠʟʣʫʯʝʥʠʷ (ZPL) ʷʚʣʷʝʪʩʷ ʦʜʥʦʡ ʠʟ ʥʘʠʙʦʣʝʝ 

ʠʥʪʝʥʩʠʚʥʳʭ (ʚ ʩʨʘʚʥʝʥʠʶ ʩ ʜʨʫʛʠʤʠ ʮʝʥʪʨʘʤʠ ʚ Si), ʣʝʞʠʪ ʚ ʙʣʠʞʥʝʤ ʀʂ (~1278 ʥʤ) ʠ ʦʙʣʘʜʘʝʪ 

ʤʘʣʦʡ ʰʠʨʠʥʦʡ (ʦʪ ʜʦʣʝʡ ʤʵɺ ʜʣʷ ʧʨʠʨʦʜʥʦʛʦ Si ʜʦ ʟʥʘʯʝʥʠʡ ʥʠʞʝ 1 ʤʢʵɺ ʜʣʷ ʤʘʪʨʠʮʳ ʠʟ 

ʠʟʦʪʦʧʥʦ-ʦʯʠʱʝʥʥʦʛʦ 28Si). W-ʮʝʥʪʨ (ʢʦʤʧʣʝʢʩ ʠʟ 3 ʘʪʦʤʦʚ Si ʚ ʤʝʞʜʦʫʟʣʠʷʭ) ʠʩʩʣʝʜʦʚʘʥ ʤʝʥʴʰʝ, 

ʦʜʥʘʢʦ ʪʦʞʝ ʧʨʝʜʩʪʘʚʣʷʝʪʩʷ ʧʝʨʩʧʝʢʪʠʚʥʳʤ. ʆʥ ʪʘʢʞʝ ʠʟʣʫʯʘʝʪ ʚ ʙʣʠʞʥʝʤ ʀʂ (~1220 ʥʤ), ʧʨʠʯʝʤ 

ʦʙʣʘʜʘʝʪ ʙʦʣʴʰʝʡ ʪʝʨʤʦʩʪʦʡʢʦʩʪʴʶ. 

ʕʬʬʝʢʪʠʚʥʳʤ ʩʧʦʩʦʙʦʤ ʤʦʜʠʬʠʢʘʮʠʠ ʦʧʪʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʩʨʝʜ ʷʚʣʷʝʪʩʷ ʠʩʧʦʣʴʟʦʚʘʥʠʝ 

ʨʝʟʦʥʘʪʦʨʦʚ. ʀʩʧʦʣʴʟʦʚʘʥʠʝ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʭ ʤʠʢʨʦʨʝʟʦʥʘʪʦʨʦʚ ʜʣʷ ʚʳʰʝʦʧʠʩʘʥʥʳʭ ʜʝʬʝʢʪʥʳʭ 

ʮʝʥʪʨʦʚ ʚ Si ʧʦʟʚʦʣʷʝʪ ʧʦʚʳʩʠʪʴ ʠʭ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʢʘʢ ʠʟʣʫʯʘʪʝʣʝʡ ʠ ʜʘʝʪ ʜʦʧʦʣʥʠʪʝʣʴʥʳʝ 

ʚʦʟʤʦʞʥʦʩʪʠ ʧʦ ʫʧʨʘʚʣʝʥʠʶ ʠʭ ʠʟʣʫʯʝʥʠʝʤ. ɺ ʨʘʙʦʪʝ ʨʘʩʩʤʦʪʨʝʥʳ ʩʧʦʩʦʙʳ ʩʦʟʜʘʥʠʷ 

ʠʟʦʣʠʨʦʚʘʥʥʳʭ ʜʝʬʝʢʪʥʳʭ ʮʝʥʪʨʦʚ ʠ ʚʩʪʨʘʠʚʘʥʠʷ ʠʭ ʚ ʧʦʜʦʙʥʳʝ ʤʠʢʨʦʨʝʟʦʥʘʪʦʨʳ. 

ʈʘʟʚʠʪʠʝ ʪʝʭʥʦʣʦʛʠʡ ʦʯʠʩʪʢʠ ʧʨʠʨʦʜʥʦʛʦ Si ʧʦʟʚʦʣʷʝʪ ʧʦʣʫʯʠʪʴ ʦʙʨʘʟʮʳ 28Si ʩ 

ʦʩʪʘʪʦʯʥʳʤʠ ʜʦʣʷʤʠ ʠʟʦʪʦʧʦʚ 29Si ʠ 30Si ʥʘ ʫʨʦʚʥʝ 10-100 ppm. ʌʦʨʤʠʨʦʚʘʥʠʝ ʜʝʬʝʢʪʥʳʭ ʮʝʥʪʨʦʚ 

ʚ ʤʘʪʨʠʮʝ ʠʟ ʠʟʦʪʦʧʥʦ-ʦʯʠʱʝʥʥʦʛʦ 28Si ʧʦʟʚʦʣʷʝʪ ʫʩʪʨʘʥʠʪʴ ʫʰʠʨʝʥʠʠ ʣʠʥʠʠ ʠʟʣʫʯʝʥʠʷ ʪʘʢʠʭ 

ʮʝʥʪʨʦʚ, ʩʚʷʟʘʥʥʦʝ ʩ ʬʣʫʢʪʫʘʮʠʷʤʠ ʠʭ ʦʢʨʫʞʝʥʠʷ, ʯʪʦ, ʧʨʠʚʦʜʠʪ ʢ ʨʝʟʢʦʤʫ (1-2 ʧʦʨʷʜʢʘ) ʩʫʞʝʥʠʶ 

ʣʠʥʠʠ ʠʭ ʠʟʣʫʯʝʥʠʷ ʧʨʠ ʥʠʟʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ. 

ʈʘʙʦʪʘ ʧʦʜʜʝʨʞʘʥʘ ʈʅʌ (ʛʨʘʥʪ ˉ 26-12-00464). 
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ʊʝʦʨʝʪʠʯʝʩʢʠ ʧʨʝʜʩʢʘʟʘʥʥʦʝ ɺʠʛʥʝʨʦʤ [1] 

ʫʧʦʨʷʜʦʯʝʥʠʝ ʚʟʘʠʤʦʜʝʡʩʪʚʫʶʱʠʭ ʵʣʝʢʪʨʦʥʦʚ ʚ 

ʤʝʪʘʣʣʘʭ ʙʳʣʦ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʦʙʥʘʨʫʞʝʥʦ ʜʣʷ 

ʵʣʝʢʪʨʦʥʦʚ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʞʠʜʢʦʛʦ ʛʝʣʠʷ ʚ 1979 ʛʦʜʫ 

ɻʨʘʡʤʩʦʤ ʠ ɸʜʘʤʩʦʤ [2]. ʉ ʪʝʭ ʧʦʨ ʢʨʠʩʪʘʣʣʠʯʝʩʢʠʝ 

ʩʪʨʫʢʪʫʨʳ ɺʠʛʥʝʨʘ ʙʳʣʠ ʦʙʥʘʨʫʞʝʥʳ ʚ 

ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʭ ʛʝʪʝʨʦʩʪʨʫʢʪʫʨʘʭ (ʚ ʩʠʣʴʥʳʭ 

ʤʘʛʥʠʪʥʳʭ ʧʦʣʷʭ), ʛʨʘʬʝʥʝ, ʢʚʘʥʪʦʚʳʭ ʧʨʦʚʦʣʦʢʘʭ, 

ʫʛʣʝʨʦʜʥʳʭ ʥʘʥʦʪʨʫʙʢʘʭ, ʧʳʣʝʚʦʡ ʧʣʘʟʤʝ, ʢʣʘʩʪʝʨʘʭ 

ʟʘʭʚʘʯʝʥʥʳʭ ʠʦʥʦʚ. ɺʩʝ ʵʪʠ ʵʣʝʢʪʨʦʥʥʳʝ ʩʠʩʪʝʤʳ 

ʙʳʣʠ ʦʜʥʦʤʝʨʥʳʤʠ, ʜʚʫʤʝʨʥʳʤʠ ʠʣʠ 

ʢʚʘʟʠʪʨʝʭʤʝʨʥʳʤʠ. ʆʜʥʦʤʝʨʥʘʷ ʚʠʛʥʝʨʦʚʩʢʘʷ 

ʢʨʠʩʪʘʣʣʠʟʘʮʠʷ ʣʦʢʘʣʠʟʦʚʘʥʥʳʭ ʵʣʝʢʪʨʦʥʦʚ ʙʳʣʘ 

ʧʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʥʘ ʚ Si3N4 [3]. 

ɼʘʥʥʘ ̫ ʨʘʙʦʪʘ ʧʦʩʚʷʱʝʥʘ ʠʟʫʯʝʥʠʶ 

ʩʪʨʫʢʪʫʨʥʦʛʦ ʫʧʦʨʷʜʦʯʝʥʠʷ, ʚ ʯʘʩʪʥʦʩʪʠ, 

ʚʠʛʥʝʨʦʚʩʢʦʡ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ, ʣʦʢʘʣʠʟʦʚʘʥʥʳʭ 

ʵʣʝʢʪʨʦʥʦʚ ʥʘ ʛʣʫʙʦʢʠʭ ʣʦʚʫʰʢʘʭ (å 1,25 ʵɺ) ʚ HfO2 

ʧʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ. ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʜʦʢʘʟʘʥʦ, ʯʪʦ ʢʦʥʮʝʥʪʨʘʮʠʷ ʣʦʢʘʣʠʟʦʚʘʥʥʳʭ 

ʵʣʝʢʪʨʦʥʦʚ ʥʘ ʜʚʘ ʧʦʨʷʜʢʘ ʥʠʞʝ, ʯʝʤ ʢʦʥʮʝʥʪʨʘʮʠʷ ʥʝʡʪʨʘʣʴʥʳʭ ʣʦʚʫʰʝʢ, ʯʪʦ ʫʢʘʟʳʚʘʝʪ ʥʘ 

ʢʫʣʦʥʦʚʩʢʦʝ ʦʪʪʘʣʢʠʚʘʥʠʝ ʤʝʞʜʫ ʣʦʢʘʣʠʟʦʚʘʥʥʳʤʠ ʵʣʝʢʪʨʦʥʘʤʠ. ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʤʳ ʠʩʩʣʝʜʫʝʤ 

ʩʪʨʫʢʪʫʨʥʦʝ ʫʧʦʨʷʜʦʯʝʥʠʝ ʚ ʜʤʫʤʝʨʥʦʤ (2-D) ʢʣʘʩʪʝʨʝ ʣʦʢʘʣʠʟʦʚʘʥʥʳʭ ʵʣʝʢʪʨʦʥʦʚ ʩ ʧʦʤʦʱʴʶ 

ʯʠʩʣʝʥʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ. ʈʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʩʠʩʪʝʤʘ ʩʣʫʯʘʡʥʦ ʨʘʩʧʨʝʜʝʣʝʥʥʳʭ ʣʦʚʫʰʝʢ ʥʘ 

ʩʬʝʨʠʯʝʩʢʦʡ ʧʦʚʝʨʭʥʦʩʪʠ. ɸʥʘʣʠʟʠʨʫʝʪʩʷ ʫʧʦʨʷʜʦʯʝʥʠʝ ʟʘʭʚʘʯʝʥʥʳʭ ʥʘ ʣʦʚʫʰʢʘʭ ʵʣʝʢʪʨʦʥʦʚ ʩ 

ʧʦʤʦʱʴʶ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʡ ʢʦʨʨʝʣʷʮʠʦʥʥʦʡ ʬʫʥʢʮʠʠ ɝ(x) (ʈʠʩʫʥʦʢ 1). ʇʨʠ ʤʘʣʦʡ ʧʣʦʪʥʦʩʪʠ 

ʵʣʝʢʪʨʦʥʦʚ ɝ(x) ʠʤʝʝʪ ʯʸʪʢʦ ʚʳʨʘʞʝʥʥʳʝ ʧʠʢʠ (ʯʝʨʥʘʷ). ʕʪʦ ʩʚʷʟʘʥʦ ʩ ʪʝʤ, ʯʪʦ ʧʨʠ ʫʤʝʥʴʰʝʥʠʠ 

ʧʣʦʪʥʦʩʪʠ, ʨʘʩʪʸʪ ʯʠʩʣʦ ʜʦʩʪʫʧʥʳʭ ʤʝʩʪ, ʘ ʠʟ-ʟʘ ʢʫʣʦʥʦʚʩʢʦʛʦ ʦʪʪʘʣʢʠʚʘʥʠʷ ʠ ʩʠʤʤʝʪʨʠʠ ʩʠʩʪʝʤʳ, 

ʵʣʝʢʪʨʦʥʳ ʙʫʜʫʪ ʦʪʜʘʣʷʪʴʩʷ ʜʨʫʛ ʦʪ ʜʨʫʛʘ ʥʘ ʧʦʯʪʠ ʦʜʠʥʘʢʦʚʳʝ ʨʘʩʩʪʦʷʥʠʷ, ʯʪʦ ʧʨʦʷʚʣʷʝʪʩʷ ʚ ʩʝʨʠʠ 

ʦʪʯʸʪʣʠʚʳʭ ʧʠʢʦʚ. ʉ ʨʦʩʪʦʤ ʧʣʦʪʥʦʩʪʠ ʵʣʝʢʪʨʦʥʦʚ ʧʠʢʠ ʥʘ ɝ(x) ʨʘʟʤʳʚʘʶʪʩʷ (ʩʠʥʷʷ ʠ ʢʨʘʩʥʘʷ). 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʈʠʩ. 1 ʜʝʤʦʥʩʪʨʠʨʫʝʪ ʧʝʨʝʭʦʜ ʩʠʩʪʝʤʳ ʦʪ ʫʧʦʨʷʜʦʯʝʥʥʦʛʦ ʩʦʩʪʦʷʥʠʷ ʢ 

ʥʝʫʧʦʨʷʜʦʯʝʥʥʦʤʫ. 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʚ ʨʘʤʢʘʭ ʛʨʘʥʪʘ ʈʅʌ ˉ 25-12-00022. 
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ʈʠʩʫʥʦʢ 1 ï ʇʨʦʩʪʨʘʥʩʪʚʝʥʥʘʷ ʢʦʨʨʝʣʷʮʠʦʥʥʘʷ 

ʬʫʥʢʮʠʷ ɝ(x) ʜʣʷ 100 (ʢʨʘʩʥʳʡ), 50 (ʩʠʥʠʡ) ʠ 20 

(ʯʝʨʥʳʡ) ʵʣʝʢʪʨʦʥʦʚ ʚ ʩʠʩʪʝʤʝ ʩ 200 ʩʣʫʯʘʡʥʳʤʠ 

ʣʦʚʫʰʢʘʤʠ ʥʘ ʩʬʝʨʠʯʝʩʢʦʡ ʧʦʚʝʨʭʥʦʩʪʠ. ʅʘ 

ʚʩʪʘʚʢʝ ʧʦʢʘʟʘʥʦ ʩʦʦʪʥʦʰʝʥʠʝ ʢʦʥʮʝʥʪʨʘʮʠʡ 

ʵʣʝʢʪʨʦʥʦʚ ʠ ʣʦʚʫʰʝʢ.  
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ʄʥʦʛʦʩʣʦʡʥʳʝ ʩʪʨʫʢʪʫʨʳ ʥʘ ʦʩʥʦʚʝ ʤʘʛʥʠʪʥʳʭ ʠ ʥʝʤʘʛʥʠʪʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʧʨʝʜʩʪʘʚʣʷʶʪ 

ʙʦʣʴʰʦʡ ʠʥʪʝʨʝʩ ʜʣʷ ʩʧʠʥʪʨʦʥʠʢʠ ʙʣʘʛʦʜʘʨʷ ʚʦʟʤʦʞʥʦʩʪʠ ʨʝʘʣʠʟʘʮʠʠ ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦʡ 

ʤʘʛʥʠʪʥʦʡ ʘʥʠʟʦʪʨʦʧʠʠ (ʇʄɸ), ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ɼʟʷʣʦʰʠʥʩʢʦʛʦïʄʦʨʠʷ (ɺɼʄ) ʠ ʧʝʨʝʥʦʩʫ 

ʚʨʘʱʘʪʝʣʴʥʦʛʦ ʤʦʤʝʥʪʘ ʦʪ ʪʦʢʘ (SOT-ʵʬʬʝʢʪ, ʦʪ ʘʥʛʣ. Spin Orbit Torque). 

ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʤʝʪʦʜʦʤ ʤʘʛʥʝʪʨʦʥʥʦʛʦ ʥʘʧʳʣʝʥʠʷ ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʤʥʦʛʦʩʣʦʡʥʳʝ 

ʩʪʨʫʢʪʫʨʳ ʩʦʩʪʘʚʘ Pt/Co/CoO /Gd/Pt. ʄʘʛʥʠʪʥʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʠʩʩʣʝʜʦʚʘʣʠʩʴ ʤʝʪʦʜʦʤ 

ʚʠʙʨʘʮʠʦʥʥʦʡ ʤʘʛʥʠʪʦʤʝʪʨʠʠ, ʘ ʜʦʤʝʥʥʘʷ ʩʪʨʫʢʪʫʨʘ ï ʤʝʪʦʜʘʤʠ ʤʘʛʥʠʪʥʦ-ʩʠʣʦʚʦʡ ʤʠʢʨʦʩʢʦʧʠʠ 

(ʄʉʄ) ʠ ʤʘʛʥʠʪʦʦʧʪʠʯʝʩʢʦʛʦ ʵʬʬʝʢʪʘ ʂʝʨʨʘ. 

ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʧʦʢʘʟʘʣʠ, ʯʪʦ ʠʟʤʝʥʝʥʠʝ ʪʦʣʱʠʥʳ ʥʠʞʥʝʛʦ ʩʣʦʷ Pt(40-100 

¡) ʚ ʩʪʨʫʢʪʫʨʝ Pt/Co/CoO /Gd/Pt ʧʨʠʚʦʜʠʪ ʢ ʫʚʝʣʠʯʝʥʠʶ ʤʘʛʥʠʪʥʦʛʦ ʤʦʤʝʥʪʘ ʩʠʩʪʝʤʳ ʦʪ 75 ʜʦ 109 

ʤʢʵʨʛĿɻʩ ĭĿʩʤ Į ʠ ʨʦʩʪʫ ʵʬʬʝʢʪʠʚʥʦʛʦ ʧʦʣʷ ʇʄɸ ʦʪ 1400 ʜʦ 2400 ʕ. 

ɼʣʷ ʠʟʫʯʝʥʠʷ ʤʘʛʥʠʪʥʦʛʦ ʧʦʚʝʜʝʥʠʷ ʩʣʦʷ Gd ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʦʙʨʘʟʮʳ Pt/Gd/Pt. ʅʝʩʤʦʪʨʷ ʥʘ 

ʧʘʨʘʤʘʛʥʠʪʥʫʶ ʧʨʠʨʦʜʫ Gd, ʧʝʪʣʠ ʤʘʛʥʠʪʥʦʛʦ ʛʠʩʪʝʨʝʟʠʩʘ ʜʝʤʦʥʩʪʨʠʨʫʶʪ ʬʝʨʨʦʤʘʛʥʠʪʥʦʝ 

ʧʦʚʝʜʝʥʠʝ ʩʦ ʩʣʘʙʳʤ ʤʘʛʥʠʪʥʳʤ ʤʦʤʝʥʪʦʤ. ʋʚʝʣʠʯʝʥʠʝ ʪʦʣʱʠʥʳ Gd ʩ 10 ʜʦ 100 ¡ ʧʨʠʚʦʜʠʪ ʣʠʰʴ 

ʢ ʥʝʙʦʣʴʰʦʤʫ ʨʦʩʪʫ ʤʘʛʥʠʪʥʦʛʦ ʤʦʤʝʥʪʘ ʩ 15 ʜʦ 21 ʤʢʵʨʛĿɻʩ ĭĿʩʤ Į, ʯʪʦ ʫʢʘʟʳʚʘʝʪ ʥʘ ʬʦʨʤʠʨʦʚʘʥʠʝ 

ʤʘʛʥʠʪʥʦʛʦ ʤʦʤʝʥʪʘ ʚ ʠʥʪʝʨʬʝʡʩʥʳʭ ʩʣʦʷʭ Gd ʚʩʣʝʜʩʪʚʠʝ ʵʬʬʝʢʪʘ ʙʣʠʟʦʩʪʠ ʩ Pt [1]. 

 
ʈʠʩʫʥʦʢ 1 ï ɿʘʚʠʩʠʤʦʩʪʴ (ʘ) ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦʡ ʤʘʛʥʠʪʥʦʡ ʘʥʠʟʦʪʨʦʧʠʠ ʠ (ʙ) ʤʘʛʥʠʪʥʦʛʦ ʤʦʤʝʥʪʘ ʦʪ  

ʪʦʣʱʠʥʳ ʥʠʞʥʝʛʦ ʩʣʦʷ Pt 

ɺ ʜʘʣʴʥʝʡʰʝʤ ʧʣʘʥʠʨʫʝʪʩʷ ʠʩʩʣʝʜʦʚʘʥʠʝ SOT-ʵʬʬʝʢʪʘ ʠ ɺɼʄ ʚ ʜʘʥʥʦʡ ʩʠʩʪʝʤʝ ʧʫʪʝʤ 

ʠʟʤʝʨʝʥʠʷ ʩʤʝʱʝʥʠʷ ʧʝʪʝʣʴ ʤʘʛʥʠʪʥʦʛʦ ʛʠʩʪʝʨʝʟʠʩʘ ʧʨʠ ʧʨʦʧʫʩʢʘʥʠʠ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʪʦʢʘ ʯʝʨʝʟ 

ʤʠʢʨʦʩʪʨʫʢʪʫʨʳ [2]. 
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ʀʩʩʣʝʜʦʚʘʥʠʝ ʧʦʩʚʷʱʝʥʦ ʬʫʥʜʘʤʝʥʪʘʣʴʥʦʡ ʧʨʦʙʣʝʤʝ ʚʣʠʷʥʠʷ ʢʠʨʘʣʴʥʦʛʦ ʤʘʛʥʠʪʥʦʛʦ 

ʟʘʪʫʭʘʥʠʷ ʥʘ ʜʠʥʘʤʠʢʫ ʜʦʤʝʥʥʳʭ ʩʪʝʥʦʢ ʛʨʘʥʠʮ ʚ ʨʝʞʠʤʝ ʧʦʣʟʫʯʝʩʪʠ ʚ ʵʧʠʪʘʢʩʠʘʣʴʥʦʡ ʩʠʩʪʝʤʝ 

Pd/Co/Pd/Cu/Si(111). ɺ 

ʦʪʣʠʯʠʝ ʦʪ ʢʣʘʩʩʠʯʝʩʢʦʛʦ 

ʤʘʛʥʠʪʥʦʛʦ ʟʘʪʫʭʘʥʠʷ 

ɻʠʣʴʙʝʨʪʘ, ʢʦʪʦʨʦʝ 

ʠʟʦʪʨʦʧʥʦ, ʢʠʨʘʣʴʥʦʝ 

ʟʘʪʫʭʘʥʠʝ ʣʠʥʝʡʥʦ ʟʘʚʠʩʠʪ 

ʦʪ ʛʨʘʜʠʝʥʪʘ 

ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʠ 

ʧʨʦʷʚʣʷʝʪʩʷ ʚ ʩʠʩʪʝʤʘʭ, ʩ 

ʥʘʨʫʰʝʥʥʦʡ ʠʥʚʝʨʩʠʦʥʥʦʡ 

ʩʠʤʤʝʪʨʠʝʡ. ʕʬʬʝʢʪ 

ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʨʘʟʣʠʯʥʦʡ 

ʢʦʥʩʪʘʥʪʝ ʤʘʛʥʠʪʥʦʛʦ 

ʟʘʪʫʭʘʥʠʷ ʜʣʷ ʧʨʘʚʦʚʠʥʪʦʚʦʡ ʠ ʣʝʚʦʚʠʥʪʦʚʦʡ ʢʦʥʬʠʛʫʨʘʮʠʠ ʜʦʤʝʥʥʦʡ ʛʨʘʥʠʮʳ ʚʦ ʚʥʝʰʥʝʤ 

ʧʣʦʩʢʦʩʪʥʦʤ ʤʘʛʥʠʪʥʦʤ ʧʦʣʝ ʚ ʤʥʦʛʦʩʣʦʡʥʳʭ ʤʘʛʥʠʪʥʳʭ ʩʪʨʫʢʪʫʨʘʭ ʩ ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦʡ 

ʤʘʛʥʠʪʥʦʡ ʘʥʠʟʦʪʨʦʧʠʝʡ [1].  

ɺ ʨʝʞʠʤʝ ʧʦʣʟʫʯʝʩʪʠ ʧʦʜʚʠʞʥʦʩʪʠ ʛʝʪʝʨʦʢʠʨʘʣʴʥʳʭ ʜʦʤʝʥʥʳʭ ʛʨʘʥʠʮ ʤʦʛʫʪ ʦʪʣʠʯʘʪʴʩʷ ʚ 

100-1000 ʨʘʟ [3]. ʆʜʥʘʢʦ ʧʦʢʘ ʥʝ ʧʦʩʪʨʦʝʥʘ ʮʝʣʴʥʘʷ ʘʥʘʣʠʪʠʯʝʩʢʘʷ ʤʦʜʝʣʴ, ʩʧʦʩʦʙʥʘʷ ʩʚʷʟʘʪʴ 

ʩʪʨʫʢʪʫʨʥʳʝ ʧʘʨʘʤʝʪʨʳ ʩ ʢʠʨʘʣʴʥʦʩʪʴʶ ʟʘʪʫʭʘʥʠʷ ʠ ʦʧʨʝʜʝʣʠʪʴ ʢʘʢ ʵʪʦʪ ʵʬʬʝʢʪ ʤʦʜʠʬʠʮʠʨʫʝʪ ʪʨʠ 

ʢʣʶʯʝʚʳʭ ʧʘʨʘʤʝʪʨʘ ʨʝʞʠʤʘ ʧʦʣʟʫʯʝʩʪʠ ʜʦʤʝʥʥʳʭ ʛʨʘʥʠʮ: ʧʦʣʝ ʜʝʧʠʥʥʠʥʛʘ Hd, ʪʝʤʧʝʨʘʪʫʨʫ 

ʜʝʧʠʥʥʠʥʛʘ Td ʠ ʩʢʦʨʦʩʪʴ ʜʦʤʝʥʥʳʭ ʛʨʘʥʠʮ ʧʨʠ ʧʦʣʝ ʜʝʧʠʥʥʠʥʛʘ v(Hd). 

ɺ ʵʪʦʡ ʨʘʙʦʪʝ ʜʣʷ ʦʙʨʘʟʮʘ ʩʦʩʪʘʚʘ Pd(3 ʥʤ)/Co(0.7 ʥʤ)/Pd(3 ʥʤ)/Cu(2 ʥʤ), ʚʳʨʘʱʝʥʥʦʛʦ 

ʤʝʪʦʜʦʤ ʤʦʣʝʢʫʣʷʨʥʦ-ʣʫʯʝʚʦʡ ʵʧʠʪʘʢʩʠʠ, ʠʟʤʝʨʝʥʳ ʟʘʚʠʩʠʤʦʩʪʠ ʩʢʦʨʦʩʪʠ ʜʦʤʝʥʥʳʭ ʛʨʘʥʠʮ ʦʪ 

ʚʝʣʠʯʠʥʳ ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦʛʦ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ v(Hz) ʧʨʠ ʨʘʟʥʳʭ ʟʥʘʯʝʥʠʷʭ ʧʣʦʩʢʦʩʪʥʦʛʦ ʧʦʣʷ ʚ 

ʧʣʦʩʢʦʩʪʠ (ʨʠʩʫʥʦʢ 1). ʂʘʞʜʘʷ ʠʟ ʟʘʚʠʩʠʤʦʩʪʝʡ v(Hz) ʘʧʧʨʦʢʩʠʤʠʨʦʚʘʣʘʩʴ ʫʨʘʚʥʝʥʠʝʤ ʨʝʞʠʤʘ 

ʧʦʣʟʫʯʝʩʪʠ ʠ ʜʝʧʠʥʥʠʥʛʘ ʜʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʥʝʫʥʠʚʝʨʩʘʣʴʥʳʭ ʧʘʨʘʤʝʪʨʦʚ ʨʝʞʠʤʘ ʧʦʣʟʫʯʝʩʪʠ. 

ɽʜʠʥʩʪʚʝʥʥʳʤ ʧʘʨʘʤʝʪʨʦʤ, ʥʝ ʷʚʣʷʶʱʠʤʩʷ ʩʠʤʤʝʪʨʠʯʥʳʤ ʦʪʥʦʩʠʪʝʣʴʥʦ Hx = 0, ʚ̫ʣʷʝʪʩʷ ʧʦʣʝ 

ʜʝʧʠʥʥʠʥʛʘ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʥʘ ʘʩʠʤʤʝʪʨʠʶ ʟʘʪʫʭʘʥʠʷ ʚ ʵʪʦʡ ʩʠʩʪʝʤʝ ʥʘʙʣʶʜʘʝʪʩʷ ʚʩʣʝʜʩʪʚʠʝ 

ʟʘʚʠʩʠʤʦʩʪʠ ʧʦʣʷ ʜʝʧʠʥʥʠʥʛʘ ʦʪ ʢʠʨʘʣʴʥʦʩʪʠ ʜʦʤʝʥʥʳʭ ʛʨʘʥʠʮ. 
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ʇʨʘʚʠʪʝʣʴʩʪʚʘ ʇʨʠʤʦʨʩʢʦʛʦ ʢʨʘʷ (ʛʨʘʥʪ ˉ 25-810-62470-2-0214-000004). 

 

 
ʈʠʩʫʥʦʢ 1 ï ɿʘʚʠʩʠʤʦʩʪʠ v(Hz) ʚ ʣʦʛʘʨʠʬʤʠʯʝʩʢʦʤ ʤʘʩʰʪʘʙʝ ʜʣʷ ʣʝʚʦʡ ʠ ʧʨʘʚʦʡ 

ʜʦʤʝʥʥʦʡ ʛʨʘʥʠʮ ʧʨʠ ʨʘʟʥʳʭ ʟʥʘʯʝʥʠʷʭ Hx 

https://rscf.ru/project/25-22-20079/
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ʇʣʘʟʤʦʥʥʳʝ ʩʪʨʫʢʪʫʨʳ ʥʘ ʦʩʥʦʚʝ ʧʦʨʠʩʪʦʛʦ ʢʨʝʤʥʠʷ 

ʊʳʥʳʰʳʪʳʢʙʘʝʚ ʂ.ɹ.1,2) 
1)ʌʠʟʠʢʦ-ʪʝʭʥʠʯʝʩʢʠʡ ʀʥʩʪʠʪʫʪ, ʉʘʪʙʘʝʚ ʋʥʠʚʝʨʩʠʪʝʪ, ɸʣʤʘʪʳ 050032, ʂʘʟʘʭʩʪʘʥ 

2)ʅʘʟʘʨʙʘʝʚ ʋʥʠʚʝʨʩʠʪʝʪ, ɸʩʪʘʥʘ 010000, ʂʘʟʘʭʩʪʘʥ 

e-mail: k.tnyshtykbayev@satbayev.university; kurbangali.tnyshtykbayev@nu.edu.kz 

 

ɺ ʜʦʢʣʘʜʝ ʙʫʜʫʪ ʧʨʝʜʩʪʘʚʣʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʣʘʟʤʦʥʥʳʭ ʩʚʦʡʩʪʚ ʩʪʨʫʢʪʫʨ Ni-

PNP/por-Si, Ni/Ag-PNP/por-Si ʠ Ag-PNP/por-Si, ʩʬʦʨʤʠʨʦʚʘʥʥʳʭ ʤʝʪʦʜʦʤ ʦʜʥʦʰʘʛʦʚʦʛʦ 

ʤʝʪʘʣʣʦʩʪʠʤʫʣʠʨʦʚʘʥʥʦʛʦ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʦʛʦ ʪʨʘʚʣʝʥʠʷ, ɽʄɸʉɽ. ʇʨʝʜʚʘʨʠʪʝʣʴʥʦʝ 

ʤʘʩʢʠʨʦʚʘʥʠʝ ʧʦʚʝʨʭʥʦʩʪʠ ʢʨʝʤʥʠʝʚʦʡ ʧʣʘʩʪʠʥʳ ʩ ʧʦʤʦʱʴʶ ʦʧʪʠʯʝʩʢʦʡ ʣʠʪʦʛʨʘʬʠʠ ʠ 

ʧʦʩʣʝʜʫʶʱʝʝ ʤʝʪʘʣʣʦʩʪʠʤʫʣʠʨʦʚʘʥʥʦʝ ʪʨʘʚʣʝʥʠʝ ʤʝʪʦʜʦʤ ʧʦʟʚʦʣʷʝʪ ʩʦʟʜʘʪʴ ʧʝʨʠʦʜʠʯʝʩʢʫʶ 

ʧʣʘʟʤʦʥʥʫʶ ʩʪʨʫʢʪʫʨʫ ʩ ʫʣʫʯʰʝʥʥʳʤʠ ʩʚʦʡʩʪʚʘʤʠ ʧʨʦʮʝʩʩʦʚ ʢʦʤʙʠʥʘʮʠʦʥʥʦʛʦ ʨʘʩʩʝʷʥʠʷ ʩʚʝʪʘ, 

ʬʦʪʦʣʶʤʠʥʝʩʮʝʥʮʠʠ ʠ ʠʩʧʘʨʝʥʠʷ ʚʦʜʳ. 

ʅʠʢʝʣʝʚʳʝ ʧʣʘʟʤʦʥʥʳʝ ʩʪʨʫʢʪʫʨʳ Ni-PNP/por-Si ʥʘ ʦʩʥʦʚʝ ʧʦʨʠʩʪʦʛʦ ʢʨʝʤʥʠʷ ʦʙʣʘʜʘʶʪ 

ʚʳʩʦʢʦʡ ʭʠʤʠʯʝʩʢʦʡ ʩʪʘʙʠʣʴʥʦʩʪʴʶ ʟʘ ʩʯʝʪ ʬʦʨʤʠʨʦʚʘʥʠʷ ʧʦʚʝʨʭʥʦʩʪʥʳʭ ʩʣʦʝʚ ʩʠʣʠʮʠʜʦʚ ʥʠʢʝʣʷ 

NiSi. 

ʉʝʨʝʙʨʷʥʳʝ ʧʣʘʟʤʦʥʥʳʝ ʩʪʨʫʢʪʫʨʳ Ag-PNP/por-Si ʜʝʤʦʥʩʪʨʠʨʫʶʪ ʚʠʜʠʤʫʶ 

ʬʦʪʦʣʶʤʠʥʝʩʮʝʥʮʠʶ ʩ ʛʠʛʘʥʪʩʢʠʤ ʫʩʠʣʝʥʠʝʤ ʩʠʛʥʘʣʘ ʢʦʤʙʠʥʘʮʠʦʥʥʦʛʦ ʨʘʩʩʝʷʥʠʷ ʥʘ ʯʘʩʪʦʪʘʭ, 

ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʬʘʟʝ. ʉʚʝʪʠʤʦʩʪʴ ʩʝʨʝʙʨʷʥʳʭ ʧʣʘʟʤʦʥʥʳʭ ʩʪʨʫʢʪʫʨ 

ʦʙʫʩʣʦʚʣʝʥʘ ʠʟʣʫʯʘʪʝʣʴʥʳʤʠ ʩʚʦʡʩʪʚʘʤʠ ʧʣʘʟʤʦʥʥʦʡ ʩʪʨʫʢʪʫʨʳ Ag-PNP/por-Si. 

ʂʘʪʘʣʠʪʠʯʝʩʢʘʷ ʘʢʪʠʚʥʦʩʪʴ ʧʣʘʟʤʦʥʥʳʭ Ag-PNP/por-Si ʩʪʨʫʢʪʫʨʘ ʧʨʝʚʳʰʘʝʪ ʵʬʬʝʢʪʠʚʥʦʩʪʴ 

ʠʟʚʝʩʪʥʳʭ ʚ ʣʠʪʝʨʘʪʫʨʝ ʩʦʣʥʝʯʥʳʭ ʪʝʨʤʦʛʝʥʝʨʦʪʦʨʦʚ ʚʦʜʳ ʠ ʨʘʚʥʘ ɽʘ = 7.58 ʢʛẗʤ-2ẗʯ-1. 

ɺʳʩʦʢʘʷ ʘʢʪʠʚʥʦʩʪʴ ʧʣʘʟʤʦʥʥʳʭ ʩʪʨʫʢʪʫʨ ʩʝʨʝʙʨʘ Ag-PNP/por-Si ʚ ʧʨʦʮʝʩʩʘʭ ʠʩʧʘʨʝʥʠʷ 

ʚʦʜʳ ʟʘʚʠʩʠʪ ʦʪ ʚʨʝʤʝʥʠ ʤʝʪʘʣʣ-ʩʪʠʤʫʣʠʨʦʚʘʥʥʦʛʦ ʦʩʘʞʜʝʥʠʷ ʧʣʘʟʤʦʥʥʳʭ ʥʘʥʦʯʘʩʪʠʮ ʩʝʨʝʙʨʘ Ag-

PNP. 

ʇʦʣʫʯʝʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʠʤʝʶʪ ʚʘʞʥʳʝ ʧʨʠʢʣʘʜʥʳʝ ʟʥʘʯʝʥʠʷ ʚ ʪʝʭʥʦʣʦʛʠʠ ʤʠʢʨʦ-, 

ʥʘʥʦʵʣʝʢʪʨʦʥʠʢʠ ʜʣʷ ʩʦʟʜʘʥʠʷ ʧʨʠʙʦʨʦʚ ʠ ʫʩʪʨʦʡʩʪʚ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʤʝʪʦʜʦʚ ʭʠʤʠʯʝʩʢʠʭ, 

ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʠʭ ʪʨʘʚʣʝʥʠʷ; ʠʟʣʫʯʘʪʝʣʴʥʳʭ ʧʨʠʙʦʨʦʚ ʠ ʫʩʪʨʦʡʩʪʚ; ʚʳʩʦʢʦʘʢʪʠʚʥʳʭ 

ʬʦʪʦʵʣʝʢʪʨʦʜʦʚ ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʚʦʜʦʨʦʜ ʧʨʠ ʬʦʪʦʵʣʝʢʪʨʦʣʠʟʝ ʚʦʜʳ; ʚʳʩʦʢʦʵʬʬʝʢʪʠʚʥʳʭ 

ʩʦʣʥʝʯʥʳʭ ʪʝʨʤʦʛʝʥʝʨʘʪʦʨʚ ʤʦʨʩʢʦʡ ʚʦʜʳ.  

mailto:k.tnyshtykbayev@satbayev.university
mailto:kurbangali.tnyshtykbayev@nu.edu.kz


 

 

 

 

 

 

 

 

 

 

 

IV. ʅʘʥʦʪʝʭʥʦʣʦʛʠʠ ʢʨʝʤʥʠʝʚʦʡ ʵʣʝʢʪʨʦʥʠʢʠ, 

ʚʢʣʶʯʘʷ ʠʦʥʥʫʶ ʠʤʧʣʘʥʪʘʮʠʶ, ʣʠʪʦʛʨʘʬʠʶ, 

ʪʝʭʥʦʣʦʛʠʠ ʩʦʟʜʘʥʠʷ ʢʚʘʥʪʦʚʳʭ ʪʦʯʝʢ ʠ ʩʢʨʳʪʳʭ 

ʩʣʦʝʚ. ʂʚʘʥʪʦʚʳʝ ʪʝʭʥʦʣʦʛʠʠ ʥʘ ʦʩʥʦʚʝ 

ʢʨʝʤʥʠʝʚʳʭ ʩʪʨʫʢʪʫʨ, ʢʚʘʥʪʦʚʳʝ ʩʝʥʩʦʨʳ 
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ʈʘʟʨʘʙʦʪʢʘ ʩʣʦʝʚ Mo-Si ʜʣʷ ʨʝʘʣʠʟʘʮʠʠ ʦʧʪʠʯʝʩʢʦʡ ʬʦʪʦʣʠʪʦʛʨʘʬʠʠ ʩ ʥʘʥʦʤʝʪʨʦʚʳʤʠ 

ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʤʠ ʥʦʨʤʘʤʠ 

ɻʨʦʤʦʚ ɼ.ɻ., ʃʝʙʝʜʝʚ ɽ.ɸ., ʅʦʚʦʩʝʣʴʮʝʚ ɸ.ʀ., ʂʨʦʭʘʥ ʅ.ɺ., ɸʥʠʢʠʥ ɸ.ɺ. 

ʅʘʮʠʦʥʘʣʴʥʳʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʫʥʠʚʝʨʩʠʪʝʪ çʄʀʕʊè, ʄʦʩʢʚʘ, ɿʝʣʝʥʦʛʨʘʜ 

e-mail: gromadima@gmail.com 

 

ʉʪʨʝʤʠʪʝʣʴʥʦʝ ʧʦʚʳʰʝʥʠʝ ʩʪʝʧʝʥʠ ʠʥʪʝʛʨʘʮʠʠ ʢʨʝʤʥʠʝʚʳʭ ʀʉ ʧʨʦʠʩʭʦʜʠʪ ʚ ʟʥʘʯʠʪʝʣʴʥʦʡ 

ʤʝʨʝ ʟʘ ʩʯʝʪ ʩʦʚʝʨʰʝʥʩʪʚʦʚʘʥʠʷ ʠʥʩʪʨʫʤʝʥʪʘʨʠʷ ʧʨʦʝʢʮʠʦʥʥʦʡ ʬʦʪʦʣʠʪʦʛʨʘʬʠʠ [1], ʚʘʞʥʦʡ 

ʯʘʩʪʴʶ ʢʦʪʦʨʦʛʦ ʷʚʣʷʝʪʩʷ ʬʦʪʦʰʘʙʣʦʥ, ʧʨʝʜʩʪʘʚʣʷʶʱʠʡ ʩʦʙʦʡ ʧʣʦʩʢʦʧʘʨʘʣʣʝʣʴʥʫʶ ʧʣʘʩʪʠʥʫ, 

ʧʦʢʨʳʪʫʶ ʤʘʩʢʠʨʫʶʱʠʤ ʩʣʦʝʤ, ʚ ʢʦʪʦʨʦʤ ʩʬʦʨʤʠʨʦʚʘʥ ʨʠʩʫʥʦʢ ʪʦʧʦʣʦʛʠʯʝʩʢʦʛʦ ʩʣʦ̫ 

ʧʨʦʠʟʚʦʜʠʤʦʡ ʀʉ. ɺ ʥʘʥʦʤʝʪʨʦʚʦʡ ʦʙʣʘʩʪʠ ʨʘʟʤʝʨʦʚ ʜʣʷ ʧʨʦʝʢʪʥʳʭ ʥʦʨʤ ʥʠʞʝ 45 ʥʤ ʩʪʘʥʜʘʨʪʥʳʝ 

ʙʠʥʘʨʥʳʝ ʬʦʪʦʰʘʙʣʦʥʥʳʝ ʟʘʛʦʪʦʚʢʠ ʭʨʦʤʘ ʥʘ ʩʪʝʢʣʝ ʩ ʭʨʦʤʦʚʳʤʠ ʧʣʝʥʢʘʤʠ ʪʦʣʱʠʥʦʡ 70 ʥʤ ʥʝ 

ʤʦʛʣʠ ʦʙʝʩʧʝʯʠʪʴ ʪʨʝʙʫʝʤʳʡ ʤʠʥʠʤʘʣʴʥʳʡ ʨʘʟʤʝʨ ʵʣʝʤʝʥʪʦʚ, ʣʠʥʝʡʥʦʩʪʴ ʠ ʰʘʛ ʤʝʞʜʫ 

ʵʣʝʤʝʥʪʘʤʠ. ɼʣʷ ʩʦʟʜʘʥʠʷ ʬʦʪʦʰʘʙʣʦʥʦʚ ʚʳʩʦʢʦʛʦ ʨʘʟʨʝʰʝʥʠʷ ʙʳʣʠ ʨʘʟʨʘʙʦʪʘʥʳ ʜʚʝ 

ʘʣʴʪʝʨʥʘʪʠʚʥʳʝ ʢʦʥʬʠʛʫʨʘʮʠʠ ʬʦʪʦʰʘʙʣʦʥʥʳʭ ʟʘʛʦʪʦʚʦʢ: ʦʩʣʘʙʣʷʶʱʘ ̫ ʬʘʟʦʩʜʚʠʛʘʶʱʘ ̫

ʬʦʪʦʰʘʙʣʦʥʥʘʷ ʟʘʛʦʪʦʚʢʘ (EAPSM) ʩ ʬʘʟʦʩʜʚʠʛʘʶʱʠʤ ʩʣʦʝʤ ʥʘ ʦʩʥʦʚʝ ʧʦʣʫʧʨʦʟʨʘʯʥʦʛʦ MoSi ʠ 

ʬʦʪʦʰʘʙʣʦʥʥʘʷ ʟʘʛʦʪʦʚʢʘ ʩ ʥʝʧʨʦʟʨʘʯʥʳʤ MoSi ʥʘ ʩʪʝʢʣʝ (OMOG) [2]. 

 

   ʘ)       ʙ) 
ʈʠʩʫʥʦʢ 1 ï ɺʘʨʠʘʥʪ rʙʠʥʘʨʥʦʛʦ ʬʦʪʦʰʘʙʣʦʥʘ: a) 116 ʥʤ EAPSM: ʩʣʦʡ Cr 49 ʥʤ ʠ ʬʘʟʦʩʜʚʠʛʘʶʱʠʡ ʩʣʦʡ MoSi 

67 ʥʤ; ʙ) 70 ʥʤ OMOG: ʥʝʧʨʦʟʨʘʯʥʳʡ ʩʣʦʡ MoSi 60 ʥʤ ʩʦ ʩʣʦʝʤ Cr 10 ʥʤ. 

ɺ ʨʘʙʦʪʝ ʧʨʝʜʩʪʘʚʣʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʠʩʩʣʝʜʦʚʘʥʠʡ ʩʚʦʡʩʪʚ ʬʘʟʦʩʜʚʠʛʘʶʱʠʭ ʩʣʦʝʚ ʜʣʷ 

EAPSM ʠ ʥʝʧʨʦʟʨʘʟʥʳʭ ʩʣʦʝʚ ʜʣʷ OMOG ʥʘ ʦʩʥʦʚʝ Mo-Si, ʢʦʪʦʨʳʝ ʙʳʣʠ ʩʬʦʨʤʠʨʦʚʘʥʳ ʤʝʪʦʜʦʤ 

ʤʘʛʥʝʪʨʦʥʥʦʛʦ ʨʘʩʧʳʣʝʥʠʷ ʚ ʘʟʦʪ-ʩʦʜʝʨʞʘʱʝʡ ʩʨʝʜʝ. ʀʟʫʯʝʥʦ ʠʟʤʝʥʝʥʠʝ ʩʦʩʪʘʚʘ ʩʣʦʝʚ ʚ 

ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʢʦʥʮʝʥʪʨʘʮʠʠ ʘʟʦʪʘ ʚ ʨʘʙʦʯʝʡ ʛʘʟʦʚʦʡ ʩʤʝʩʠ. ɼʣʷ ʚʳʙʨʘʥʥʳʭ ʩʦʩʪʘʚʦʚ ʠ ʪʦʣʱʠʥ 

ʩʣʦʝʚ ʥʘ ʦʩʥʦʚʝ Mo-Si ʠʟʤʝʨʝʥʳ ʦʩʥʦʚʥʳʝ ʦʧʪʠʯʝʩʢʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ: ʧʨʦʧʫʩʢʘʥʠʝ, ʧʦʢʘʟʘʪʝʣʴ 

ʧʨʝʣʦʤʣʝʥʠʷ, ʢʦʵʬʬʠʮʠʝʥʪ ʵʢʩʪʠʥʢʮʠʠ, ʬʘʟʦʚʳʡ ʩʜʚʠʛ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʡ ʚʦʣʥʳ ʜʣʷ 

ʧʦʣʫʧʨʦʟʨʘʯʥʳʭ ʬʘʟʦʩʜʚʠʛʘʶʱʠʭ ʩʣʦʝʚ ʥʘ ʦʩʥʦʚʝ MoSi ʠ ʢʦʵʬʬʠʮʠʝʥʪ ʦʪʨʘʞʝʥʠʷ, ʦʧʪʠʯʝʩʢʘʷ 

ʧʣʦʪʥʦʩʪʴ ʜʣʷ ʥʝʧʨʦʟʨʘʯʥʳʭ ʩʣʦʝʚ ʥʘ ʦʩʥʦʚʝ MoSi. ʉʬʦʨʤʠʨʦʚʘʥʥʳʝ ʬʘʟʦʩʜʚʠʛʘʶʱʠʝ ʠ 

ʥʝʧʨʦʟʨʘʯʥʳʝ ʩʣʦʠ ʥʘ ʦʩʥʦʚʝ Mo-Si ʙʳʣʠ ʧʦʜʚʝʨʛʥʫʪʳ ʚʦʟʜʝʡʩʪʚʠʶ ʨʘʟʣʠʯʥʳʭ ʜʦʟ ʛʣʫʙʦʢʦ 

ʫʣʴʪʨʘʬʠʦʣʝʪʦʚʦʛʦ ʠʟʣʫʯʝʥʠʷ (ɻʋʌ) ʵʢʩʠʤʝʨʥʦʛʦ ʣʘʟʝʨʘ ArF ʩ ʜʣʠʥʦʡ ʚʦʣʥʳ 193 ʥʤ. ʇʦʢʘʟʘʥʦ, ʯʪʦ 

ʦʙʘ ʤʘʪʝʨʠʘʣʘ ʩʣʘʙʦ ʠʟʤʝʥʷʶʪ ʩʚʦʠ ʦʧʪʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʚ ʠʥʪʝʨʚʘʣʝ ʜʦʟ ʦʙʣʫʯʝʥʠʷ ʦʪ 0 ʜʦ 2,5 

ʢɼʞ/ʩʤ2, ʯʪʦ ʜʝʣʘʝʪ ʠʭ ʧʨʠʛʦʜʥʳʤʠ ʜʣʷ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʚ ʧʨʦʠʟʚʦʜʩʪʚʝ ʬʦʪʦʰʘʙʣʦʥʦʚ.  

ʃʠʪʝʨʘʪʫʨʘ 
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Kikuchi, T. Komizo, S. Nemoto. Characterization of Binary and Attenuated Phase Shift Mask Blanks 
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  IV.o.02 

 

79 

ʀʩʧʦʣʴʟʦʚʘʥʠʝ ʘʪʦʤʥʦ-ʩʣʦʝʚʦʛʦ ʪʨʘʚʣʝʥʠʷ ʜʣʷ ʧʣʘʥʘʨʠʟʘʮʠʠ ʧʦʚʝʨʭʥʦʩʪʠ SiO2 

ʂʦʚʘʣʝʚ ɸ.ʅ.1,2), ʈʝʟʚʘʥʦʚ ɸ.ɸ.1,2), ʐʠʙʘʥʦʚ ɼ.ʈ.3) ʠ ʃʦʧʘʝʚ ɼ.ɺ.3) 

1)ɸʆ ʅʘʫʯʥʦ-ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʠʥʩʪʠʪʫʪ ʤʦʣʝʢʫʣʷʨʥʦʡ ʵʣʝʢʪʨʦʥʠʢʠ, ʛ. ɿʝʣʝʥʦʛʨʘʜ 
2)ʄʦʩʢʦʚʩʢʠʡ ʬʠʟʠʢʦ-ʪʝʭʥʠʯʝʩʢʠʡ ʠʥʩʪʠʪʫʪ (ʅʀʋ), ʛ. ʄʦʩʢʚʘ 

3)ʄʦʩʢʦʚʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ ʠʤʝʥʠ ʄ. ɺ. ʃʦʤʦʥʦʩʦʚʘ, ʛ. ʄʦʩʢʚʘ 

e-mail: kovalev.an@phystech.edu 

 

ʈʝʘʢʪʠʚʥʦʝ ʠʦʥʥʦʝ ʪʨʘʚʣʝʥʠʝ (RIE) ʥʝʠʟʙʝʞʥʦ ʧʨʠʚʦʜʠʪ ʢ ʦʙʨʘʟʦʚʘʥʠʶ ʜʝʬʝʢʪʥʦʛʦ ʩʣʦʷ ʠ 

ʫʚʝʣʠʯʝʥʠʷ ʰʝʨʦʭʦʚʘʪʦʩʪʠ ʠʟ-ʟʘ ʬʠʟʠʯʝʩʢʦʛʦ ʨʘʩʧʳʣʝʥʠʷ ʧʦʚʝʨʭʥʦʩʪʠ ʚʳʩʦʢʦʵʥʝʨʛʝʪʠʯʥʳʤʠ 

ʠʦʥʘʤʠ [1]. ʊʨʘʜʠʮʠʦʥʥʳʝ ʤʝʪʦʜʳ ʩʛʣʘʞʠʚʘʥʠʷ ʧʦʚʝʨʭʥʦʩʪʠ, ʪʘʢʠʝ ʢʘʢ ʭʠʤʠʢʦ-ʤʝʭʘʥʠʯʝʩʢʘʷ 

ʧʣʘʥʘʨʠʟʘʮʠʷ (ʉMP) ʩʣʦʞʥʦ ʠʥʪʝʛʨʠʨʦʚʘʪʴ ʚ ʝʜʠʥʫʶ ʢʣʘʩʪʝʨʥʫʶ ʩʠʩʪʝʤʫ. ʆʜʥʠʤ ʠʟ 

ʘʣʴʪʝʨʥʘʪʠʚʥʳʭ ʩʧʦʩʦʙʦʚ ʫʤʝʥʴʰʝʥʠʷ ʰʝʨʦʭʦʚʘʪʦʩʪʠ ʤʦʞʝʪ ʩʪʘʪʴ ʘʪʦʤʥʦ-ʩʣʦʝʚʦʝ ʪʨʘʚʣʝʥʠʝ 

(ALE) ʠʟ-ʟʘ ʮʠʢʣʠʯʥʦʩʪʠ ʧʨʦʮʝʩʩʘ ʠ ʩʘʤʦʥʘʩʳʱʝʥʠʷ ʚ ʢʘʞʜʦʤ ʮʠʢʣʝ [2]. 

ɺ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʝ ʠʩʩʣʝʜʦʚʘʥʘ ʚʦʟʤʦʞʥʦʩʪʴ in-situ ʧʣʘʥʘʨʠʟʘʮʠʠ ʧʦʚʝʨʭʥʦʩʪʠ SiO2/Si 

ʧʦʩʣʝ ʨʝʘʢʪʠʚʥʦʛʦ ʠʦʥʥʦʛʦ ʪʨʘʚʣʝʥʠʷ ʤʝʪʦʜʦʤ ʘʪʦʤʥʦ-ʩʣʦʝʚʦʛʦ ʪʨʘʚʣʝʥʠʷ ʚ ʨʝʘʢʪʦʨʝ ʩ ʠʥʜʫʢʪʠʚʥʦ 

ʩʚʷʟʘʥʥʦʡ ʧʣʘʟʤʦʡ (ICP). ʆʙʘ ʧʨʦʮʝʩʩʘ ʧʨʦʚʦʜʠʣʠʩʴ ʚ ʦʜʥʦʡ ʠ ʪʦʡ ʞʝ ʢʘʤʝʨʝ ï ʇʣʘʟʤʘ ʊʄ 200-04 

ʧʨʦʠʟʚʦʜʩʪʚʘ ʅʀʀʊʄ. ʎʠʢʣ ALE ʩʦʩʪʦʷʣ ʠʟ ʯʝʪʳʨʝʭ ʩʪʘʜʠʡ: 1) ʦʩʘʞʜʝʥʠʷ ʧʦʣʠʤʝʨʥʦʡ ʧʣʝʥʢʠ ʠʟ 

C4F8; 2) ʧʨʦʜʫʚʢʠ ʘʨʛʦʥʦʤ; 3) ʪʨʘʚʣʝʥʠʷ ʚ O2/Ar; 4) ʧʨʦʜʫʚʢʠ ʘʨʛʦʥʦʤ [3]. ʆʪʣʠʯʠʪʝʣʴʥʦʡ 

ʦʩʦʙʝʥʥʦʩʪʴʶ ʧʦʜʭʦʜʘ ʷʚʣʷʝʪʩʷ ʦʪʩʫʪʩʪʚʠʝ ʥʘʧʨʷʞʝʥʠʷ ʩʤʝʱʝʥʠʷ (bias) ʥʘ ʩʪʘʜʠʠ ʪʨʘʚʣʝʥʠʷ, ʯʪʦ 

ʧʨʠʚʦʜʠʪ ʢ ʦʪʩʫʪʩʪʚʠʶ ʚʳʩʦʢʦʵʥʝʨʛʝʪʠʯʥʳʭ ʠʦʥʦʚ ʠ, ʢʘʢ ʩʣʝʜʩʪʚʠʝ, ʬʠʟʠʯʝʩʢʦʛʦ ʨʘʩʧʳʣʝʥʠʷ 

ʧʦʚʝʨʭʥʦʩʪʠ. ʄʝʭʘʥʠʟʤ ʩʛʣʘʞʠʚʘʥʠʷ ʦʩʥʦʚʘʥ ʥʘ ʮʠʢʣʠʯʝʩʢʦʤ ʢʦʥʬʦʨʤʥʦʤ ʦʩʘʞʜʝʥʠʠ ʧʦʣʠʤʝʨʘ ʠ 

ʝʛʦ ʧʦʩʣʝʜʫʶʱʝʤ ʫʜʘʣʝʥʠʠ. ɹʣʘʛʦʜʘʨʷ ʟʘʚʠʩʠʤʦʩʪʠ ʩʢʦʨʦʩʪʠ ʪʨʘʚʣʝʥʠʷ ʦʪ ʢʨʠʚʠʟʥʳ ʧʦʚʝʨʭʥʦʩʪʠ, 

ʧʨʦʠʩʭʦʜʠʪ ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦʝ ʫʜʘʣʝʥʠʝ ʤʘʪʝʨʠʘʣʘ ʩ ʧʠʢʦʚ ʤʠʢʨʦʨʝʣʴʝʬʘ [4]. 

ʂʦʥʪʨʦʣʴ ʪʦʣʱʠʥʳ ʩʣʦʷ SiO2 ʜʦ, ʚʦ ʚʨʝʤʷ ʠ ʧʦʩʣʝ ʧʨʦʮʝʩʩʦʚ RIE ʠ ALE ʧʨʦʚʦʜʠʣʩʷ ʧʨʠ 

ʧʦʤʦʱʠ ʣʘʟʝʨʥʦʛʦ in-situ ʵʣʣʠʧʩʦʤʝʪʨʘ ʠ ʩʧʝʢʪʨʘʣʴʥʦʛʦ ex-situ ʵʣʣʠʧʩʦʤʝʪʨʘ. ɼʣʷ ʦʧʨʝʜʝʣʝʥʠʷ 

ʰʝʨʦʭʦʚʘʪʦʩʪʠ ʠʩʧʦʣʴʟʦʚʘʣʘʩʴ ʤʝʪʦʜʠʢʘ ʩ ʧʝʨʝʢʨʝʩʪʥʳʤʠ ʠʟʤʝʨʝʥʠʷʤʠ ʥʘ ʘʪʦʤʥʦ-ʩʠʣʦʚʦʤ 

ʤʠʢʨʦʩʢʦʧʝ (AFM) ʠ ʨʝʥʪʛʝʥʦʚʩʢʦʤ ʨʝʬʣʝʢʪʦʤʝʪʨʝ (XRR). 

ʇʨʝʜʣʘʛʘʝʤʳʡ ʧʦʜʭʦʜ ʧʦʟʚʦʣʷʝʪ ʩʥʠʟʠʪʴ ʰʝʨʦʭʦʚʘʪʦʩʪʴ ʧʦʚʝʨʭʥʦʩʪʠ SiO2 ʜʦ ʩʫʙ-

ʥʘʥʦʤʝʪʨʦʚʦʛʦ ʫʨʦʚʥʷ, ʫʩʪʨʘʥʷʷ ʧʦʩʣʝʜʩʪʚʠʷ RIE-ʧʦʚʨʝʞʜʝʥʠʡ in-situ, ʙʝʟ ʠʩʧʦʣʴʟʦʚʘʥʠʷ 

ʜʦʧʦʣʥʠʪʝʣʴʥʳʭ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʭ ʦʧʝʨʘʮʠʡ. ʇʨʠʤʝʥʝʥʠʝ ʨʝʞʠʤʘ ʧʣʘʟʤʝʥʥʦʛʦ ALE ʙʝʟ ʩʤʝʱʝʥʠʷ, 

ʦʨʠʝʥʪʠʨʦʚʘʥʥʦʝ ʥʘ ʟʘʜʘʯʫ ʧʣʘʥʘʨʠʟʘʮʠʠ, ʦʪʢʨʳʚʘʝʪ ʥʦʚʳʝ ʧʝʨʩʧʝʢʪʠʚʳ ʜʣʷ ʠʩʧʦʣʴʟʦʚʘʥʠʷ 

ʜʘʥʥʦʛʦ ʤʝʪʦʜʘ ʧʨʠ ʬʦʨʤʠʨʦʚʘʥʠʠ ʯʫʚʩʪʚʠʪʝʣʴʥʳʭ ʢ ʩʪʝʧʝʥʠ ʛʣʘʜʢʦʩʪʠ ʠʥʪʝʨʬʝʡʩʦʚ. 
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ʂʘʨʘʩʝʚ ʇ.ɸ.1), ʂʘʨʘʩʝʚ ʂ.ʇ.1,2), ʉʪʨʠʞʢʠʥ ɼ.ɸ.1), ʇʫʭʘ ɺ.ɽ.3) 
1)ʉ-ʇʝʪʝʨʙʫʨʛʩʢʠʡ ʇʦʣʠʪʝʭʥʠʯʝʩʢʠʡ ʫʥʠʚʝʨʩʠʪʝʪ ʇʝʪʨʘ ɺʝʣʠʢʦʛʦ, ʉ-ʇʝʪʝʨʙʫʨʛ 
2)ʉ-ʇʝʪʝʨʙʫʨʛʩʢʠʡ ɸʢʘʜʝʤʠʯʝʩʢʠʡ ʫʥʠʚʝʨʩʠʪʝʪ ʠʤ. ɾ.ʀ. ɸʣʬʝʨʦʚʘ, ʉ-ʇʝʪʝʨʙʫʨʛ 

3)ʌʀʎ ʇʨʦʙʣʝʤ ʭʠʤʠʯʝʩʢʦʡ ʬʠʟʠʢʠ ʠ ʤʝʜʠʮʠʥʩʢʦʡ ʭʠʤʠʠ ʈɸʅ, ʏʝʨʥʦʛʦʣʦʚʢʘ 
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ʆʙʣʫʯʝʥʠʝ ʫʩʢʦʨʝʥʥʳʤʠ ʠʦʥʘʤʠ ʰʠʨʦʢʦ ʧʨʠʤʝʥʷʝʪʩʷ ʜʣʷ ʤʦʜʠʬʠʢʘʮʠʠ ʩʚʦʡʩʪʚ 

ʧʦʚʝʨʭʥʦʩʪʠ ʠ ʧʨʠʧʦʚʝʨʭʥʦʩʪʥʳʭ ʩʣʦʝʚ, ʘ ʪʘʢʞʝ ʜʣʷ ʘʥʘʣʠʟʘ ʠʭ ʩʚʦʡʩʪʚ. ʕʪʦʪ ʤʝʪʦʜ ʧʦʟʚʦʣʷʝʪ 

ʬʦʨʤʠʨʦʚʘʪʴ ʥʘʥʦʨʝʣʴʝʬ, ʪʨʘʚʠʪʴ, ʠʣʠ ʥʘʨʘʱʠʚʘʪʴ ʩʣʦʠ ʥʘ ʦʙʣʫʯʘʝʤʦʡ ʧʦʚʝʨʭʥʦʩʪʠ. ʇʦʤʠʤʦ 

ʘʪʦʤʘʨʥʳʭ ʠʦʥʦʚ, ʪʝʭʥʦʣʦʛʠʯʝʩʢʦʝ ʧʨʠʤʝʥʝʥʠʝ ʥʘʭʦʜʷʪ ʠ ʢʣʘʩʪʝʨʳ ï ʢʦʥʛʣʦʤʝʨʘʪʳ, ʩʦʩʪʦʷʱʠʝ ʠʟ 

ʜʝʩʷʪʢʦʚ, ʠʣʠ ʜʘʞʝ ʪʳʩʷʯ ʘʪʦʤʦʚ. ʂʦʣʣʝʢʪʠʚʥʳʝ ʵʬʬʝʢʪʳ ʚ ʵʪʦʤ ʩʣʫʯʘʝ ʠʛʨʘʶʪ ʩʫʱʝʩʪʚʝʥʥʫʶ ʨʦʣʴ 

ʠ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʢʣʘʩʪʝʨʥʳʭ ʠʦʥʦʚ ʩ ʤʠʰʝʥʴʶ ʩʫʱʝʩʪʚʝʥʥʦ ʦʪʣʠʯʘʝʪʩʷ ʦʪ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ 

ʘʪʦʤʘʨʥʳʭ, ʯʪʦ ʦʪʢʨʳʚʘʝʪ ʜʦʧʦʣʥʠʪʝʣʴʥʳʝ ʚʦʟʤʦʞʥʦʩʪʠ ʫʧʨʘʚʣʝʥʠʷ ʩʚʦʡʩʪʚʘʤʠ ʧʦʚʝʨʭʥʦʩʪʠ 

ʤʠʰʝʥʠ. 

ɺ ʨʘʙʦʪʝ ʧʨʦʚʦʜʠʣʦʩʴ ʦʙʣʫʯʝʥʠʝ ʧʦʜʣʦʞʢʠ Si (100) ʠʦʥʘʤʠ ʉ60 ʩ ʵʥʝʨʛʠʷʤʠ 7-9 ʢʵɺ ʧʨʠ 

ʪʝʤʧʝʨʘʪʫʨʘʭ 20 Áʉ ʠ 250 Áʉ ʜʦ ʬʣʶʝʥʩʘ =2Ĭ1014 ʩʤ-2, (~ 2 ʤʦʥʦʩʣʦʷ ʤʦʣʝʢʫʣ ʉ60). ʉʚʦʡʩʪʚʘ 

ʧʦʚʝʨʭʥʦʩʪʠ ʜʦ ʠ ʧʦʩʣʝ ʦʙʣʫʯʝʥʠʷ ʠʩʩʣʝʜʦʚʘʥʳ ʤʝʪʦʜʘʤʠ ʘʪʦʤʥʦ-ʩʠʣʦʚʦʡ ʤʠʢʨʦʩʢʦʧʠʠ ʠ 

ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʬʦʪʦʵʣʝʢʪʨʦʥʥʦʡ ʩʧʝʢʪʨʦʩʢʦʧʠʠ. ʇʦʢʘʟʘʥʦ, ʯʪʦ ʰʝʨʦʭʦʚʘʪʦʩʪʴ ʤʠʰʝʥʠ 

ʧʨʘʢʪʠʯʝʩʢʠ ʥʝ ʠʟʤʝʥʷʝʪʩʷ. ɺ ʧʝʨʝʭʦʜʥʦʤ ʩʣʦʝ ʦʙʨʘʟʫʶʪʩʷ ʥʝʧʨʝʜʝʣʴʥʳʝ ʦʢʩʠʜʳ ʠ ʢʘʨʙʠʜ 

ʢʨʝʤʥʠʷ, ʘ ʪʘʢʞʝ ʥʘʙʣʶʜʘʝʪʩʷ ʧʦʷʚʣʝʥʠʝ ʫʛʣʝʨʦʜ-ʫʛʣʝʨʦʜʥʳʭ ʩʚʷʟʝʡ, ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦ ʠʤʝʶʱʠʭ 

sp3 ʛʠʙʨʠʜʠʟʘʮʠʶ. ʉ ʨʦʩʪʦʤ ʪʝʤʧʝʨʘʪʫʨʳ ʟʥʘʯʠʪʝʣʴʥʦ ʫʚʝʣʠʯʠʚʘʝʪʩʷ ʩʢʦʨʦʩʪʴ ʦʩʘʞʜʝʥʠʷ ʫʛʣʝʨʦʜʘ, 

ʫʤʝʥʴʰʘʝʪʩʷ ʜʦʣʷ ʘʪʦʤʦʚ ʢʠʩʣʦʨʦʜʘ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ, ʘ ʪʘʢʞʝ ʨʘʩʪʝʪ ʦʪʥʦʰʝʥʠʝ sp2/sp3 ʩʚʷʟʝʡ 

ʘʪʦʤʦʚ ʫʛʣʝʨʦʜʘ. 

ɼʣʷ ʦʙʲʷʩʥʝʥʠʷ ʦʙʥʘʨʫʞʝʥʥʳʭ ʷʚʣʝʥʠʡ ʧʨʦʚʝʜʝʥʦ 

ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʫʩʢʦʨʝʥʥʳʭ ʤʦʣʝʢʫʣ ʉ60 ʩ 

ʧʦʚʝʨʭʥʦʩʪʴʶ ʢʨʝʤʥʠʷ ʤʝʪʦʜʦʤ ʤʦʣʝʢʫʣʷʨʥʦʡ ʜʠʥʘʤʠʢʠ 

ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʧʘʢʝʪʘ LAMMPS. ʅʘʣʠʯʠʝ ʦʢʩʠʜʥʦʛʦ 

ʩʣʦʷ ʥʝ ʫʯʠʪʳʚʘʣʦʩʴ. ʄʝʞʘʪʦʤʥʳʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ 

ʦʧʨʝʜʝʣʷʣʠʩʴ ʜʚʫʤʷ ʩʧʦʩʦʙʘʤʠ: ʧʦʪʝʥʮʠʘʣʦʤ ʊʝʨʩʦʬʬʘ, 

ʠʣʠʠ ʧʦʪʝʥʮʠʘʣʦʤ ʉʪʠʣʠʥʜʞʝʨʘ ï ɺʝʙʝʨʘ. ɼʣʷ 

ʢʦʨʨʝʢʪʥʦʛʦ ʦʧʠʩʘʥʠʷ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʯʘʩʪʠʮ ʩ ʚʳʩʦʢʦʡ 

ʵʥʝʨʛʠʝʡ (> 1 ʵɺ) ʵʪʠ ʧʦʪʝʥʮʠʘʣʳ ʛʣʘʜʢʦ ʩʰʠʚʘʣʠʩʴ ʩ 

ʧʦʪʝʥʮʠʘʣʦʤ ɿʠʛʣʝʨʘ-ɹʠʨʟʘʢʘ-ʃʠʪʪʤʘʨʢʘ (ZBL). ʇʦ 

ʙʦʢʦʚʳʤ ʩʪʦʨʦʥʘʤ ʨʘʩʯʝʪʥʦʡ ʷʯʝʡʢʠ ʧʨʠʤʝʥʷʣʠʩʴ 

ʧʝʨʠʦʜʠʯʝʩʢʠʝ ʛʨʘʥʠʯʥʳʝ ʫʩʣʦʚʠʷ, ʥʠʞʥʠʝ 3 ʩʣʦʷ ʘʪʦʤʦʚ 

ʤʠʰʝʥʠ ʙʳʣʠ ʟʘʬʠʢʩʠʨʦʚʘʥʳ. ɼʣʷ ʜʠʩʩʠʧʘʮʠʠ 

ʠʟʙʳʪʦʯʥʦʡ ʵʥʝʨʛʠʠ ʠʩʧʦʣʴʟʦʚʘʣʩʷ ʪʝʨʤʦʩʪʘʪ ɹʝʨʝʥʜʩʝʥʘ 

ʠhʨʠʥʦʡ ʚ 1 ʵʣʝʤʝʥʪʘʨʥʫʶ ʷʯʝʡʢʫ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ ʥʘʜ ʟʘʬʠʢʩʠʨʦʚʘʥʥʳʤ ʩʣʦʝʤ ʘʪʦʤʦʚ. ʅʘ 

ʥʝʢʦʪʦʨʦʡ ʚʳʩʦʪʝ ʥʘʜ ʧʦʚʝʨʭʥʦʩʪʴʶ ʧʦʤʝʱʘʣʘʩʴ ʤʦʣʝʢʫʣʘ ʉ60, ʚʩʝ ʘʪʦʤʳ ʢʦʪʦʨʦʡ ʚ ʥʘʯʘʣʴʥʳʡ 

ʤʦʤʝʥʪ ʚʨʝʤʝʥʠ ʥʘʧʨʘʚʣʷʣʠʩʴ ʚ ʩʪʦʨʦʥʫ ʤʠʰʝʥʠ. ʉʢʦʨʦʩʪʴ ʥʘʧʨʘʚʣʷʣʘʩʴ ʧʦʜ ʨʘʟʣʠʯʥʳʤʠ 

ʧʦʣʷʨʥʳʤ ʠ ʘʟʠʤʫʪʘʣʴʥʳʤ ʫʛʣʘʤʠ ʜʣʷ ʠʩʩʣʝʜʦʚʘʥʠʷ ʚʣʠʷʥʠʷ ʫʛʣʘ ʧʘʜʝʥʠʷ. ɺʳʧʦʣʥʷʣʦʩʴ 

ʤʦʜʝʣʠʨʦʚʘʥʠʝ, ʢʘʢ ʦʜʠʥʦʯʥʳʭ ʩʣʫʯʘʝʚ, ʪʘʢ ʠ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʛʦ ʧʘʜʝʥʠʷ ʤʥʦʛʠʭ ʤʦʣʝʢʫʣ ʉ60. 

ʅʘ ʨʠʩʫʥʢʝ 1 ʧʨʠʚʝʜʝʥ ʧʨʠʤʝʨ ʨʝʣʴʝʬʘ, ʧʦʷʚʠʚʰʝʛʦʩʷ ʥʘ ʠʩʭʦʜʥʦ ʛʣʘʜʢʦʡ ʧʦʚʝʨʭʥʦʩʪʠ 

ʤʠʰʝʥʠ ʚ ʨʝʟʫʣʴʪʘʪʝ ʢʫʤʫʣʷʪʠʚʥʦʛʦ ʧʘʜʝʥʠʷ 3400 ʠʦʥʦʚ ʉ60. ɸʥʘʣʠʟ ʜʘʥʥʳʭ ʄɼ ʤʦʜʝʣʠʨʦʚʘʥʠʷ 

ʧʦʜʪʚʝʨʞʜʘʝʪ ʬʦʨʤʠʨʦʚʘʥʠʝ ʩʚʷʟʝʡ Si-C ʠ C-C ʚ ʧʝʨʝʭʦʜʥʦʤ ʩʣʦʝ. ʅʘ ʛʨʘʥʠʮʝ ʧʝʨʝʭʦʜʥʦʡ ʦʙʣʘʩʪʠ 

ʦʙʨʘʟʫʝʪʩʷ ʘʤʦʨʬʥʳʡ ʩʣʦʡ Si, ʧʨʠʯʝʤ ʩ ʨʦʩʪʦʤ ʪʝʤʧʝʨʘʪʫʨʳ ʝʛʦ ʪʦʣʱʠʥʘ ʫʤʝʥʴʰʘʝʪʩʷ. ʊʦʣʱʠʥʘ 

ʩʘʤʦʛʦ ʧʝʨʝʭʦʜʥʦʛʦ ʩʣʦʷ ʠ ʨʘʩʧʨʝʜʝʣʝʥʠ ̫ʘʪʦʤʦʚ ʫʛʣʝʨʦʜʘ ʠ ʢʨʝʤʥʠʷ ʧʨʘʢʪʠʯʝʩʢʠ ʥʝ ʟʘʚʠʩʷʪ ʦʪ 

ʪʝʤʧʝʨʘʪʫʨʳ. ʉʦʚʦʢʫʧʥʦʩʪʴ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʠ ʨʘʩʯʝʪʥʳʭ ʨʝʟʫʣʴʪʘʪʦʚ ʦʪʢʨʳʚʘʝʪ ʥʦʚʳʝ 

ʦʩʦʙʝʥʥʦʩʪʠ ʧʨʦʮʝʩʩʘ ʢʘʨʙʠʜʠʟʘʮʠʠ ʠ ʬʦʨʤʠʨʦʚʘʥʠʷ ʧʝʨʝʭʦʜʥʦʛʦ ʩʣʦʷ ʚ ʧʦʜʣʦʞʢʝ ʢʨʝʤʥʠʷ ʧʨʠ 

ʠʦʥʥʦʤ ʦʙʣʫʯʝʥʠʠ, ʢʦʪʦʨʳʝ ʤʦʛʫʪ ʙʳʪʴ ʠʩʧʦʣʴʟʦʚʘʥʳ ʜʣʷ ʩʦʟʜʘʥʠ ̫ʟʘʱʠʪʥʳʭ ʠ ʬʫʥʢʮʠʦʥʘʣʴʥʳʭ 

ʧʦʢʨʳʪʠʡ ʩ ʢʦʥʪʨʦʣʠʨʫʝʤʦʡ ʜʦʣʝʡ sp2/sp3 ʩʚʷʟʝʡ.  

 

ʈʠʩʫʥʦʢ 1 ï ʄʦʜʝʣʴ ʫʯʘʩʪʢʘ ʧʦʚʝʨʭʥʦʩʪʠ 

ʢʨʝʤʥʠʷ ʨʘʟʤʝʨʦʤ 22Ĭ22 ʥʤ2 ʧʦʩʣʝ 

ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʛʦ ʧʘʜʝʥʠʷ ʥʘ ʥʝʝ 3400 

ʠʦʥʦʚ ʉ60. 



  IV.o.04 

 

81 

UTBB SOI ʩʪʨʫʢʪʫʨʳ ʩ ʣʦʢʘʣʴʥʳʤʠ tr-hr ʩʣʦʷʤʠ ʧʦʩʣʝ ʠʤʧʣʘʥʪʘʮʠʠ  

ʤʦʣʝʢʫʣʷʨʥʳʭ ʠʦʥʦʚ ʉʆ 

ʇʦʧʦʚ ɺ.ʇ.1), ɸʥʪʦʥʦʚ ɺ.ɸ.1), ɾʠʣʠʮʢʠʡ ɽ.ɺ.1), ʄʷʢʦʥʴʢʠʭ ɸ.ɺ.2), ʈʫʜʝʥʢʦ ʂ.ɺ.2) 
1)ʀʥʩʪʠʪʫʪ ʬʠʟʠʢʠ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚ ʉʆ ʈɸʅ ʠʤ.ɸ.ɺ. ʈʞʘʥʦʚʘ, ʅʦʚʦʩʠʙʠʨʩʢ 

2)ʅʀʎ çʂʫʨʯʘʪʦʚʩʢʠʡ ʠʥʩʪʠʪʫʪ - ʆʌʊʀ ʠʤ. ʂ.ɸ. ɺʘʣʠʝʚʘ, ʄʦʩʢʚʘ 

e-mail: popov@isp.nsc.ru 

 

ʀʥʪʝʛʨʘʣʴʥʳʝ ʘʢʪʠʚʥʳʝ ʠ ʧʘʩʩʠʚʥʳʝ ʤʠʢʨʦʚʦʣʥʦʚʳʝ (MW) ʠ ʦʧʪʠʯʝʩʢʠʝ ʵʣʝʤʝʥʪʳ 

(ʚʦʣʥʦʚʦʜʳ, ʬʘʟʦʚʨʘʱʘʪʝʣʠ, ʤʦʜʫʣʷʪʦʨʳ, ʨʝʟʦʥʘʪʦʨʳ ʠ ʣʠʥʠʠ ʟʘʜʝʨʞʢʠ) ʦʩʥʦʚʘʥʳ ʥʘ 

ʩʫʙʤʠʢʨʦʤʝʪʨʦʚʳʭ ʤʝʪʘʣʣʠʯʝʩʢʠʭ ʧʨʦʚʦʜʥʠʢʘʭ ʜʣʷ ʤʠʢʨʦʚʦʣʥʦʚʳʭ ʚʦʣʥʦʚʦʜʦʚ ʠ ʥʘ ʢʨʝʤʥʠʝʚʳʭ 

ʧʦʣʦʩʢʘʭ 200x500 ʥʤ, ʨʘʩʧʦʣʦʞʝʥʥʳʭ ʢʨʝʩʪ-ʥʘ-ʢʨʝʩʪ, ʚ ʩʪʨʫʢʪʫʨʘʭ ʢʨʝʤʥʠʡ-ʥʘ-ʠʟʦʣʷʪʦʨʝ (SOI) ʩ 

ʪʦʣʩʪʳʤ (2-4 ʤʢʤ) ʩʢʨʳʪʳʤ ʩʣʦʝʤ SiO2 (BOX) [1]. ʇʦʣʫʠʟʦʣʠʨʫʶʱʠʡ ʩʣʦʡ ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ 

ʢʨʝʤʥʠʷ ʪʦʣʱʠʥʦʡ 2-4 ʤʢʤ ʦʙʳʯʥʦ ʣʝʞʠʪ ʧʦʜ ʩʣʦʝʤ BOX ʚ ʤʦʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʦʤ ʢʨʝʤʥʠʠ ʩ 

ʚʩrʦʢʠʤ ʩʦʧʨʦʪʠʚʣʝʥʠʝʤ (>1 ʢʆʤĬʩʤ). ʆʥ ʬʠʢʩʠʨʫʝʪ ʫʨʦʚʝʥʴ ʌʝʨʤʠ, ʤʠʥʠʤʠʟʠʨʫʝʪ 

ʢʦʥʮʝʥʪʨʘʮʠʶ ʠ ʚʨʝʤʷ ʞʠʟʥʠ ʥʦʩʠʪʝʣʝʡ ʟʘʨʷʜʘ ʚʙʣʠʟʠ ʛʝʪʝʨʦʛʨʘʥʠʮʳ, ʯʪʦ ʫʤʝʥʴʰʘʝʪ ʣʠʥʝʡʥʳʝ 

ʧʦʪʝʨʠ ʩʠʛʥʘʣʘ ʚ MW ʠ ʦʧʪʠʯʝʩʢʠʭ ʚʦʣʥʦʚʦʜʘʭ ʟʘ ʩʯʝʪ ʵʬʬʝʢʪʘ ʧʘʨʘʟʠʪʥʦʡ ʧʦʚʝʨʭʥʦʩʪʥʦʡ 

ʧʨʦʚʦʜʠʤʦʩʪʠ (PSC). ʀʥʪʝʛʨʘʮʠʷ ʤʠʢʨʦʚʦʣʥʦʚʳʭ, ʦʧʪʠʯʝʩʢʠʭ ʠ ʣʦʛʠʯʝʩʢʠʭ ʵʣʝʤʝʥʪʦʚ 

ʠʥʪʝʛʨʘʣʴʥʳʭ ʩʭʝʤ ʪʨʝʙʫʝʪ ʬʦʨʤʠʨʦʚʘʥʠʷ ʣʦʢʘʣʴʥʳʭ ʦʙʣʘʩʪʝʡ ʩʦ ʩʚʦʡʩʪʚʘʤʠ, ʘʥʘʣʦʛʠʯʥʳʤʠ 

ʩʚʦʡʩʪʚʘʤ ʩʣʦʝʚ TR-HR ʥʘ ʩʪʘʥʜʘʨʪʥʳʭ ʢʨʝʤʥʠʝʚʳʭ ʧʦʜʣʦʞʢʘʭ. ʀʩʧʦʣʴʟʦʚʘʥʠʝ ʩʪʨʫʢʪʫʨ TR-HR 

SOIÈ ʜʣʷ ʂʄʆʇ-ʠʥʪʝʛʨʘʣʴʥʳʭ ʩʭʝʤ (ʀʉ) ʦʛʨʘʥʠʯʝʥʦ ʠʟ-ʟʘ ʚʳʩʦʢʦʛʦ ʥʘʧʨʷʞʝʥʠʷ ʩʤʝʱʝʥʠʷ 

ʧʦʜʣʦʞʢʠ Vsub > 5 ɺ ʠ ʥʠʟʢʦʛʦ ʪʝʧʣʦʦʪʚʦʜʘ ʠʟ-ʟʘ ʙʦʣʴʰʦʡ ʪʦʣʱʠʥʳ tSiO2 BOX [1,2]. ɽʸ ʫʤʝʥʴʰʝʥʠʝ 

ʜʦʩʪʠʞʠʤʦ ʧʝʨʝʭʦʜʦʤ ʥʘ ʩʣʦʠ high-k BOX ʩ ʵʢʚʠʚʘʣʝʥʪʥʦʡ ʪʦʣʱʠʥʦʡ ʦʢʠʩʣʘ EOT = tSiO2ÖeSiO2/ehigh-

k ʜʦ 1 ʥʤ ʠ ʤʝʥʝʝ [1]. 

ʌʦʨʤʠʨʦʚʘʥʠʝ ʣʦʢʘʣʴʥʳʭ TR-HR ʩʣʦʝʚ ʚ ʧʦʜʣʦʞʢʘʭ Si ʧʨʦʚʦʜʠʣʠ ʠʤʧʣʘʥʪʘʮʠʝʡ ʠʦʥʦʚ CO+ 

(ɽ = 90-200 ʢʵɺ, ʌ = (0.25-5.0)Ö1016 ʩʤ-2) ʚ ʟʦʥʘʭ ʤʠʢʨʦʚʦʣʥʦʚʦʛʦ ʠʣʠ ʬʦʪʦʥʥʦʛʦ ʠʟʣʫʯʝʥʠʡ ʢʘʢ ʥʘ 

ʩʪʘʥʜʘʨʪʥʳʭ ʧʣʘʩʪʠʥʘʭ SOI ʩ BOX SiO2 ʪʦʣʱʠʥʦʡ ʜʦ 100 ʥʤ, ʪʘʢ ʠ ʥʘ SOI ʩʪʨʫʢʪʫʨʘʭ ʩ 

ʢʨʠʩʪʘʣʣʠʯʝʩʢʠʤʠ high-k BOX ʠ ɽʆʊ ¢ 2 ʥʤ. TR-HR ʩʣʦʡ ʧʨʠ ʧʝʯʥʳʭ ʦʪʞʠʛʘʭ ʦʪ 700 ʜʦ 1100ʦʉ 

ʩʥʠʞʘʣ ʪʦʣʱʠʥʫ BOX ʠ ʵʬʬʝʢʪʠʚʥʫʶ EOT, ʥʦ ʧʨʠ ʵʪʦʤ ʦʙʝʩʧʝʯʠʚʘʣ ʩʥʠʞʝʥʠʝ ʧʨʦʭʦʜʥʦʡ ʝʤʢʦʩʪʠ 

Cp ʠ ʫʚʝʣʠʯʝʥʠʝ ʵʬʬʝʢʪʠʚʥʦʛʦ ʩʦʧʨʦʪʠʚʣʝʥʠʷ ʧʦʜʣʦʞʢʠ peff, ʘʥʘʣʦʛʠʯʥʦ ʚʳʩʦʢʦʦʤʥʳʤ ʧʣʘʩʪʠʥʘʤ 

TR-HR SOIÈ. ʉʪʨʫʢʪʫʨʘ ʠ ʩʦʩʪʘʚ TR-HR ʩʣʦʝʚ ʦʧʨʝʜʝʣʷʣʠʩʴ ʧʦ ʩʧʝʢʪʨʘʤ ʀʂ ʌʫʨʴʝ ʧʦʛʣʦʱʝʥʠʷ ʠ 

ʢʦʤʙʠʥʘʮʠʦʥʥʦʛʦ ʨʘʩʩʝʷʥʠʷ ʩʚʝʪʘ, ʧʦʢʘʟʳʚʘʶʱʠʭ ʵʚʦʣʶʮʠʶ Si-C ʠ Si-O ʩʚʷʟʝʡ ʚ ʧʦʜʣʦʞʢʝ, ʘ ʪʘʢʞʝ 

ʦʪʞʠʛ ʥʘʨʫʰʝʥʠʡ ʚ ʥʝʡ, ʦʛʨʘʥʠʯʠʚʘʶʱʠʡ ʜʠʘʧʘʟʦʥ ʪʝʨʤʦʦʙʨʘʙʦʪʦʢ. ʇʦʢʘʟʘʥʦ, ʯʪʦ ʙʳʩʪʨʳʝ 

ʪʝʨʤʦʦʙʨʘʙʦʪʢʠ (RTA) ʫʚʝʣʠʯʠʚʘʶʪ ʵʪʦʪ ʜʠʘʧʘʟʦʥ ʜʦ 1000ʦʉ ʧʨʠ ʩʦʭʨʘʥʝʥʠʠ ʠʟʦʣʠʨʫʶʱʠʭ 

ʩʚʦʡʩʪʚ TR-HR ʩʣʦʝʚ ʧʦʜʣʦʞʢʠ ʟʘ ʩʯʝʪ ʬʦʨʤʠʨʦʚʘʥʠʷ ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʬʘʟʳ ʢʨʝʤʥʠʷ ʧʦʜ 

ʩʣʦʝʤ BOX. 

ʇʦʢʘʟʘʥʦ, ʯʪʦ ʧʨʠʤʝʥʝʥʠʝʤ high-k ʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʠʟʦʣʷʪʦʨʦʚ ʵʢʚʠʚʘʣʝʥʪʥʘʷ ʪʦʣʱʠʥʘ 

BOX ʠ ʩʣʦʷ ʢʨʝʤʥʠʷ ʤʦʛʫʪ ʙʳʪʴ ʫʤʝʥʴʰʝʥʳ ʜʦ ʥʘʥʦʤʝʪʨʘ (UTBB SOI) ʧʨʠ ʩʦʭʨʘʥʝʥʠʠ ʧʨʦʭʦʜʥʦʡ 

ʝʤʢʦʩʪʠ ʥʘ ʫʨʦʚʥʝ ʧʣʘʩʪʠʥ TR-HR SOIÈ (SOITEC). ʃʦʢʘʣʴʥʳʝ ʩʣʦʠ TR-HP ʥʘ ʥʠʟʢʦʦʤʥʦʡ 

ʧʦʜʣʦʞʢʝ ʵʬʬʝʢʪʠʚʥʳ ʧʨʠ ʤʘʩʩʦʚʦʤ ʧʨʦʠʟʚʦʜʩʪʚʝ ʠʥʪʝʛʨʠʨʦʚʘʥʥʦʡ ʩ ʵʣʝʤʝʥʪʘʤʠ MW ʠ PIC 

CMOS ʣʦʛʠʢʠ ʩ ʜʠʥʘʤʠʯʝʩʢʠ ʨʝʛʫʣʠʨʫʝʤʳʤ ʧʦʨʦʛʦʤ ʧʦʣʝʚʳʭ ʪʨʘʥʟʠʩʪʦʨʦʚ [2].  

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʧʦʜʜʝʨʞʢʝ ʛʨʘʥʪʦʚ ʈʅʌ ˉ25-19-20049 ʠ ʇʨʘʚʠʪʝʣʴʩʪʚʘ 

ʅʦʚʦʩʠʙʠʨʩʢʦʡ ʦʙʣʘʩʪʠ ˉ 30-2025-000924.  
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integration using Si+ implantation // Solid-State Electronics. 229, 2025, Art. No. 109189.  
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ɺ ʨʘʙʦʪʝ ʧʨʝʜʩʪʘʚʣʝʥ ʤʝʪʦʜ 

ʣʠʪʦʛʨʘʬʠʯʝʩʢʠ-ʢʦʥʪʨʦʣʠʨʫʝʤʦʛʦ 

ʛʘʣʴʚʘʥʠʯʝʩʢʦʛʦ ʚʳʪʝʩʥʝʥʠʷ (ʃʂɻɺ) ʜʣʷ 

ʩʦʟʜʘʥʠʷ ʫʧʦʨʷʜʦʯʝʥʥʳʭ Ag ʩʪʨʫʢʪʫʨ ʚ ʚʠʜʝ 

çʥʘʥʦʟʚʝʟʜè ʥʘ ʤʦʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ 

ʢʨʝʤʥʠʝʚʦʡ (c-Si) ʧʦʜʣʦʞʢʝ ʩ 

ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʦʡ ʦʨʠʝʥʪʘʮʠʝʡ (100). 

ʈʘʟʨʘʙʦʪʘʥʥʳʡ ʧʦʜʭʦʜ ʦʙʲʝʜʠʥʷʝʪ: (i) 

ʵʣʝʢʪʨʦʥʥʦ-ʣʫʯʝʚʫʶ ʣʠʪʦʛʨʘʬʠʶ, ʟʘʜʘʶʱʫʶ 

ʪʦʧʦʣʦʛʠʶ ʩʪʨʫʢʪʫʨʳ, ʠ (ii) ʨʝʘʢʮʠʶ 

ʛʘʣʴʚʘʥʠʯʝʩʢʦʛʦ ʚʳʪʝʩʥʝʥʠʷ, ʦʙʝʩʧʝʯʠʚʘʶʱʫʶ 

ʨʦʩʪ ʤʝʪʘʣʣʠʯʝʩʢʦʡ ʥʘʥʦʩʪʨʫʢʪʫʨʳ. 

ʄʝʪʦʜ ʃʂɻɺ, ʢʦʪʦʨʳʡ ʩʦʩʪʦʠʪ ʠʟ 4 ʵʪʘʧʦʚ: (1) 

ʪʝʨʤʠʯʝʩʢʦʝ ʦʢʠʩʣʝʥʠʝ c-Si; (2) ʵʣʝʢʪʨʦʥʥʦ-ʣʫʯʝʚʘʷ ʣʠʪʦʛʨʘʬʠʷ; (3) ʙʫʬʝʨʥʦʝ ʪʨʘʚʣʝʥʠʝ ʩʣʦʷ SiO2 

ʩ ʧʦʩʣʝʜʫʶʱʠʤ ʫʜʘʣʝʥʠʝʤ ʨʝʟʠʩʪʘ; (4) ʦʩʘʞʜʝʥʠʝ Ag ʤʝʪʦʜʦʤ ʛʘʣʴʚʘʥʠʯʝʩʢʦʛʦ ʚʳʪʝʩʥʝʥʠʷ ʠʟ 

ʨʘʩʪʚʦʨʘ AgNO3:HF. 

ʇʦʩʣʝ ʧʨʦʚʝʜʝʥʠʷ ʚʩʝʭ 4 ʵʪʘʧʦʚ ʃʂɻɺ ʙʳʣʠ ʧʦʣʫʯʝʥʳ Ag çʥʘʥʦʟʚʝʟʜʳè, ʨʘʜʠʫʩʳ ʢʦʪʦʨʳʭ 

ʩʦʩʪʘʚʠʣʠ 450 Ñ 20 ʥʤ, ʘ ʧʦʚʝʨʭʥʦʩʪʥʳʡ ʬʘʢʪʦʨ ʟʘʧʦʣʥʝʥʠʷ (f) 16 %. ʊʝʨʤʦʦʙʨʘʙʦʪʢʘ çʥʘʥʦʟʚʝʟʜè 

Ag ʚ ʧʘʨʘʭ ʚʦʜʳ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 1100ÁC ʚ ʪʝʯʝʥʠʝ 90 ʤʠʥ ʧʦʟʚʦʣʠʣʘ ʚʧʝʨʚʳʝ ʧʦʣʫʯʠʪʴ 

ʫʧʦʨʷʜʦʯʝʥʥʳʝ ʵʥʜʦʪʘʢʩʠʘʣʴʥʳʝ (ʚʥʝʜʨʝʥʥʳʝ ʚ c-Si) ʥʘʥʦʯʘʩʪʠʮʳ Ag (Agʅʏ) ʚ ʬʦʨʤʝ 

ʯʝʪʳʨʝʭʛʨʘʥʥʳʭ ʧʠʨʘʤʠʜ. ʕʥʜʦʪʘʢʩʠʘʣʴʥʳʡ ʨʦʩʪ ʦʟʥʘʯʘʝʪ ʦʙʨʘʟʦʚʘʥʠʝ ʥʦʚʦʡ ʬʘʟʳ ʩ ʩʦʭʨʘʥʝʥʠʝʤ 

ʝʝ ʩʦʩʪʘʚʘ (ʚ ʥʘʰʝʤ ʩʣʫʯʘʝ Agʅʏ) ʚʥʫʪʨʠ ʦʙʲʝʤʘ ʠʩʭʦʜʥʦʡ ʩʪʨʫʢʪʫʨʳ (c-Si). ɺʘʞʥʳʤ ʩʚʦʡʩʪʚʦʤ 

ʵʥʜʦʪʘʢʩʠʘʣʴʥʳʭ ʩʪʨʫʢʪʫʨ ʷʚʣʷʝʪʩʷ ʩʪʨʦʛʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʦʡ ʦʨʠʝʥʪʘʮʠʠ 

ʥʦʚʦʦʙʨʘʟʦʚʘʚʰʝʡʩʷ ʬʘʟʳ ʧʦ ʦʪʥʦʰʝʥʠʶ ʢ ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʦʡ ʦʨʠʝʥʪʘʮʠʠ ʠʩʭʦʜʥʦʡ ʬʘʟʳ. 

ʈʘʟʤʝʨʳ ʩʪʦʨʦʥ ʦʩʥʦʚʘʥʠʷ Ag ʧʠʨʘʤʠʜ ʩʦʩʪʘʚʠʣʠ 260 Ñ 90 ʥʤ, ʘ f = 2 %. ʄʝʭʘʥʠʟʤ ʚʥʝʜʨʝʥʠʷ ʠ 

ʩʚʦʡʩʪʚʘ ʚʥʝʜʨʝʥʥʳʭ ʨʘʟʫʧʦʨʷʜʦʯʝʥʥʳʭ Agʅʏ ʨʘʩʩʤʦʪʨʝʥʳ ʚ ʥʘʰʠʭ ʧʨʝʜʳʜʫʱʠʭ ʨʘʙʦʪʘʭ [1, 2]. 

ʈʘʟʨʘʙʦʪʘʥʥʳʡ ʤʝʪʦʜ ʃʂɻɺ ʦʪʣʠʯʘʝʪʩʷ ʪʝʭʥʦʣʦʛʠʯʝʩʢʦʡ ʧʨʦʩʪʦʪʦʡ, ʚʦʩʧʨʦʠʟʚʦʜʠʤʦʩʪʴʶ ʠ 

ʧʨʝʜʩʪʘʚʣʷʝʪ ʠʥʪʝʨʝʩ ʜʣʷ ʤʘʩʰʪʘʙʠʨʦʚʘʥʠʷ ʢ ʤʝʥʴʰʠʤ ʧʝʨʠʦʜʘʤ ʠ ʨʘʟʤʝʨʘʤ ʅʏ, ʘ ʪʘʢʞʝ ʦʪʢʨʳʚʘʝʪ 

ʥʦʚʳʝ ʚʦʟʤʦʞʥʦʩʪʠ ʜʣʷ ʬʦʨʤʠʨʦʚʘʥʠʷ ʥʘʥʦʩʪʨʫʢʪʫʨ ʩ ʟʘʜʘʥʥʦʡ ʪʦʧʦʣʦʛʠʝʡ ʠ ʬʦʨʤʦʡ. ʇʨʠ ʵʪʦʤ 

ʧʦʪʝʥʮʠʘʣʴʥʳʝ ʦʛʨʘʥʠʯʝʥʠʷ ʧʦ ʤʠʥʠʤʘʣʴʥʳʤ ʭʘʨʘʢʪʝʨʥʳʤ ʨʘʟʤʝʨʘʤ, ʚʝʨʦʷʪʥʝʝ ʚʩʝʛʦ, ʙʫʜʫʪ 

ʦʧʨʝʜʝʣʷʪʴʩʷ ʧʨʝʜʝʣʴʥʳʤ ʨʘʟʨʝʰʝʥʠʝʤ ʵʣʝʢʪʨʦʥʥʦ-ʣʫʯʝʚʦʡ ʣʠʪʦʛʨʘʬʠʠ. ɼʣʷ ʧʦʣʫʯʝʥʠʷ 

ʫʧʦʨʷʜʦʯʝʥʥʳʭ ʵʥʜʦʪʘʢʩʠʘʣʴʥʳʭ Agʅʏ ʩ ʜʚʫʭ- ʠ ʪʨʸʭʢʨʘʪʥʦʡ ʩʠʤʤʝʪʨʠʝʡ ʤʝʪʦʜʦʤ 

ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʡ ʦʙʨʘʙʦʪʢʠ, ʠʩʧʦʣʴʟʫʷ ʝʛʦ ʚ ʢʘʯʝʩʪʚʝ ʠʥʩʪʨʫʤʝʥʪʘ ʤʦʜʠʬʠʢʘʮʠʠ çʥʘʥʦʟʚʝʟʜè, 

ʥʝʦʙʭʦʜʠʤʦ ʠʩʧʦʣʴʟʦʚʘʪʴ c-Si ʧʦʜʣʦʞʢʠ ʩ ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʠʤʠ ʦʨʠʝʥʪʘʮʠʷʤʠ (110) ʠ (111) 

ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʧʦʜʜʝʨʞʢʝ ʄʠʥʠʩʪʝʨʩʪʚʘ ʥʘʫʢʠ ʠ ʚʳʩʰʝʛʦ ʦʙʨʘʟʦʚʘʥʠʷ ʈʦʩʩʠʡʩʢʦʡ 

ʌʝʜʝʨʘʮʠʠ ʚ ʨʘʤʢʘʭ ʛʦʩʫʜʘʨʩʪʚʝʥʥʦʛʦ ʟʘʜʘʥʠʷ (ʧʨʦʝʢʪ  ̄FFUG-2024-0017). 
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2)ʄʦʩʢʦʚʩʢʠʡ ʬʠʟʠʢʦ-ʪʝʭʥʠʯʝʩʢʠʡ ʠʥʩʪʠʪʫʪ (ʥʘʮʠʦʥʘʣʴʥʳʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʫʥʠʚʝʨʩʠʪʝʪ), 

ɼʦʣʛʦʧʨʫʜʥʳʡ 

e-mail: akadyrov@niime.ru 

 

ʇʨʦʙʣʝʤʘ ʫʚʝʣʠʯʝʥʠʷ ʪʘʢʪʦʚʦʡ ʯʘʩʪʦʪʳ ʙʫʜʫʱʠʭ ʠʥʪʝʛʨʘʣʴʥʳʭ ʩʭʝʤ ʩʚʷʟʘʥʘ ʩ ʥʘʣʠʯʠʝʤ 

ʚʨʝʤʝʥʥʳʭ RC ʟʘʜʝʨʞʝʢ ʚ ʩʣʦʷʭ ʤʝʪʘʣʣʠʟʘʮʠʠ ʠʥʪʝʛʨʘʣʴʥʦʡ ʩʭʝʤʳ. ɿʘʜʝʨʞʢʠ ʚʳʟʚʘʥʳ ʝʤʢʦʩʪʥʦʡ 

ʩʚʷʟʴʶ ʧʨʦʚʦʜʥʠʢʦʚ ʯʝʨʝʟ ʠʟʦʣʷʪʦʨ, ʦʪʜʝʣʷʶʱʠʭ ʠʭ ʜʨʫʛ ʦʪ ʜʨʫʛʘ. ɼʣʷ ʨʝʰʝʥʠʷ ʵʪʦʡ ʧʨʦʙʣʝʤʳ 

ʠʩʩʣʝʜʫʶʪʩʷ ʥʦʚʳʝ low-ə ʜʠʵʣʝʢʪʨʠʢʠ ð ʜʠʵʣʝʢʪʨʠʢʠ ʩ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʴʶ ʤʝʥʴʰʝ, 

ʯʝʤ ʫ ʦʢʩʠʜʘ ʢʨʝʤʥʠʷ, ʯʪʦ ʧʦʟʚʦʣʷʝʪ ʫʤʝʥʴʰʠʪʴ ʝʤʢʦʩʪʴ ʠʟʦʣʷʪʦʨʘ, ʘ, ʩʣʝʜʦʚʘʪʝʣʴʥʦ, ʠ RC-

ʟʘʜʝʨʞʢʠ. ʆʜʥʘʢʦ, ʜʣʷ ʠʥʪʝʛʨʘʮʠʠ low-ə ʜʠʵʣʝʢʪʨʠʢʦʚ ʚ ʩʫʱʝʩʪʚʫʶʱʠʝ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʝ ʧʨʦʮʝʩʩʳ, 

ʥʝʦʙʭʦʜʠʤʦ ʯʪʦʙʳ ʩʚʦʡʩʪʚʘ ʥʦʚʳʭ ʤʘʪʝʨʠʘʣʦʚ ʫʜʦʚʣʝʪʚʦʨʷʣʠ ʪʨʝʙʦʚʘʥʠʷʤ ʤʠʢʨʦʵʣʝʢʪʨʦʥʥʦʡ 

ʧʨʦʤʳʰʣʝʥʥʦʩʪʠ (ʤʝʭʘʥʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ, ʪʝʤʧʝʨʘʪʫʨʥʘʷ ʩʪʘʙʠʣʴʥʦʩʪʴ, ʛʠʜʨʦʬʦʙʥʦʩʪʴ ʠ ʪ. ʜ.) [1]. 

ʇʦʵʪʦʤʫ ʚʘʞʥʦʡ ʟʘʜʘʯʝʡ ʷʚʣʷʝʪʩʷ ʠʩʩʣʝʜʦʚʘʥʠʝ ʨʘʟʣʠʯʥʳʭ ʩʚʦʡʩʪʚ low-ə ʜʠʵʣʝʢʪʨʠʢʘ. 

ɺ ʥʝʜʘʚʥʝʡ ʩʪʘʪʴʝ [2] ʙʳʣ 

ʧʨʝʜʩʪʘʚʣʝʥ low-ə ʜʠʵʣʝʢʪʨʠʢ ʥʘ ʦʩʥʦʚʝ 

ʦʢʩʠʜʘ ʢʨʝʤʥʠʷ ʩ ʜʦʙʘʚʣʝʥʠʝʤ 

ʙʝʥʟʦʣʴʥʳʭ ʤʦʩʪʠʢʦʚʳʭ ʛʨʫʧʧ ʠ 

ʪʝʨʤʠʥʘʣʴʥʳʭ ʤʝʪʠʣʴʥʳʭ ʛʨʫʧʧ. 

ʆʜʥʘʢʦ, ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʙʳʣʠ 

ʠʩʩʣʝʜʦʚʘʥʳ ʥʝ ʚʩʝ ʩʚʦʡʩʪʚʘ ʤʘʪʝʨʠʘʣʘ. 

ɼʣʷ ʥʝʢʦʪʦʨʳʭ ʩʚʦʡʩʪʚ, ʥʘʧʨʠʤʝʨ ʜʣʷ 

ʤʦʜʫʣʷ ʖʥʛʘ, ʥʘʙʣʶʜʘʝʪʩʷ ʩʠʣʴʥʘʷ 

ʟʘʚʠʩʠʤʦʩʪʴ ʦʪ ʩʦʦʪʥʦʰʝʥʠʷ 

ʢʦʥʮʝʥʪʨʘʮʠʡ ʙʝʥʟʦʣʴʥʳʭ ʛʨʫʧʧ ʢ 

ʤʝʪʠʣʴʥʳʤ, ʢʘʢ ʧʦʢʘʟʘʥʦ ʥʘ ʨʠʩʫʥʢʝ, ʠ 

ʧʨʠ ʵʪʦʤ ʵʢʩʧʝʨʠʤʝʥʪ ʙʳʣ ʧʨʦʠʟʚʝʜʝʥ ʣʠʰʴ ʚ ʥʝʩʢʦʣʴʢʠʭ ʪʦʯʢʘʭ. ʇʦʵʪʦʤʫ ʚʘʞʥʦʡ ʟʘʜʘʯʝʡ ʷʚʣʷʝʪʩʷ 

ʧʦʩʪʨʦʝʥʠʝ ʤʦʜʝʣʠ ʜʣʷ ʠʩʩʣʝʜʦʚʘʥʠʷ ʨʘʟʣʠʯʥʳʭ ʩʚʦʡʩʪʚ ʜʘʥʥʦʛʦ low-ə ʜʠʵʣʝʢʪʨʠʢʘ ʚ ʙʦʣʝʝ 

ʰʠʨʦʢʦʤ ʜʠʘʧʘʟʦʥʝ ʟʥʘʯʝʥʠʡ ʢʦʥʮʝʥʪʨʘʮʠʡ ʙʝʥʟʦʣʴʥʳʭ ʢʦʣʝʮ. 

ɼʣʷ ʧʦʩʪʨʦʝʥʠʷ ʤʦʜʝʣʠ ʤʘʪʝʨʠʘʣʘ ʠʩʧʦʣʴʟʦʚʘʣʩʷ ʤʝʪʦʜ ʢʣʘʩʩʠʯʝʩʢʦʡ ʤʦʣʝʢʫʣʷʨʥʦʡ 

ʜʠʥʘʤʠʢʠ. ɹʣʘʛʦʜʘʨʷ ʝʤʫ ʙʳʣʘ ʠʩʩʣʝʜʦʚʘʥʘ ʟʘʚʠʩʠʤʦʩʪʴ ʤʦʜʫʣʷ ʖʥʛʘ ʦʪ ʢʦʥʮʝʥʪʨʘʮʠʠ ʙʝʥʟʦʣʴʥʳʭ 

ʢʦʣʝʮ: ʨʘʩʩʯʠʪʘʥʥʳʝ ʟʥʘʯʝʥʠʷ ʙʣʠʟʢʠ ʢ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤ ʪʦʯʢʘʤ, ʯʪʦ ʧʦʟʚʦʣʷʝʪ ʚʝʨʠʬʠʮʠʨʦʚʘʪʴ 

ʤʦʜʝʣʴ, ʨʘʩʩʯʠʪʘʥʳ ʟʥʘʯʝʥʠʷ ʚ ʥʘʠʙʦʣʝʝ ʠʥʪʝʨʝʩʫʶʱʝʡ ʦʙʣʘʩʪʠ, ʦʪ 50SB ʜʦ 55SB, ʛʜʝ ʢʘʢ ʨʘʟ ʠ 

ʥʘʙʣʶʜʘʝʪʩʷ ʧʝʨʢʦʣʷʮʠʦʥʥʳʡ ʧʝʨʝʭʦʜ ʠ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʨʝʟʢʠʡ ʨʦʩʪ ʤʦʜʫʣʷ ʖʥʛʘ. ʄʦʜʝʣʴ 

ʧʦʟʚʦʣʠʣʘ ʧʦʜʪʚʝʨʜʠʪʴ ʛʠʧʦʪʝʟʫ, ʧʨʝʜʩʪʘʚʣʝʥʥʫʶ ʚ ʩʪʘʪʴʝ, ʦ ʩʚʷʟʠ ʨʝʟʢʦʛʦ ʨʦʩʪʘ ʫʧʨʫʛʠʭ ʩʚʦʡʩʪʚ ʩ 

ʧʝʨʝ-ʦʨʠʝʥʪʠʨʦʚʘʥʠʝʤ ʙʝʥʟʦʣʴʥʳʭ ʢʦʣʝʮ ʚʜʦʣʴ ʥʘʧʨʘʚʣʝʥʠʷ ʜʝʬʦʨʤʘʮʠʠ.  

ʊʘʢʞʝ ʙʳʣʘ ʠʩʩʣʝʜʦʚʘʥʘ ʪʝʤʧʝʨʘʪʫʨʥʘʷ ʩʪʘʙʠʣʴʥʦʩʪʴ ʜʠʵʣʝʢʪʨʠʢʘ ʚ ʜʠʘʧʘʟʦʥʝ ʪʝʤʧʝʨʘʪʫʨ 

ʦʪ 300ʂ ʜʦ 2000ʂ ʩ ʰʘʛʦʤ ʚ 200ʂ. ʊʝʤʧʝʨʘʪʫʨʘ ʧʣʘʚʣʝʥʠʷ ʥʘʭʦʜʠʪʴʩʷ ʚ ʦʙʣʘʩʪʠ ʦʪ 700ʂ ʜʦ 900ʂ, 

ʪʘʢ ʢʘʢ ʧʨʠ ʵʪʦʤ ʧʝʨʝʭʦʜʝ ʥʘʙʣʶʜʘʝʪʩʷ ʩʢʘʯʦʢ ʧʣʦʪʥʦʩʪʠ ʠ ʧʦʪʝʥʮʠʘʣʴʥʦʡ ʵʥʝʨʛʠʠ ʩʠʩʪʝʤʳ. 
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Xʠʤʠʯʝʩʢʠʝ ʨʝʘʢʮʠʠ ʪʨʘʚʣʝʥʠʷ ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʛʘʟʦʚʦʡ ʩʤʝʩʠ ʪʝʪʨʘʬʪʦʨʠʜʘ 

ʢʨʝʤʥʠʷ, ʩʠʣʘʥʘ ʠ ʚʦʜʦʨʦʜʘ ʧʨʠ ʦʩʘʞʜʝʥʠʠ ʧʣʝʥʢʠ ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ ʢʨʝʤʥʠʷ 

ʄʠʣʦʚʟʦʨʦʚ ɼ.ɽ. 

ʈʦʩʩʠʡʩʢʠʡ ʥʦʚʳʡ ʫʥʠʚʝʨʩʠʪʝʪ ʈʆʉʅʆʋ, ʄʦʩʢʚʘ 

e-mail: MilovzorovDE@stud.rosnou.ru 

 

ʊʝʪʨʘʬʪʦʨʠʜ ʢʨʝʤʥʠʷ ʦʙʝʩʧʝʯʠʚʘʝʪ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʧʦʷʚʣʝʥʠʝ ʬʪʦʨʦʚʦʜʦʨʦʜʘ, ʜʝʡʩʪʚʠʝ 

ʢʦʪʦʨʦʛʦ ʥʘ ʦʢʩʠʜ ʢʨʝʤʥʠʷ ʧʦʟʚʦʣʷʝʪ ʠʟʛʦʪʦʚʠʪʴ ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʝ ʧʣʝʥʢʠ ʧʨʠ ʥʠʟʢʠʭ 

ʪʝʤʧʝʨʘʪʫʨʘʭ ʩ ʚʳʩʦʢʠʤʠ ʨʘʙʦʯʠʤʠ ʧʘʨʘʤʝʪʨʘʤʠ.  

ʅʘ ʧʦʚʝʨʭʥʦʩʪʠ ʧʣʝʥʢʠ 

ʢʨʝʤʥʠʷ ʦʙʨʘʟʫʶʪʩʷ ʚ ʨʝʟʫʣʴʪʘʪʝ 

ʪʨʘʚʣʝʥʠʷ ʬʪʦʨʦʚʦʜʦʨʦʜʦʤ ʦʢʩʠʜʘ 

ʢʨʝʤʥʠʷ ʩʥʦʚʘ ʪʝʪʨʘʬʪʦʨʠʜ ʢʨʝʤʥʠʷ ʠ 

ʚʦʜʘ: SiO2+4HFĄSiF4+2H2O. ʈʝʘʢʮʠʠ, 
ʧʨʦʪʝʢʘʶʱʠʝ ʚ ʨʝʘʢʪʦʨʝ, ʤʦʞʥʦ 

ʧʦʜʨʘʟʜʝʣʠʪʴ ʥʘ ʪʝ, ʢʦʪʦʨʳʝ 

ʧʨʦʪʝʢʘʶʪ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ ʚ 

ʨʝʘʢʪʦʨʝ ʚ ʛʘʟʦʦʙʨʘʟʥʦʤ ʩʦʩʪʦʷʥʠʠ ʚ 

ʦʙʲʝʤʝ ʨʝʘʢʪʦʨʘ ʠ ʜʨʫʛʠʝ, ʢʦʪʦʨʳʝ 

ʧʨʦʪʝʢʘʶʪ ʪʦʣʴʢʦ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ 

ʧʣʝʥʢʠ ʢʨʝʤʥʠʷ. ʂʦʣʠʯʝʩʪʚʦ 

ʪʝʪʨʘʬʪʦʨʠʜʘ ʢʨʝʤʥʠʷ, ʢʦʪʦʨʳʡ 

ʩʠʥʪʝʟʠʨʫʝʪʩʷ ʚ ʨʝʘʢʪʦʨʝ ʧʨʠ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʠ ʬʪʦʨʦʚʦʜʦʨʦʜʘ ʩ 

ʦʢʩʠʜʦʤ ʢʨʝʤʥʠʷ. ʇʦʵʪʦʤʫ, ʥʘ ʦʩʥʦʚʘʥʠʠ ʪʘʢʦʛʦ ʧʨʝʜʧʦʣʦʞʝʥʠʷ, ʢʦʣʠʯʝʩʪʚʦ ʚʝʱʝʩʪʚʘ ʤʦʞʥʦ 

ʚʳʨʘʟʠʪʴ ʪʘʢʠʤ ʦʙʨʘʟʦʤ:  
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kkSiFSiF CCC aw                                                  (1) 

ʂʦʥʮʝʥʪʨʘʮʠʷ ʚ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʦʤ ʨʝʘʢʪʦʨʝ ʤʝ6ʥʷʝʪʩʷ ʧʝʨʠʦʜʠʯʝʩʢʠ ʧʦʜ ʜʝʡʩʪʚʠʝʤ 

ʩʦʝʜʠʥʝʥʠʷ ʪʝʪʨʘʬʪʦʨʠʜʘ ʢʨʝʤʥʠʷ ʩ ʚʦʜʦʨʦʜʦʤ ʩ ʦʙʨʘʟʦʚʘʥʠʝʤ ʬʪʦʨʦʚʦʜʦʨʦʜʘ, ʩ ʦʜʥʦʡ ʩʪʦʨʦʥʳ, 

ʠ, ʩ ʜʨʫʛʦʡ ʩʪʦʨʦʥʳ, ʧʨʦʠʩʭʦʜʠʪ ʦʜʥʦʚʨʝʤʝʥʥʳʡ ʧʨʦʮʝʩʩ ʪʨʘʚʣʝʥʠʷ ʢʨʝʤʥʠʷ ʪʝʪʨʘʬʪʦʨʠʜʦʤ 

ʢʨʝʤʥʠʷ ʠ ʦʙʨʘʟʦʚʘʥʠʷ ʜʠʬʪʦʨʠʜʘ, ʘ, ʟʘʪʝʤ, ʠ ʬʪʦʨʠʜʘ ʢʨʝʤʥʠʷ. ʇʨʠ ʠʟʤʝʥʝʥʠʠ ʚʝʣʠʯʠʥʳ 

ʪʝʤʧʝʨʘʪʫʨʳ ʩʦ 100 ʦʉ ʜʦ 300 ʦʉ ʪʦ ʝʩʪʴ ʚ ʪʨʠ ʨʘʟʘ, ʦʪʥʦʰʝʥʠʝ ʩʢʦʨʦʩʪʝʡ ʚ ʵʪʦʤ ʩʣʫʯʘʝ ʙʫʜʝʪ 

ʧʨʦʧʦʨʮʠʦʥʘʣʴʥʦ ʦʪʥʦʰʝʥʠʶ ʢʚʘʜʨʘʪʥʳʭ ʢʦʨʥʝʡ ʠʟ ʚʝʣʠʯʠʥ ʪʝʤʧʝʨʘʪʫʨʳ, ʪʦ ʝʩʪʴ ʫʚʝʣʠʯʠʪʩʷ ʚ 

1.732 ʨʘʟʘ. ʈʝʰʝʥʠʝ ʫʨʘʚʥʝʥʠʷ ʦʧʠʩʳʚʘʶʱʝʛʦ ʤʦʜʝʣʴ ʚ ʚʠʜʝ ʵʣʣʠʧʪʠʯʝʩʢʦʡ ʬʫʥʢʮʠʠ ɺʝʡʝʨʰʪʨʘʩʩʘ 

ʩʣʝʜʫʶʱʝʛʦ ʚʠʜʘ ʠʤʝʝʪ ʚʠʜ: 
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ʌʫʥʢʮʠʷ ɺʝʡʝʨʰʪʨʘʩʩʘ ʟʘʜʘʝʪʩʷ ʥʘ ʚʩʝʡ ʚʝʱʝʩʪʚʝʥʥʦʡ ʧʨʷʤʦʡ ʯʠʩʝʣ ʠ ʠʤʝʝʪ 

ʘʥʘʣʠʪʠʯʝʩʢʠʡ ʚʠʜ:  
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ʈʘʩʩʤʘʪʨʠʚʘʷ ʘʣʴʪʝʨʥʘʪʠʚʥʳʝ ʠʝʨʘʨʭʠʯʝʩʢʠʝ ʧʨʦʮʝʩʩʳ ʭʠʤʠʯʝʩʢʠʭ ʨʝʘʢʮʠʡ ʥʝʦʙʭʦʜʠʤʦ 

ʫʯʝʩʪʴ ʧʨʠʦʨʠʪʝʪʥʦʝ ʥʘʧʨʘʚʣʝʥʠʝ ʨʘʩʩʤʦʪʨʝʥʠʷ ʟʘʜʘʯʠ, ʘ ʠʤʝʥʥʦ, ʢʨʠʪʝʨʠʡ ʦʪʙʦʨʘ 

ʨʘʩʩʤʘʪʨʠʚʘʝʤʳʭ ʨʝʘʢʮʠʡ, ʪʘʢʠʭ, ʢʦʪʦʨʳʝ ʨʝʘʣʠʟʫʶʪ ʪʨʘʚʣʝʥʠʝ, ʠ ʚ ʪʘʢʠʭ, ʧʨʦʜʫʢʪʦʤ ʢʦʪʦʨʳʭ 

ʙʫʜʝʪ ʪʨʘʚʠʪʝʣʴ.  

 
ʈʠʩʫʥʦʢ 1 ï ɿʘʚʠʩʠʤʦʩʪʴ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʣʠʥʠʠ ʧʦʛʣʦʱʝʥʠʷ 

SiF(ʩʣʝʚʘ) ʠ ʨʘʟʤʝʨʘ ʥʘʥʦʢʨʠʩʪʘʣʣʦʚ  ʢʨʝʤʥʠʷ (ʩʧʨʘʚʘ) ʦʪ ʩʢʦʨʦʩʪʠ 

ʥʘʪʝʢʘʥʠʷ ʪʝʪʨʘʬʪʦʨʠʜʘ ʢʨʝʤʥʠʷ. 
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ʄʦʜʝʣʠʨʦʚʘʥʠʝ ʥʘʧʨʷʞʝʥʥʦ-ʜʝʬʦʨʤʠʨʦʚʘʥʥʦʛʦ ʩʦʩʪʦʷʥʠʷ ʩʠʩʪʝʤʳ ʤʝʪʘʣʣʠʟʘʮʠʠ ʥʘ 

ʢʨʝʤʥʠʠ ʚ ʫʩʣʦʚʠʷʭ ʪʝʧʣʦʚʦʛʦ ʫʜʘʨʘ 

ʅʠʢʠʪʠʥ ɺ.ɺ., ʉʢʚʦʨʮʦʚ ɸ.ɸ., ʅʠʢʦʣʘʝʚ ɺ.ʂ., ʈʳʙʘʢʦʚʘ ʄ.ʈ. 

ʄʦʩʢʦʚʩʢʠʡ ʧʦʣʠʪʝʭʥʠʯʝʩʢʠʡ ʫʥʠʚʝʨʩʠʪʝʪ, ʄʦʩʢʚʘ 

e-mail: labor.vitae@icloud.com 

 

ʅʘʩʪʦʷʱʘʷ ʨʘʙʦʪʘ ʧʦʩʚʷʱʝʥʘ ʤʦʜʝʣʠʨʦʚʘʥʠʶ ʧʨʦʮʝʩʩʘ ʪʝʨʤʦʤʝʭʘʥʠʯʝʩʢʦʡ ʜʝʛʨʘʜʘʮʠʠ 

ʪʦʥʢʦʧʣʸʥʦʯʥʦʡ ʩʪʨʫʢʪʫʨʳ ʥʘ ʦʩʥʦʚʝ ʢʨʝʤʥʠʝʚʦʡ ʧʦʜʣʦʞʢʠ ʩ ʧʦʜʩʣʦʝʤ ʠʟ ʦʢʩʠʜʘ ʢʨʝʤʥʠʷ (SiO2) ʚ 

ʫʩʣʦʚʠʷʭ ʪʝʧʣʦʚʦʛʦ ʫʜʘʨʘ. ʀʩʩʣʝʜʫʝʤʘʷ ʩʪʨʫʢʪʫʨʘ, ʧʨʝʜʩʪʘʚʣʷʣʘ ʩʦʙʦʡ ʦʢʠʩʣʝʥʥʫʶ ʢʨʝʤʥʠʝʚʫʶ 

ʧʣʘʩʪʠʥʫ (ʪʦʣʱʠʥʘ ʢʨʝʤʥʠʝʚʦʡ ʧʣʘʩʪʠʥʳ ʠ ʧʣʝʥʢʠ SiO2 ʨʘʚʥʳ Ὤ ρππ Аά  ʠ Ὤ ρ Аά 

ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ), ʩ ʥʘʧʳʣʝʥʥʦʡ ʥʘ ʥʝʸ ʘʣʶʤʠʥʠʝʚʦʡ ʧʣʝʥʢʦʡ (Ὤ τ Аά). ʊʝʧʣʦʚʦʡ ʫʜʘʨ 
ʬʦʨʤʠʨʦʚʘʣʩʷ ʧʫʪʝʤ ʧʨʦʧʫʩʢʘʥʠʷ ʦʜʠʥʦʯʥʦʛʦ ʪʦʢʦʚʦʛʦ ʠʤʧʫʣʴʩʘ (ʜʣʠʪʝʣʴʥʦʩʪʴʶ υππ Аί) ʯʝʨʝʟ 
ʩʣʦʡ ʤʝʪʘʣʣʠʟʘʮʠʠ: 

ὗὝȟὸ ”ὝϽὮϽὴὸ ρ 

ʟʜʝʩʴ ”Ὕ ï ʪʝʤʧʝʨʘʪʫʨʦʟʘʚʠʩʠʤʦʝ ʫʜʝʣʴʥʦʝ ʩʦʧʨʦʪʠʚʣʝʥʠʝ ʤʝʪʘʣʣʠʟʘʮʠʠ,  Ὦ ï ʧʣʦʪʥʦʩʪʴ ʪʦʢʘ, ὴὸ 

ï ʬʫʥʢʮʠʷ ʬʦʨʤʳ ʠʤʧʫʣʴʩʘ, ʟʘʜʘʶʱʘʷ ʤʘʩʰʪʘʙ ʟʥʘʯʝʥʠʷ ʠʩʪʦʯʥʠʢʘ ʪʝʧʣʘ ʚʦ ʚʨʝʤʝʥʠ. ɺ ʧʨʦʮʝʩʩʝ 

ʨʘʩʯʝʪʦʚ ʫʯʠʪʳʚʘʣʦʩʴ ʟʘʚʠʩʠʤʦʩʪʴ ʩʚʦʡʩʪʚ ʢʦʥʪʘʢʪʠʨʫʶʱʠʭ ʤʘʪʝʨʠʘʣʦʚ ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ. ʇʨʠ ʵʪʦʤ 

ʧʦʣʘʛʘʣʦʩʴ, ʯʪʦ ʤʘʪʝʨʠʘʣʳ ʦʩʪʘʶʪʩʷ ʫʧʨʫʛʠʤʠ. ʊʘʢʞʝ ʪʝʧʣʦʚʳʝ ʨʝʞʠʤʳ ʨʘʙʦʪʳ ʩʠʩʪʝʤʳ ʥʝ 

ʜʦʚʦʜʠʣʘʩʴ ʜʦ ʧʨʦʮʝʩʩʦʚ ʜʝʛʨʘʜʘʮʠʠ.  

ʄʦʜʝʣʠʨʦʚʘʥʠʝ ʪʝʤʧʝʨʘʪʫʨʥʳʭ ʧʦʣʝʡ ʚ ʫʩʣʦʚʠʷʭ 

ʪʝʨʤʦʫʜʘʨʘ ʥʘ ʨʘʩʩʤʘʪʨʠʚʘʝʤʦʡ ʩʪʨʫʢʪʫʨʝ ʧʨʦʚʦʜʠʣʦʩʴ 

ʧʨʠ ʧʣʦʪʥʦʩʪʷʭ ʪʦʢʘ: Ὦ  ρȢχ ρπ , Ὦ  σȢσ

ρπ , Ὦ σȢω ρπ  ʠ Ὦ τ ρπ . ʈʝʟʫʣʴʪʘʪʳ 

ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʧʦʢʘʟʘʣʠ, ʯʪʦ ʥʘʠʙʦʣʴʰʠʡ ʪʝʤʧʝʨʘʪʫʨʥʳʡ 

ʛʨʘʜʠʝʥʪ ʜʦʩʪʠʛʘʝʪʩʷ ʚ ʧʦʜʩʣʦʝ ʠʟ ʦʢʩʠʜʘ ʢʨʝʤʥʠʷ. ʂ 

ʧʨʠʤʝʨʫ, ςωτ
А

 ʧʨʠ ʧʣʦʪʥʦʩʪʠ ʪʦʢʘ Ὦ τ ρπ .  

ʈʘʟʥʠʮʘ ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʪʝʧʣʦʚʦʛʦ ʨʘʩʰʠʨʝʥʠʷ 

ʤʘʪʝʨʠʘʣʦʚ ʧʨʠʚʦʜʠʪ ʢ ʚʦʟʥʠʢʥʦʚʝʥʠʶ ʪʝʨʤʦʫʧʨʫʛʠʭ 

ʜʝʬʦʨʤʘʮʠʡ ʚ ʩʪʨʫʢʪʫʨʝ (ʨʠʩ.2). ʍʘʨʘʢʪʝʨ ʥʘʙʣʶʜʘʝʤʳʭ 

ʜʝʬʦʨʤʘʮʠʡ (ʨʠʩ.2) ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦ ʢʦʥʫʩʥʦʡ ʫʩʘʜʢʝ Al  

ʧʣʝʥʢʝ (ʨʠʩ.2). 

ʈʝʟʫʣʴʪʘʪʳ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʪʝʨʤʦʤʝʭʘʥʠʯʝʩʢʦʛʦ 

ʦʪʢʣʠʢʘ ʩʪʨʫʢʪʫʨʳ ʩʦʚʧʘʜʘʶʪ ʩ ʨʝʟʫʣʴʪʘʪʘʤʠ ʵʢʩʧʝʨʠʤʝʥʪʘ 

[1], ʢʘʢ ʚ ʯʘʩʪʠ ʪʝʤʧʝʨʘʪʫʨʝʳʭ ʧʦʣʝʡ, ʪʘʢ ʠ ʚ ʯʘʩʪʠ ʧʦʣʝʡ 

ʜʝʬʦʨʤʘʮʠʠ ʩʪʨʫʢʪʫʨʳ. ʈʘʟʨʘʙʨʪʘʥʥʘʷ ʤʝʪʦʜʠʢʘ ʠ 

ʧʦʣʫʯʝʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʧʦʟʚʦʣʷʶʪ ʧʨʠʤʝʥʷʪʴ ʤʝʪʦʜʳ 

ʯʠʩʣʝʥʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ (ʥʘʨʷʜʫ ʩ ʵʢʩʧʝʨʠʤʝʥʪʘʤʠ) 

ʪʦʥʢʦʧʣʝʥʦʯʥʳʭ ʩʪʨʫʢʪʫʨ ʜʣʷ ʦʮʝʥʢʠ ʪʝʤʧʝʨʘʪʫʨʥʳʭ 

ʧʦʣʝʡ ʠ ʥʘʧʨʷʞʝʥʥʦ-ʜʝʬʦʨʤʠʨʦʚʘʥʥʦʛʦ ʩʦʩʪʦʷʥʠʷ ʚ 

ʫʩʣʦʚʠʷʭ ʥʝʩʪʘʮʠʦʥʘʨʥʳʭ ʚʥʝʰʥʠʭ ʚʦʟʤʫʱʝʥʠʡ ʪʝʧʣʦʚʦʡ 

ʧʨʠʨʦʜʳ. 

 

ʀʩʩʣʝʜʦʚʘʥʠʝ ʚʳʧʦʣʥʝʥʦ ʚ ʨʘʤʢʘʭ ʛʨʘʥʪʘ ʈʦʩʩʠʡʩʢʦʛʦ 

ʥʘʫʯʥʦʛʦ ʬʦʥʜʘ ˉ 25-79-10123. 

ʃʠʪʝʨʘʪʫʨʘ 

1. Skvortsov, A.A., Varlamov, D.O., Nikolaev, V.K. et al. Shock-wave Processes in the Electric 

Explosion of Thin-Film Systems on Silicon. Silicon 15, 1987ï1992 (2023). 

https://doi.org/10.1007/s12633-022-02147-y. 

 
ʈʠʩʫʥʦʢ 1 ï ɻʨʘʬʠʢ ʨʘʩʧʨʝʜʝʣʝʥʠʷ 

ʪʝʤʧʝʨʘʪʫʨʳ ʧʦ ʩʪʨʫʢʪʫʨʝ ʚʜʦʣʴ ʩʣʦʸʚ.  

 
ʈʠʩʫʥʦʢ 2 ï ʊʘʥʛʝʥʮʠʘʣʴʥʳʝ ʜʝʬʦʨʤʘʮʠʠ ʚ 

ʦʙʣʘʩʪʠ ʬʨʘʛʤʝʥʪʘ ʩʪʨʫʢʪʫʨʳ ʥʘ ʛʨʘʥʠʮʝ 

ʨʘʟʜʝʣʘ ʤʘʪʝʨʠʘʣʦʚ Si-SiO2-Al . 
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ɸʥʦʜʥʦʝ ʦʢʠʩʣʝʥʠʝ ʢʨʝʤʥʠʷ, ʠʤʧʣʘʥʪʠʨʦʚʘʥʥʦʛʦ ʙʦʣʴʰʠʤʠ ʜʦʟʘʤʠ ʠʦʥʦʚ ʉʆ+ 

ʇʦʧʦʚ ʀ.ɺ., ʉʤʘʛʠʥʘ ɾ.ɺ., ʉʧʝʩʠʚʮʝʚ ɽ.ɺ., ʊʳʩʯʝʥʢʦ ʀ.ɽ., ʇʦʧʦʚ ɺ.ʇ. 

ʀʥʩʪʠʪʫʪ ʬʠʟʠʢʠ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚ ʠʤ. ɸ.ɺ. ʈʞʘʥʦʚʘ, ʅʦʚʦʩʠʙʠʨʩʢ 

e-mail: tys@isp.nsc.ru 

 

ʆʢʠʩʣʝʥʠʝ ʷʚʣʷʝʪʩʷ ʦʜʥʦʡ ʠʟ ʦʩʥʦʚʥʳʭ ʦʧʝʨʘʮʠʡ ʢʨʝʤʥʠʝʚʦʡ ʪʝʭʥʦʣʦʛʠʠ. ʆʙʳʯʥʦ ʦʥʦ 

ʧʨʦʚʦʜʠʪʩʷ ʪʝʨʤʠʯʝʩʢʠ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ ʦʪ 1000 ʜʦ 1200 ʦʉ. ʆʜʥʘʢʦ, ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʩʪʦʣʴ ʚʳʩʦʢʠʭ 

ʪʝʤʧʝʨʘʪʫʨ ʥʝ ʚʩʝʛʜʘ ʧʨʠʝʤʣʝʤʦ, ʥʘʧʨʠʤʝʨ, ʧʨʠ ʧʝʨʝʭʦʜʝ ʢ 3-ʭ-ʤʝʨʥʦʡ ʠʥʪʝʛʨʘʮʠʠ ʂʄʆʇ-

ʪʨʘʥʟʠʩʪʦʨʦʚ. ɸʣʴʪʝʨʥʘʪʠʚʥʳʤ ʤʝʪʦʜʦʤ ʩʦʟʜʘʥʠʷ 

ʩʣʦʝʚ SiO2 ʥʘ ʢʨʝʤʥʠʠ ʷʚʣʷʝʪʩʷ ʤʝʪʦʜ ʘʥʦʜʥʦʛʦ 

ʦʢʠʩʣʝʥʠʷ. ɸʥʦʜʥʦʝ ʦʢʠʩʣʝʥʠʝ ʷʚʣʷʝʪʩʷ 

ʥʠʟʢʦʪʝʤʧʝʨʘʪʫʨʥʳʤ ʤʝʪʦʜʦʤ. ʆʥʦ, ʢʘʢ ʧʨʘʚʠʣʦ, 

ʧʨʦʪʝʢʘʝʪ ʧʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ ʠ ʦʙʣʘʜʘʝʪ 

ʚʳʩʦʢʦʡ ʪʦʯʥʦʩʪʴʶ ʦʢʠʩʣʝʥʠʷ, ʚʳʩʦʢʦʡ 

ʚʦʩʧʨʦʠʟʚʦʜʠʤʦʩʪʴʶ ʠ ʚʦʟʤʦʞʥʦʩʪʴʶ ʩʦʟʜʘʚʘʪʴ 

ʩʣʦʠ SiO2 ʪʦʣʱʠʥʦʡ ʜʦ ʥʝʩʢʦʣʴʢʠʭ ʝʜʠʥʠʮ 

ʥʘʥʦʤʝʪʨʦʚ. ɺʟʘʠʤʦʩʚʷʟʴ ʤʝʞʜʫ ʩʚʦʡʩʪʚʘʤʠ 

ʘʥʦʜʥʦʛʦ ʦʢʩʠʜʘ ʠ ʩʪʨʫʢʪʫʨʥʳʤʠ ʦʩʦʙʝʥʥʦʩʪʷʤʠ 

ʢʨʝʤʥʠʝʚʦʡ ʧʦʜʣʦʞʢʠ ʜʦ ʩʠʭ ʧʦʨ ʦʩʪʘʝʪʩʷ 

ʥʝʠʟʫʯʝʥʥʦʡ. ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʠʩʩʣʝʜʦʚʘʥʳ 

ʦʩʥʦʚʥʳʝ ʟʘʢʦʥʦʤʝʨʥʦʩʪʠ ʘʥʦʜʥʦʛʦ ʦʢʠʩʣʝʥʠʷ 

ʧʦʜʣʦʞʝʢ Si, ʠʤʧʣʘʥʪʠʨʦʚʘʥʥʳʭ ʙʦʣʴʰʠʤʠ ʜʦʟʘʤʠ 

ʠʦʥʦʚ ʉʆ+.  

ʇʦʜʣʦʞʢʠ ʢʨʝʤʥʠʷ ʤʘʨʢʠ ʂʆʌ-2000 ʩ 

ʦʨʠʝʥʪʘʮʠʝʡ (111) ʙʳʣʠ ʠʤʧʣʘʥʪʠʨʦʚʘʥʳ ʠʦʥʘʤʠ CO+ ʩ ʵʥʝʨʛʠʝʡ 90 ʢʵɺ ʜʦʟʘʤʠ 2.5³1015- 

5³1016 ʩʤ-2. ʇʦʩʣʝ ʠʤʧʣʘʥʪʘʮʠʠ ʧʣʘʩʪʠʥʳ ʦʪʞʠʛʘʣʠʩʴ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 700 ʠʣʠ 1100 oC ʚ ʪʝʯʝʥʠʝ 1 

ʯʘʩʘ ʚ ʘʪʤʦʩʬʝʨʝ ʧʘʨʦʚ N2. ɸʥʦʜʥʦʝ ʦʢʠʩʣʝʥʠʝ ʧʨʦʚʦʜʠʣʦʩʴ ʧʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ ʚ 

ʛʘʣʴʚʘʥʦʩʪʘʪʠʯʝʩʢʦʤ ʨʝʞʠʤʝ. ɺ ʢʘʯʝʩʪʚʝ ʵʣʝʢʪʨʦʣʠʪʘ ʠʩʧʦʣʴʟʦʚʘʣʠ ʨʘʩʪʚʦʨ 0.04%Na(KNO3), 

0.5%H2O ʠ C2H4(OH)2. ʆʢʠʩʣʝʥʠʝ ʧʨʦʚʦʜʠʣʦʩʴ ʧʨʠ ʧʣʦʪʥʦʩʪʠ ʪʦʢʘ ʦʢʦʣʦ  

8 ʤA/cʤ2. ʊʦʣʱʠʥʘ ʦʢʠʩʣʝʥʥʦʛʦ ʩʣʦʷ ʠʩʩʣʝʜʦʚʘʣʘʩʴ ʤʝʪʦʜʦʤ ʩʧʝʢʪʨʘʣʴʥʦʡ ʵʣʣʠʧʩʦʤʝʪʨʠʠ, ʨʝʣʴʝʬ 

ʧʦʚʝʨʭʥʦʩʪʠ ʠʟʫʯʘʣʩʷ ʤʝʪʦʜʦʤ ʘʪʦʤʥʦ-ʩʠʣʦʚʦʡ ʤʠʢʨʦʩʢʦʧʠʠ.  

ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʨʦʩʪ ʪʦʣʱʠʥʳ ʘʥʦʜʥʦʛʦ ʦʢʠʩʣʘ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʥʘʧʨʷʞʝʥʠʷ ʥʘ ʦʙʨʘʟʮʝ 

ʚʦ ʚʨʝʤʷ ʦʢʠʩʣʝʥʠʷ ʧʨʘʢʪʠʯʝʩʢʠ ʥʝ ʟʘʚʠʩʠʪ ʦʪ ʜʦʟʳ ʠʦʥʦʚ ʉʆ+ ʚ ʦʙʨʘʟʮʘʭ, ʦʪʦʞʞʝʥʥʳʭ ʧʨʠ 

ʪʝʤʧʝʨʘʪʫʨʝ 700 ʦʉ (ʈʠʩ. 1). ʆʥʘ ʷʚʣʷʝʪʩʷ ʣʠʥʝʡʥʦʡ ʬʫʥʢʮʠʝʡ ʦʪ ʥʘʧʨʷʞʝʥʠʷ. ʉʢʦʨʦʩʪʴ ʦʢʠʩʣʝʥʠʷ 

ʧʨʠ ʵʪʦʤ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʩʢʦʨʦʩʪʠ ʦʢʠʩʣʝʥʠʷ ʥʝʠʤʧʣʘʥʪʠʨʦʚʘʥʥʦʛʦ ʢʨʝʤʥʠʷ ʠ ʩʦʩʪʘʚʣʷʝʪ ʦʢʦʣʦ 

0.4 ʥʤ/ɺ. ʇʦʩʣʝ ʦʪʞʠʛʘ ʠʤʧʣʘʥʪʠʨʦʚʘʥʥʳʭ ʦʙʨʘʟʮʦʚ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 1100 ʦʉ ʩʢʦʨʦʩʪʴ ʦʢʠʩʣʝʥʠʷ 

ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʩʢʦʨʦʩʪʠ ʥʝʠʤʧʣʘʥʪʠʨʦʚʘʥʥʦʛʦ ʢʨʝʤʥʠʷ ʣʠʰʴ ʧʨʠ ʜʦʟʘʭ ʠʦʥʦʚ ʉʆ+ ʥʠʞʝ  

1Ĭ1016 ʩʤ-2, ʘ ʧʨʠ ʙʦʣʴʰʠʭ ʜʦʟʘʭ ʩʢʦʨʦʩʪʴ ʦʢʠʩʣʝʥʠʷ ʫʚʝʣʠʯʠʚʘʝʪʩʷ ʜʦ  

0.7 ʥʤ/ɺ. ʇʨʠ ʵʪʦʤ ʠʟʤʝʥʝʥʠʝ ʪʦʣʱʠʥʳ SiO2 ʪʘʢʞʝ ʦʩʪʘʝʪʩʷ ʣʠʥʝʡʥʦʡ ʬʫʥʢʮʠʝʡ ʦʪ ʥʘʧʨʷʞʝʥʠʷ.  

ʇʦ ʤʝʨʝ ʨʦʩʪʘ ʪʦʣʱʠʥʳ ʧʣʝʥʢʠ ʝʸ ʰʝʨʦʭʦʚʘʪʦʩʪʴ ʫʚʝʣʠʯʠʚʘʝʪʩʷ, ʠ ʩʨʝʜʥʠʡ ʧʝʨʝʧʘʜ ʚʳʩʦʪʳ 

ʨʝʣʴʝʬʘ ʧʣʝʥʢʠ ʚʦʟʨʘʩʪʘʝʪ ʦʪ 20 ʜʦ 90 ʥʤ. ʋʚʝʣʠʯʝʥʠʝ ʪʝʤʧʝʨʘʪʫʨʳ ʧʦʩʪʠʤʧʣʘʥʪʘʮʠʦʥʥʦʛʦ ʦʪʞʠʛʘ 

ʧʨʠ ʬʠʢʩʠʨʦʚʘʥʥʦʡ ʜʦʟʝ ʠʦʥʦʚ ʪʘʢʞʝ ʧʨʠʚʦʜʠʪ ʢ ʫʚʝʣʠʯʝʥʠʶ ʩʨʝʜʥʝʛʦ ʧʝʨʝʧʘʜʘ ʚʳʩʦʪ ʚ ʨʝʣʴʝʬʝ 

ʧʣʝʥʢʠ. ʇʨʠ ʵʪʦʤ ʪʘʢʞʝ ʥʘʙʣʶʜʘʝʪʩʷ ʫʚʝʣʠʯʝʥʠʝ ʝʸ ʧʦʨʠʩʪʦʩʪʠ. ʉʨʝʜʥʷʷ ʜʦʣʷ ʤʠʢʨʦʧʦʨ ʨʘʩʪʝʪ ʦʪ 

ʥʫʣʷ ʜʦ 70% ʚ ʦʙʱʝʤ ʦʙʲʝʤʝ ʧʣʝʥʢʠ. ʅʘʙʣʶʜʘʝʤʳʝ ʵʬʬʝʢʪʳ ʤʦʛʫʪ ʙʳʪʴ ʩʚʷʟʘʥʳ ʩ ʬʦʨʤʠʨʦʚʘʥʠʝʤ 

ʧʨʝʮʠʧʠʪʘʪʦʚ SiCʚ ʢʨʝʤʥʠʠ ʧʨʠ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʤ ʦʪʞʠʛʝ ʠ ʨʘʟʣʠʯʠʝʤ ʩʢʦʨʦʩʪʝʡ ʦʢʠʩʣʝʥʠʷ 

ʦʙʣʘʩʪʝʡ SiC ʠ Si.  

ʀʩʩʣʝʜʦʚʘʥʠʷ ʧʦʜʜʝʨʞʘʥʳ ʈʦʩʩʠʡʩʢʠʤ ʅʘʫʯʥʳʤ ʌʦʥʜʦʤ [ɻʨʘʥʪ ˉ 25-19-20049] ʠ 

ʇʨʘʚʠʪʝʣʴʩʪʚʦʤ ʅʦʚʦʩʠʙʠʨʩʢʦʡ ʦʙʣʘʩʪʠ [ɻʨʘʥʪ  ̄30-2025-000924].  

 
ʈʠʩʫʥʦʢ 1 ï ʊʦʣʱʠʥʘ ʘʥʦʜʥʦʛʦ ʦʢʠʩʣʘ ʚ 

ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʥʘʧʨʷʞʝʥʠʷ ʥʘ ʦʙʨʘʟʮʘʭ, 

ʠʤʧʣʘʥʪʠʨʦʚʘʥʥʳʭ ʨʘʟʥʳʤʠ ʜʦʟʘʤʠ ʠʦʥʦʚ ʉʆ+ ʠ 

ʦʪʦʞʞʝʥʥʳʭ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 700 ʠ 1100 ʦʉ.  
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ʌʦʪʦʣʠʪʦʛʨʘʬʠʷ ï ʦʜʠʥ ʠʟ ʢʣʶʯʝʚʳʭ ʵʪʘʧʦʚ ʬʦʨʤʠʨʦʚʘʥʠʷ ʠʥʪʝʛʨʘʣʴʥʦʡ ʩʭʝʤʳ ʚ 

ʤʠʢʨʦʵʣʝʢʪʨʦʥʠʢʝ [1]. ʉʪʦʠʤʦʩʪʴ ʠ ʩʣʦʞʥʦʩʪʴ ʵʪʦʛʦ ʵʪʘʧʘ ʩʦʟʜʘʸʪ ʥʝʦʙʭʦʜʠʤʦʩʪʴ ʚ ʝʛʦ 

ʤʘʪʝʤʘʪʠʯʝʩʢʦʤ ʤʦʜʝʣʠʨʦʚʘʥʠʠ. ʆʜʥʠʤ ʠʟ ʥʘʧʨʘʚʣʝʥʠʡ ʚʳʯʠʩʣʠʪʝʣʴʥʦʡ ʣʠʪʦʛʨʘʬʠʠ ʷʚʣʷʝʪʩʷ 

ʧʨʦʮʝʩʩʥʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ, ʦʩʥʦʚʘʥʥʦʝ ʥʘ ʧʦʜʨʦʙʥʦʤ ʦʧʠʩʘʥʠʠ ʬʠʟʠʢʦ-ʭʠʤʠʯʝʩʢʠʭ ʤʝʭʘʥʠʟʤʦʚ 

ʵʢʩʧʦʥʠʨʦʚʘʥʠʷ, ʩʫʰʢʠ ʠ ʧʨʦʷʚʣʝʥʠʷ ʬʦʪʦʨʝʟʠʩʪʘ. ʕʪʦʪ ʚʠʜ ʤʦʜʝʣʠʨʦʚʘʥʠʷ, ʥʝʩʤʦʪʨʷ ʥʘ 

ʩʣʦʞʥʦʩʪʴ ʚʳʯʠʩʣʝʥʠʡ, ʠʤʝʝʪ ʨʷʜ ʧʨʝʠʤʫʱʝʩʪʚ. ɺ ʯʘʩʪʥʦʩʪʠ, ʧʘʨʘʤʝʪʨʳ ʪʘʢʠʭ ʤʦʜʝʣʝʡ ʠʤʝʶʪ 

ʬʠʟʠʯʝʩʢʠʡ ʩʤʳʩʣ, ʦʪʨʘʞʘʶʱʠʡ ʩʚʦʡʩʪʚʘ ʢʦʥʢʨʝʪʥʳʭ ʤʘʪʝʨʠʘʣʦʚ [2]. ʂʨʦʤʝ ʪʦʛʦ, ʧʨʦʮʝʩʩʥʳʝ 

ʤʦʜʝʣʠ ʧʦʟʚʦʣʷʶʪ ʙʦʣʝʝ ʪʦʯʥʦ, ʯʝʤ ʢʦʤʧʘʢʪʥʳʝ, ʧʨʝʜʩʢʘʟʳʚʘʪʴ ʧʨʦʬʠʣʴ ʩʪʨʫʢʪʫʨʳ, ʦʙʝʩʧʝʯʠʚʘʷ 

ʚʦʟʤʦʞʥʦʩʪʴ ʦʮʝʥʢʠ ʥʝ ʪʦʣʴʢʦ ʨʘʟʤʝʨʦʚ ʵʣʝʤʝʥʪʘ, ʥʦ ʠ ʜʨʫʛʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʨʝʟʫʣʴʪʠʨʫʶʱʝʛʦ 

ʠʟʦʙʨʘʞʝʥʠʷ, ʥʘʧʨʠʤʝʨ, ʥʘʢʣʦʥʘ ʝʛʦ ʩʪʝʥʦʢ ʠʣʠ ʘʤʧʣʠʪʫʜʳ ʩʪʦʷʯʠʭ ʚʦʣʥ [3]. 

ʇʦʩʪʵʢʩʧʦʟʠʮʠʦʥʥʘʷ ʩʫʰʢʘ ʷʚʣʷʝʪʩʷ ʦʜʥʠʤ ʠʟ ʵʪʘʧʦʚ ʬʦʪʦʣʠʪʦʛʨʘʬʠʠ. ɼʣʷ ʨʝʟʠʩʪʦʚ ʩ 

ʭʠʤʠʯʝʩʢʠʤ ʫʩʠʣʝʥʠʝʤ, ʘʢʪʠʚʥʦ ʧʨʠʤʝʥʷʝʤʳʭ ʚ ʪʝʭʥʦʣʦʛʠʷʭ 180 ʥʤ ʠ ʤʝʥʝʝ, ʵʪʦʪ ʧʨʦʮʝʩʩ 

ʦʧʠʩʳʚʘʝʪʩʷ ʩʦʚʦʢʫʧʥʦʩʪʴʶ ʨʝʘʢʮʠʡ ʢʦʤʧʦʥʝʥʪʦʚ ʧʣʸʥʢʠ: ʢʠʩʣʦʪʥʦ-ʦʩʥʦʚʥʦʡ ʥʝʡʪʨʘʣʠʟʘʮʠʝʡ, 

ʜʝʙʣʦʢʠʨʦʚʘʥʠʝʤ ʧʦʣʠʤʝʨʘ ʠ ʜʨʫʛʠʤʠ. ʂʠʥʝʪʠʢʘ ʧʨʦʮʝʩʩʦʚ, ʧʨʦʪʝʢʘʶʱʠʭ ʧʨʠ 

ʧʦʩʪʵʢʩʧʦʟʠʮʠʦʥʥʦʡ ʩʫʢhʝ, ʤʦʞʝʪ ʙʳʪʴ ʦʧʠʩʘʥʘ ʩ ʧʦʤʦʱʴʶ ʩʠʩʪʝʤʳ ʜʠʬʬʝʨʝʥʮʠʘʣʴʥʳʭ 

ʫʨʘʚʥʝʥʠʡ ʚ ʯʘʩʪʥʳʭ ʧʨʦʠʟʚʦʜʥʳʭ [4], ʢʦʪʦʨʘʷ ʚʢʣʶʯʘʝʪ ʚ ʩʝʙʷ ʨʷʜ ʧʘʨʘʤʝʪʨʦʚ, ʭʘʨʘʢʪʝʨʠʟʫʶʱʠʭ 

ʜʠʬʬʫʟʠʶ ʚʝʱʝʩʪʚʘ ʠ ʩʢʦʨʦʩʪʠ ʭʠʤʠʯʝʩʢʠʭ ʨʝʘʢʮʠʡ. 

ʇʨʦʮʝʩʩ ʜʠʬʬʫʟʠʠ ʤʦʞʥʦ ʦʧʠʩʳʚʘʪʴ ʩ ʧʦʤʦʱʴʶ ʧʦʩʪʦʷʥʥʳʭ ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʠʣʠ ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʫʨʘʚʥʝʥʠʷ ʌʫʜʞʠʪʳ-ɼʫʣʠʪʪʣʘ. ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʧʨʦʚʝʜʝʥʦ ʩʨʘʚʥʝʥʠʝ ʵʪʠʭ ʜʚʫʭ 

ʧʨʝʜʩʪʘʚʣʝʥʠʡ. ʈʘʩʩʤʦʪʨʝʥʳ ʨʘʟʣʠʯʥʳʝ ʨʝʘʣʠʟʘʮʠʠ ʯʠʩʣʝʥʥʦʛʦ ʨʝʰʝʥʠʷ ʩʠʩʪʝʤʳ ʫʨʘʚʥʝʥʠʡ ʜʣʷ 

ʵʪʘʧʘ ʩʫʰʢʠ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʩʧʝʮʠʘʣʠʟʠʨʦʚʘʥʥʳʭ ʙʠʙʣʠʦʪʝʢ ʷʟʳʢʘ Python.  ɼʣʷ ʦʧʨʝʜʝʣʝʥʠʷ 

ʧʘʨʘʤʝʪʨʦʚ ʤʦʜʝʣʠ ʧʨʝʜʣʦʞʝʥ ʤʝʪʦʜ, ʦʩʥʦʚʘʥʥʳʡ ʥʘ ʛʠʙʨʠʜʥʦʤ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʠʟʚʝʩʪʥʳʭ ʠʟ 

ʵʢʩʧʝʨʠʤʝʥʪʘ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʤʘʪʝʨʠʘʣʘ ʠ ʧʦʜʙʦʨʝ ʦʩʪʘʚʰʠʭʩʷ ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʥʘ ʥʝʙʦʣʴʰʦʤ 

ʥʘʙʦʨʝ ʠʟʤʝʨʝʥʠʡ ʨʘʟʤʝʨʦʚ ʩʪʨʫʢʪʫʨ. 

ʉ ʧʦʤʦʱʴʶ ʧʨʝʜʣʦʞʝʥʥʦʛʦ ʤʝʪʦʜʘ ʧʦʩʪʨʦʝʥʘ ʤʦʜʝʣʴ ʣʠʪʦʛʨʘʬʠʯʝʩʢʦʛʦ ʧʨʦʮʝʩʩʘ ʜʣʷ 

ʪʝʭʥʦʣʦʛʠʠ 180 ʥʤ, ʧʦʟʚʦʣʷʶʱʘʷ ʧʨʝʜʩʢʘʟʳʚʘʪʴ ʨʘʟʤʝʨʳ ʠ ʧʨʦʬʠʣʴ ʩʪʨʫʢʪʫʨ ʩ ʦʰʠʙʢʦʡ ʤʝʥʝʝ 2% 

ʦʪ ʮʝʣʝʚʦʛʦ ʨʘʟʤʝʨʘ. ʄʦʜʝʣʴ ʩʫʰʢʠ ʠ ʤʝʪʦʜ ʧʦʜʙʦʨʘ ʧʘʨʘʤʝʪʨʦʚ ʷʚʣʷʶʪʩʷ ʫʥʠʚʝʨʩʘʣʴʥʳʤʠ ʠ 

ʧʦʪʝʥʮʠʘʣʴʥʦ ʤʦʛʫʪ ʠʩʧʦʣʴʟʦʚʘʪʴʩʷ ʜʣʷ ʧʨʦʮʝʩʩʦʚ ʧʨʦʝʢʪʥʳʭ ʥʦʨʤ ʤʝʥʝʝ 180 ʥʤ. 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʚ ʨʘʤʢʘʭ ʛʨʘʥʪʘ ˉ 24-91-18002 ʈʦʩʩʠʡʩʢʦʛʦ ʥʘʫʯʥʦʛʦ ʬʦʥʜʘ. 
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ʃʠʪʦʛʨʘʬʠʷ ʠʛʨʘʝʪ ʢʣʶʯʝʚʫʶ ʨʦʣʴ ʚ ʪʝʭʥʦʣʦʛʠʠ ʧʨʦʠʟʚʦʜʩʪʚʘ ʩʦʚʨʝʤʝʥʥʳʭ ʩʚʝʨʭʙʦʣʴʰʠʭ 

ʠʥʪʝʛʨʘʣʴʥʳʭ ʩʭʝʤ, ʧʦʩʢʦʣʴʢʫ ʠʤʝʥʥʦ ʦʥʘ ʦʧʨʝʜʝʣʷʝʪ ʤʠʥʠʤʘʣʴʥʦ ʜʦʩʪʠʞʠʤʳʝ ʢʨʠʪʠʯʝʩʢʠʝ 

ʨʘʟʤʝʨʳ ʵʣʝʤʝʥʪʦʚ ʪʦʧʦʣʦʛʠʠ ʠ, ʩʣʝʜʦʚʘʪʝʣʴʥʦ, ʛʨʘʥʠʮʳ ʜʘʣʴʥʝʡʰʝʛʦ ʤʘʩʰʪʘʙʠʨʦʚʘʥʠʷ [1]. 

ʄʝʪʦʜʳ ʤʥʦʛʦʢʨʘʪʥʦʡ ʣʠʪʦʛʨʘʬʠʠ (Multiple Patterning, MP), ʠ ʧʨʝʞʜʝ ʚʩʝʛʦ ʜʚʫʢʨʘʪʥʘʷ ʣʠʪʦʛʨʘʬʠʷ 

(Double Patterning, DP), ʩʪʘʣʠ ʦʜʥʠʤ ʠʟ ʦʩʥʦʚʥʳʭ ʩʨʝʜʩʪʚ ʜʘʣʴʥʝʡʰʝʛʦ ʧʦʚʳʰʝʥʠʷ ʨʘʟʨʝʰʘʶʱʝʡ 

ʩʧʦʩʦʙʥʦʩʪʠ [2]. ʀʭ ʟʥʘʯʠʤʦʩʪʴ ʩʦʭʨʘʥʷʝʪʩʷ ʠ ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʵʢʩʪʨʝʤʘʣʴʥʦʡ ʫʣʴʪʨʘʬʠʦʣʝʪʦʚʦʡ 

ʣʠʪʦʛʨʘʬʠʠ (Extreme Ultraviolet Lithography, EUV), ʛʜʝ ʜʣʷ ʥʘʠʙʦʣʝʝ ʢʨʠʪʠʯʝʩʢʠʭ ʩʣʦʸʚ ʪʘʢʞʝ 

ʪʨʝʙʫʝʪʩʷ ʤʥʦʛʦʢʨʘʪʥʦʝ ʬʦʨʤʠʨʦʚʘʥʠʝ ʨʠʩʫʥʢʘ [3]. 

ɺ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʝ ʠʩʩʣʝʜʫʝʪʩʷ ʪʝʭʥʦʣʦʛʠʷ ʜʚʫʢʨʘʪʥʦʡ ʣʠʪʦʛʨʘʬʠʠ, ʨʝʘʣʠʟʦʚʘʥʥʘʷ ʥʘ 

ʩʢʘʥʝʨʝ ASML PAS 5500/1150C ʚ ʫʩʣʦʚʠʷʭ 193-ʥʤ ʩʫʭʦʡ ʣʠʪʦʛʨʘʬʠʠ. ɼʣʷ ʵʪʦʛʦ ʙʳʣ ʨʘʟʨʘʙʦʪʘʥ 

ʪʝʩʪʦʚʳʡ ʬʦʪʦʰʘʙʣʦʥ, ʩʦʜʝʨʞʘʱʠʡ ʤʦʜʫʣʠ ʜʣʷ ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʨʦʮʝʩʩʘ ʜʚʫʢʨʘʪʥʦʛʦ ʬʦʨʤʠʨʦʚʘʥʠʷ 

ʨʠʩʫʥʢʘ, ʢʦʥʪʨʦʣʷ ʨʘʚʥʦʤʝʨʥʦʩʪʠ ʢʨʠʪʠʯʝʩʢʦʛʦ ʨʘʟʤʝʨʘ ʠ ʦʮʝʥʢʠ ʪʦʯʥʦʩʪʠ ʩʦʚʤʝʱʝʥʠʷ ʩʣʦʸʚ. 

ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʘʷ ʩʭʝʤʘ ʧʨʝʜʫʩʤʘʪʨʠʚʘʣʘ ʚʳʧʦʣʥʝʥʠʝ ʜʚʫʭ ʵʢʩʧʦʟʠʮʠʡ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʦʜʥʦʛʦ 

ʬʦʪʦʰʘʙʣʦʥʘ, ʚʢʣʶʯʘʶʱʝʛʦ ʦʙʘ ʨʠʩʫʥʢʘ, ʯʪʦ ʧʦʟʚʦʣʠʣʦ ʠʩʢʣʶʯʠʪʴ ʤʝʞʤʘʩʦʯʥʫʶ ʩʦʩʪʘʚʣʷʶʱʫʶ 

ʦʰʠʙʢʠ ʩʦʚʤʝʱʝʥʠʷ (Overlay, OL). ʂʦʥʪʨʦʣʴ ʩʦʚʤʝʱʝʥʠʷ ʦʩʫʱʝʩʪʚʣʷʣʩʷ ʧʦ ʩʧʝʮʠʘʣʴʥʳʤ 

ʩʪʨʫʢʪʫʨʘʤ ʪʠʧʘ Box-in-Box. ʀʩʩʣʝʜʦʚʘʥʠʝ ʙʳʣʦ ʦʨʠʝʥʪʠʨʦʚʘʥʦ ʥʘ ʬʦʨʤʠʨʦʚʘʥʠʝ ʩʪʨʫʢʪʫʨ ʩ 

ʢʨʠʪʠʯʝʩʢʠʤ ʨʘʟʤʝʨʦʤ 65 ʥʤ ʠ ʥʘ ʦʧʨʝʜʝʣʝʥʠʝ ʪʨʝʙʦʚʘʥʠʡ ʢ ʧʘʨʘʤʝʪʨʘʤ ʧʨʦʮʝʩʩʘ, 

ʦʙʝʩʧʝʯʠʚʘʶʱʠʭ ʨʝʘʣʠʟʘʮʠʶ ʜʚʫʢʨʘʪʥʦʡ ʣʠʪʦʛʨʘʬʠʠ ʥʘ ʦʙʦʨʫʜʦʚʘʥʠʠ ʜʘʥʥʦʛʦ ʧʦʢʦʣʝʥʠʷ. 

ɺ ʨʝʟʫʣʴʪʘʪʝ ʧʨʦʚʝʜʸʥʥʳʭ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʠʟʤʝʨʝʥʠʡ ʚʳʷʚʣʝʥʦ, ʯʪʦ ʜʣʷ ʜʚʫʢʨʘʪʥʦʡ 

ʣʠʪʦʛʨʘʬʠʠ ʦʧʨʝʜʝʣʷʶʱʠʤʠ ʧʘʨʘʤʝʪʨʘʤʠ ʧʨʦʮʝʩʩʘ ʷʚʣʷʶʪʩʷ ʦʰʠʙʢʘ ʩʦʚʤʝʱʝʥʠʷ ʠ 

ʥʝʦʜʥʦʨʦʜʥʦʩʪʴ ʢʨʠʪʠʯʝʩʢʦʛʦ ʨʘʟʤʝʨʘ (Critical Dimension Uniformity, CDU). ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ 

ʨʝʘʣʠʟʘʮʠʷ ʮʝʣʝʚʦʛʦ ʢʨʠʪʠʯʝʩʢʦʛʦ ʨʘʟʤʝʨʘ ʪʨʝʙʫʝʪ ʞʸʩʪʢʦʛʦ ʩʦʙʣʶʜʝʥʠʷ ʜʦʧʫʩʢʘ ʧʦ ʩʦʚʤʝʱʝʥʠʶ, 

ʧʦʩʢʦʣʴʢʫ ʣʦʢʘʣʴʥʳʝ ʦʪʢʣʦʥʝʥʠʷ ʧʨʠʚʦʜʷʪ ʢ ʜʝʬʝʢʪʘʤ ʬʦʨʤʠʨʦʚʘʥʠʷ ʪʦʧʦʣʦʛʠʠ. ʆʜʥʦʚʨʝʤʝʥʥʦ 

ʘʥʘʣʠʟ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʢʨʠʪʠʯʝʩʢʠʭ ʨʘʟʤʝʨʦʚ ʧʦ ʧʣʘʩʪʠʥʝ ʧʦʢʘʟʘʣ, ʯʪʦ ʧʘʨʘʤʝʪʨ CDU ʜʦʣʞʝʥ 

ʨʘʩʩʤʘʪʨʠʚʘʪʴʩʷ ʢʘʢ ʩʘʤʦʩʪʦʷʪʝʣʴʥʳʡ ʢʨʠʪʝʨʠʡ ʪʝʭʥʦʣʦʛʠʯʝʩʢʦʡ ʧʨʠʛʦʜʥʦʩʪʠ ʧʨʦʮʝʩʩʘ, ʪʘʢ ʢʘʢ 

ʠʤʝʥʥʦ ʦʥ ʭʘʨʘʢʪʝʨʠʟʫʝʪ ʚʦʩʧʨʦʠʟʚʦʜʠʤʦʩʪʴ ʣʠʥʠʡ ʧʨʠ ʜʚʫʢʨʘʪʥʦʤ ʵʢʩʧʦʥʠʨʦʚʘʥʠʠ. ʇʦʣʫʯʝʥʥʳʝ 

ʨʝʟʫʣʴʪʘʪʳ ʧʦʟʚʦʣʠʣʠ ʩʬʦʨʤʫʣʠʨʦʚʘʪʴ ʪʨʝʙʦʚʘʥʠʷ ʢ ʩʦʚʤʝʱʝʥʠʶ ʩʣʦʸʚ ʠ ʢ ʩʪʘʙʠʣʴʥʦʩʪʠ 

ʢʨʠʪʠʯʝʩʢʦʛʦ ʨʘʟʤʝʨʘ, ʥʝʦʙʭʦʜʠʤʳʝ ʜʣʷ ʧʨʘʢʪʠʯʝʩʢʦʡ ʨʝʘʣʠʟʘʮʠʠ ʪʝʭʥʦʣʦʛʠʠ ʜʚʫʢʨʘʪʥʦʡ 

ʣʠʪʦʛʨʘʬʠʠ. 
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ʄʘʪʝʨʠʘʣʳ XI ʄʝʞʜʫʥʘʨʦʜʥʦʡ ʤʦʣʦʜʝʞʥʦʡ ʥʘʫʯʥʦʡ ʢʦʥʬʝʨʝʥʮʠʠ. ɺ 6-ʪʠ ʪʦʤʘʭ, ʂʫʨʩʢ, 18ï19 

ʬʝʚʨʘʣʷ 2021 ʛʦʜʘ / ʆʪʚ. ʨʝʜʘʢʪʦʨ ʄ.ʉ. ʈʘʟʫʤʦʚ. ʊʦʤ 4. ï ʂʫʨʩʢ: ʖʛʦ-ɿʘʧʘʜʥʳʡ 

ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ, 2021. ï ʉ. 436-439.  
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ʆʩʦʙʝʥʥʦʩʪʠ ʬʦʨʤʠʨʦʚʘʥʠʷ ʧʣʦʪʥʳʭ ʣʠʥʝʡʥʳʭ ʩʪʨʫʢʪʫʨ ʤʝʪʦʜʦʤ ʩʘʤʦʩʦʚʤʝʱʸʥʥʦʡ 

ʜʚʫʢʨʘʪʥʦʡ ʣʠʪʦʛʨʘʬʠʠ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʘʤʦʨʬʥʦʛʦ ʫʛʣʝʨʦʜʘ 

ʊʠʭʦʥʦʚʘ ɽ.ɼ.1), ʉʪʝʧʘʥʦʚʘ ʄ.ɻ.1,2), ʐʘʨʘʧʦʚ ɸ.ɸ.1) 
1)ɸʆ çʅʘʫʯʥʦ-ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʠʥʩʪʠʪʫʪ ʤʦʣʝʢʫʣʷʨʥʦʡ ʵʣʝʢʪʨʦʥʠʢʠè, ɿʝʣʝʥʦʛʨʘʜ,  

ʄʦʩʢʚʘ, ʈʦʩʩʠʷ 
2)ʄʦʩʢʦʚʩʢʠʡ ʬʠʟʠʢʦ-ʪʝʭʥʠʯʝʩʢʠʡ ʠʥʩʪʠʪʫʪ (ʥʘʮʠʦʥʘʣʴʥʳʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʫʥʠʚʝʨʩʠʪʝʪ), ʛ. 

ɼʦʣʛʦʧʨʫʜʥʳʡ, ʄʦʩʢʦʚʩʢʘʷ ʦʙʣʘcʪʴ, ʈʦʩʩʠʷ 

e-mail: etikhonova@niime.ru 

 

ɺ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʨʘʟʚʠʪʠʝ ʪʝʭʥʦʣʦʛʠʡ 

ʢʨʝʤʥʠʝʚʦʡ ʤʠʢʨʦ- ʠ ʥʘʥʦʵʣʝʢʪʨʦʥʠʢʠ ʪʨʝʙʫʝʪ 

ʬʦʨʤʠʨʦʚʘʥʠʷ ʧʣʦʪʥʳʭ ʣʠʥʝʡʥʳʭ ʩʪʨʫʢʪʫʨ ʩ 

ʢʨʠʪʠʯʝʩʢʠʤʠ ʨʘʟʤʝʨʘʤʠ, ʥʝʜʦʩʪʠʞʠʤʳʤʠ ʧʨʠ 

ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʦʜʥʦʢʨʘʪʥʦʡ ʦʧʪʠʯʝʩʢʦʡ ʣʠʪʦʛʨʘʬʠʠ 

[1]. ʆʜʥʠʤ ʠʟ ʧʦʜʭʦʜʦʚ, ʦʙʝʩʧʝʯʠʚʘʶʱʠʭ 

ʫʤʝʥʴʰʝʥʠʝ ʰʘʛʘ ʬʦʨʤʠʨʫʝʤʳʭ ʵʣʝʤʝʥʪʦʚ, ʷʚʣʷʝʪʩʷ 

ʤʝʪʦʜ ʩʘʤʦʩʦʚʤʝʱʸʥʥʦʡ ʜʚʫʢʨʘʪʥʦʡ ʣʠʪʦʛʨʘʬʠʠ 

(Self-Aligned Double Patterning, SADP) [2]. ɺ ʦʪʣʠʯʠʝ 

ʦʪ ʪʨʘʜʠʮʠʦʥʥʦʛʦ ʣʠʪʦʛʨʘʬʠʯʝʩʢʦʛʦ ʤʘʨʰʨʫʪʘ, 

ʜʘʥʥʳʡ ʤʝʪʦʜ ʚʢʣʶʯʘʝʪ ʜʦʧʦʣʥʠʪʝʣʴʥʳʝ 

ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʝ ʦʧʝʨʘʮʠʠ, ʩʚʷʟʘʥʥʳʝ ʩ 

ʬʦʨʤʠʨʦʚʘʥʠʝʤ ʤʘʥʜʨʝʣ ð ʞʝʨʪʚʝʥʥʦʛʦ ʩʣʦʷ, ʠʟ 

ʢʦʪʦʨʦʛʦ ʩʦʟʜʘʸʪʩʷ ʧʝʨʚʠʯʥʳʡ ʨʝʣʴʝʬ ʩʪʨʫʢʪʫʨʳ 

(ʨʠʩ. 1). ʇʦʩʣʝ ʦʩʘʞʜʝʥʠʷ ʠ ʘʥʠʟʦʪʨʦʧʥʦʛʦ ʪʨʘʚʣʝʥʠʷ 

ʩʧʝʡʩʝʨʥʦʛʦ ʤʘʪʝʨʠʘʣʘ ʥʘ ʙʦʢʦʚʳʭ ʧʦʚʝʨʭʥʦʩʪʷʭ 

ʤʘʥʜʨʝʣ ʬʦʨʤʠʨʫʶʪʩʷ ʩʧʝʡʩʝʨʳ, ʢʦʪʦʨʳʝ ʧʦʩʣʝ 

ʫʜʘʣʝʥʠʷ ʤʘʥʜʨʝʣ ʟʘʜʘʶʪ ʧʦʣʦʞʝʥʠʝ ʠ ʢʨʠʪʠʯʝʩʢʠʝ 

ʨʘʟʤʝʨʳ ʠʪʦʛʦʚʳʭ ʧʣʦʪʥʳʭ ʣʠʥʠʡ. 

ʄʘʪʝʨʠʘʣ ʩʣʦʷ ʤʘʥʜʨʝʣ ʜʦʣʞʝʥ ʦʙʝʩʧʝʯʠʚʘʪʴ 

ʬʦʨʤʠʨʦʚʘʥʠʝ ʫʩʪʦʡʯʠʚʦʛʦ ʧʝʨʚʠʯʥʦʛʦ ʨʝʣʴʝʬʘ, 

ʙʳʪʴ ʩʦʚʤʝʩʪʠʤʳʤ ʩ ʦʧʝʨʘʮʠʷʤʠ ʦʩʘʞʜʝʥʠʷ ʠ 

ʘʥʠʟʦʪʨʦʧʥʦʛʦ ʪʨʘʚʣʝʥʠʷ ʩʧʝʡʩʝʨʥʦʛʦ ʩʣʦʷ ʠ ʩʝʣʝʢʪʠʚʥʦ ʫʜʘʣʷʪʴʩʷ ʙʝʟ ʜʝʬʦʨʤʘʮʠʠ 

ʩʬʦʨʤʠʨʦʚʘʥʥʳʭ ʵʣʝʤʝʥʪʦʚ. ʉ ʵʪʦʡ ʪʦʯʢʠ ʟʨʝʥʠʷ ʦʜʥʠʤ ʠʟ ʥʘʠʙʦʣʝʝ ʧʦʜʭʦʜʷʱʠʭ ʤʘʪʝʨʠʘʣʦʚ 

ʷʚʣʷʝʪʩʷ ʘʤʦʨʬʥʳʡ ʫʛʣʝʨʦʜ [3]. ʇʨʠ ʵʪʦʤ ʝʛʦ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʪʨʝʙʫʝʪ ʩʦʛʣʘʩʦʚʘʥʠʷ ʧʘʨʘʤʝʪʨʦʚ ʩʣʦʷ 

ʩ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ ʦʩʪʘʣʴʥʳʭ ʩʣʦʸʚ ʪʝʭʥʦʣʦʛʠʯʝʩʢʦʛʦ ʩʪʝʢʘ, ʧʦʩʢʦʣʴʢʫ ʦʥʠ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ 

ʚʣʠʷʶʪ ʥʘ ʨʝʘʣʠʟʘʮʠʶ ʤʘʨʰʨʫʪʘ ʩʘʤʦʩʦʚʤʝʱʸʥʥʦʡ ʜʚʫʢʨʘʪʥʦʡ ʣʠʪʦʛʨʘʬʠʠ. 

ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʧʨʦʚʦʜʠʪʩʷ ʠʩʩʣʝʜʦʚʘʥʠʝ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʭ ʦʩʦʙʝʥʥʦʩʪʝʡ ʬʦʨʤʠʨʦʚʘʥʠʷ 

ʧʣʦʪʥʳʭ ʣʠʥʝʡʥʳʭ ʩʪʨʫʢʪʫʨ ʤʝʪʦʜʦʤ ʩʘʤʦʩʦʚʤʝʱʸʥʥʦʡ ʜʚʫʢʨʘʪʥʦʡ ʣʠʪʦʛʨʘʬʠʠ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ 

ʘʤʦʨʬʥʦʛʦ ʫʛʣʝʨʦʜʘ ʚ ʢʘʯʝʩʪʚʝ ʤʘʥʜʨʝʣ. ɺʳʧʦʣʥʷʝʪʩʷ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʪʝʭʥʦʣʦʛʠʯʝʩʢʦʛʦ ʩʪʝʢʘ, ʚ 

ʨʘʤʢʘʭ ʢʦʪʦʨʦʛʦ ʦʧʨʝʜʝʣʷʶʪʩʷ ʬʫʥʢʮʠʠ ʦʪʜʝʣʴʥʳʭ ʩʣʦʸʚ, ʚʳʙʠʨʘʶʪʩʷ ʤʘʪʝʨʠʘʣʳ ʠ 

ʨʘʩʩʯʠʪʳʚʘʶʪʩʷ ʠʭ ʪʦʣʱʠʥʳ, ʥʝʦʙʭʦʜʠʤʳʝ ʜʣʷ ʨʝʘʣʠʟʘʮʠʠ ʣʠʪʦʛʨʘʬʠʯʝʩʢʦʛʦ ʤʘʨʰʨʫʪʘ. 

ʇʦʣʫʯʝʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʧʦʟʚʦʣʷʶʪ ʫʩʪʘʥʦʚʠʪʴ ʩʦʩʪʘʚ ʠ ʧʘʨʘʤʝʪʨʳ ʩʪʝʢʘ, ʦʙʝʩʧʝʯʠʚʘʶʱʠʝ 

ʬʦʨʤʠʨʦʚʘʥʠʝ ʧʣʦʪʥʳʭ ʣʠʥʝʡʥʳʭ ʩʪʨʫʢʪʫʨ ʜʘʥʥʳʤ ʤʝʪʦʜʦʤ. 

ʃʠʪʝʨʘʪʫʨʘ 

1. ʂʨʘʩʥʠʢʦʚ ɻ.ʗ. ɺʦʟʤʦʞʥʦʩʪʠ ʤʠʢʨʦʵʣʝʢʪʨʦʥʥʳʭ ʪʝʭʥʦʣʦʛʠʡ ʩ ʪʦʧʦʣʦʛʠʯʝʩʢʠʤʠ ʨʘʟʤʝʨʘʤʠ 
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2. ʊʠʭʦʥʦʚʘ ɽ. ɼ. ʀʩʩʣʝʜʦʚʘʥʠʝ ʢʦʤʧʦʟʠʮʠʡ ʥʦʚʳʭ ʤʘʪʝʨʠʘʣʦʚ ʚ ʢʘʯʝʩʪʚʝ ʞʝʩʪʢʠʭ ʤʘʩʦʢ ʜʣʷ 
ʧʨʦʮʝʩʩʘ ʩʘʤʦʩʦʚʤʝʱʝʥʥʦʛʦ ʤʫʣʴʪʠʧʘʪʪʝʨʥʠʨʦʚʘʥʠʷ / ɽ. ɼ. ʊʠʭʦʥʦʚʘ // ʅʘʥʦʠʥʜʫʩʪʨʠʷ. ï 2023. 
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3. ɼʦʞʜʠʢʦʚ ɺ. ʉ. ɸʤʦʨʬʥʳʡ ʫʛʣʝʨʦʜ, ʟʘʢʘʣʝʥʥʳʡ ʠʟ ʞʠʜʢʦʛʦ ʫʛʣʝʨʦʜʘ: ʩʪʨʫʢʪʫʨʘ ʠ ʩʚʦʡʩʪʚʘ ʚ 
ʰʠʨʦʢʦʤ ʜʠʘʧʘʟʦʥʝ ʜʘʚʣʝʥʠʡ / ɺ. ʉ. ɼʦʞʜʠʢʦʚ, ɸ. ʖ. ɹʘʰʘʨʠʥ, ʇ. ʈ. ʃʝʚʘʰʦʚ // ɺʝʩʪʥʠʢ 

ʊʝʭʥʦʣʦʛʠʯʝʩʢʦʛʦ ʫʥʠʚʝʨʩʠʪʝʪʘ. ï 2016. ï ʊ. 19, ˉ 21. ï ʉ. 32-37.  

 
ʈʠʩʫʥʦʢ 1 ï ʉʪʝʢ ʜʣʷ ʪʨʘʜʠʮʠʦʥʥʦʛʦ 

ʣʠʪʦʛʨʘʬʠʯʝʩʢʦʛʦ ʧʨʦʮʝʩʩʘ ʬʦʨʤʠʨʦʚʘʥʠʷ ʣʠʥʠʡ 

ʟʘʪʚʦʨʘ (ʘ); ʩʪʝʢ ʜʣʷ ʧʨʦʮʝʩʩʘ ʩʘʤʦʩʦʚʤʝʱʸʥʥʦʡ 

ʜʚʫʢʨʘʪʥʦʡ ʣʠʪʦʛʨʘʬʠʠ (ʙ); ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʡ 

ʤʘʨʰʨʫʪ ʩʘʤʦʩʦʚʤʝʱʸʥʥʦʡ ʜʚʫʢʨʘʪʥʦʡ 

ʣʠʪʦʛʨʘʬʠʠ (ʚ-ʛ). 
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ʆʧʪʠʤʠʟʘʮʠʷ ʧʨʦʮʝʩʩʘ ʘʢʪʠʚʘʮʠʠ ʠʤʧʣʘʥʪʠʨʦʚʘʥʥʦʡ ʧʨʠʤʝʩʠ ʚ ʢʨʝʤʥʠʠ ʜʣʷ ʤʦʱʥʳʭ 

ʧʦʣʝʚʳʭ ʪʨʘʥʟʠʩʪʦʨʦʚ ʤʝʪʦʜʦʤ ʣʘʟʝʨʥʦʛʦ ʦʪʞʠʛʘ  

ʌʝʜʦʨʦʚʘ ʆ.ɸ.1), ɼʝʤʦ ʀ.ʆ.1), ʉʤʠʨʥʦʚʩʢʠʡ ɸ.ɸ.1,2), ʀʚʘʥʦʚ ɼ.ɸ.1) 
1)ʆʆʆ çʉʦʬʪ-ʀʤʧʘʢʪè, ʛ. ʉʘʥʢʪ-ʇʝʪʝʨʙʫʨʛ 

2)ʌʊʀ ʠʤ. ɸ.ʌ. ʀʦʬʬʝ ʈɸʅ, ʛ. ʉʘʥʢʪ-ʇʝʪʝʨʙʫʨʛ 

e-mail: olga.fedorova@str-soft.com 

 

ʇʨʝʠʤʫʱʝʩʪʚʘ ʣʘʟʝʨʥʦʛʦ ʪʝʨʤʠʯʝʩʢʦʛʦ ʦʪʞʠʛʘ (ʃʆ) ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʤʝʪʦʜʘʤʠ ʙʳʩʪʨʦʛʦ 

ʪʝʨʤʠʯʝʩʢʦʛʦ ʦʪʞʠʛʘ ʠʣʠ ʦʪʞʠʛʘ ʚ ʨʝʘʢʪʦʨʘʭ ʛʨʫʧʧʦʚʦʡ ʦʙʨʘʙʦʪʢʠ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʙʦʣʝʝ ʪʦʯʥʦʤ 

ʢʦʥʪʨʦʣʝ ʛʣʫʙʠʥʳ ʧʨʦʛʨʝʚʘ ʠ ʧʦʚʳʰʝʥʥʦʡ ʵʬʬʝʢʪʠʚʥʦʩʪʴʶ ʘʢʪʠʚʘʮʠʠ ʣʝʛʠʨʫʶʱʠʭ ʧʨʠʤʝʩʝʡ [1]. 

ʂʦʤʧʴʶʪʝʨʥʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʚ ʢʦʤʙʠʥʘʮʠʠ ʩ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤʠ ʠʩʩʣʝʜʦʚʘʥʠʷʤʠ ʧʦʟʚʦʣʷʝʪ 

ʩʥʠʞʘʪʴ ʟʘʪʨʘʪʳ ʚ ʧʨʦʮʝʩʩʝ ʧʦʠʩʢʘ ʧʘʨʘʤʝʪʨʦʚ ʣʘʟʝʨʘ ʜʣʷ ʜʦʩʪʠʞʝʥʠʷ ʮʝʣʝʚʳʭ ʧʘʨʘʤʝʪʨʦʚ 

ʘʢʪʠʚʘʮʠʠ ʧʨʠʤʝʩʠ ʧʦ ʛʣʫʙʠʥʝ ʟʘʣʝʛʘʥʠʷ ʠ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʘʢʪʠʚʘʮʠʠ. ɺ ʯʘʩʪʥʦʩʪʠ, ʤʦʜʝʣʠʨʦʚʘʥʠʝ 

ʧʦʟʚʦʣʷʝʪ ʧʨʦʛʥʦʟʠʨʦʚʘʪʴ ʚʣʠʷʥʠʝ ʧʘʨʘʤʝʪʨʦʚ ʣʘʟʝʨʥʦʛʦ ʧʫʯʢʘ ʥʘ ʵʚʦʣʶʮʠʶ ʪʝʤʧʝʨʘʪʫʨʥʳʭ 

ʧʨʦʬʠʣʝʡ, ʩʪʝʧʝʥʴ ʘʢʪʠʚʘʮʠʠ ʠ ʪʨʘʥʩʧʦʨʪ ʧʨʠʤʝʩʠ, ʯʪʦ ʚ ʢʦʥʝʯʥʦʤ ʠʪʦʛʝ ʦʧʨʝʜʝʣʷʝʪ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʢʦʥʝʯʥʦʛʦ ʧʨʠʙʦʨʘ.  

ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʨʘʩʩʤʦʪʨʝʥʳ ʧʨʦʮʝʩʩʳ ʘʢʪʠʚʘʮʠʦʥʥʦʛʦ ʦʪʞʠʛʘ ʩ ʧʦʤʦʱʴʶ ʣʘʟʝʨʘ ʚ 

ʦʧʪʠʯʝʩʢʦʤ ʜʠʘʧʘʟʦʥʝ ʜʣʠʥ ʚʦʣʥ, ʚ ʢʘʯʝʩʪʚʝ ʧʨʠʤʝʩʠ ʚʳʙʨʘʥʳ ʬʦʩʬʦʨ ʠ ʙʦʨ, ʥʘʯʘʣʴʥʳʝ ʧʨʦʬʠʣʠ 

ʟʘʣʝʛʘʥʠʷ ʢʦʪʦʨʳʭ ʦʧʨʝʜʝʣʷʶʪʩʷ ʧʘʨʘʤʝʪʨʘʤʠ ʠʤʧʣʘʥʪʘʮʠʠ. ʏʠʩʣʝʥʥʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʧʨʦʮʝʩʩʘ 

ʃʆ ʧʨʦʚʦʜʠʣʦʩʴ ʚ ʥʝʩʪʘʮʠʦʥʘʨʥʦʡ ʧʦʩʪʘʥʦʚʢʝ ʧʨʠ ʨʘʟʣʠʯʥʳʭ ʧʘʨʘʤʝʪʨʘʭ ʣʘʟʝʨʥʦʛʦ ʧʫʯʢʘ 

(ʨʘʟʤʝʨʳ, ʧʣʦʪʥʦʩʪʴ ʵʥʝʨʛʠʠ, ʬʦʨʤʘ ʠ ʜʣʠʪʝʣʴʥʦʩʪʴ ʠʤʧʫʣʴʩʘ, ʯʘʩʪʦʪʘ ʩʣʝʜʦʚʘʥʠʷ), ʫʨʘʚʥʝʥʠʷ 

ʪʝʧʣʦʧʝʨʝʥʦʩʘ ʠ ʣʫʯʠʩʪʦʛʦ ʪʝʧʣʦʦʙʤʝʥʘ ʢʦʤʙʠʥʠʨʦʚʘʣʠʩʴ ʩ ʫʨʘʚʥʝʥʠʷʤʠ ʧʝʨʝʥʦʩʘ ʧʨʠʤʝʩʠ ʩ 

ʫʯʝʪʦʤ ʘʢʪʠʚʘʮʠʠ ʚ ʪʚʝʨʜʦʡ ʬʘʟʝ ʠ ʚ ʨʘʩʧʣʘʚʝ. ʈʘʩʩʤʦʪʨʝʥʳ ʧʘʨʘʤʝʪʨʳ ʃʆ ʜʣʷ ʠʥʠʮʠʠʨʦʚʘʥʠʷ 

ʨʝʞʠʤʘ ʦʪʞʠʛʘ ʩ ʨʘʩʧʣʘʚʣʝʥʠʝʤ ʤʘʪʝʨʠʘʣʘ, ʪʘʢ ʢʘʢ ʚ ʞʠʜʢʦʡ ʬʘʟʝ ʘʪʦʤʳ ʣʝʛʠʨʫʶʱʝʡ ʧʨʠʤʝʩʠ 

ʨʘʩʧʨʝʜʝʣʷʶʪʩʷ ʚ ʨʘʩʧʣʘʚʝ ʩʫʱʝʩʪʚʝʥʥʦ ʙʳʩʪʨʝʝ, ʯʝʤ ʚ ʪʚʝʨʜʦʡ ʬʘʟʝ. 

ɺ ʭʦʜʝ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʙʳʣʦ ʧʨʦʚʝʜʝʥʦ ʩʨʘʚʥʝʥʠʝ ʠ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʚ ʩʣʫʯʘʝ, ʢʦʛʜʘ ʥʘʛʨʝʚ ʥʝ 

ʧʨʝʚʳʰʘʝʪ ʪʝʤʧʝʨʘʪʫʨʫ ʧʣʘʚʣʝʥʠʷ ʢʨʝʤʥʠʷ, ʧʨʠʤʝʩʴ ʢʨʘʡʥʝ ʩʣʘʙʦ ʨʘʩʧʨʝʜʝʣʷʝʪʩʷ ʧʦ ʛʣʫʙʠʥʝ, 

ʩʦʭʨʘʥʷʝʪʩʷ ʠʟʥʘʯʘʣʴʥʳʡ ʧʨʦʬʠʣʴ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʢʦʥʮʝʥʪʨʘʮʠʠ ʙʦʨ ʠ ʬʦʩʬʦʨʘ. ʇʨʠ ʵʪʦʤ, ʜʦʣʷ 

ʘʢʪʠʚʠʨʦʚʘʥʥʦʡ ʧʨʠʤʝʩʠ ʩʦʩʪʘʚʣʷʝʪ ʤʝʥʝʝ 1% ʦʪ ʥʝ ʘʢʪʠʚʠʨʦʚʘʥʥʦʡ. ɺ ʨʝʞʠʤʝ, ʢʦʛʜʘ ʧʦʜʦʙʨʘʥʥʳʝ 

ʧʘʨʘʤʝʪʨʳ ʃʆ ʦʙʝʩʧʝʯʠʚʘʶʪ ʬʦʨʤʠʨʦʚʘʥʠʝ ʨʘʩʧʣʘʚʘ, ʠʟ-ʟʘ ʚʳʩʦʢʦʛʦ ʢʦʵʬʬʠʮʠʝʥʪʘ ʜʠʬʬʫʟʠʠ 

ʧʨʠʤʝʩʠ ʧʨʘʢʪʠʯʝʩʢʠ ʨʘʚʥʦʤʝʨʥʦ ʨʘʩʧʨʝʜʝʣʷʶʪʩʷ ʧʦ ʛʣʫʙʠʥʝ. ɺʤʝʩʪʝ ʩ ʵʪʠʤ ʢʦʣʠʯʝʩʪʚʦ 

ʘʢʪʠʚʠʨʦʚʘʥʥʦʡ ʧʨʠʤʝʩʠ ʥʘ ʧʦʨʷʜʢʠ ʚʳʰʝ, ʯʝʤ ʧʨʠ ʪʚʝʨʜʦʪʝʣʴʥʦʡ ʘʢʪʠʚʘʮʠʠ. ʆʪʜʝʣʴʥʦ ʚ ʨʘʙʦʪʝ 

ʨʘʩʩʤʘʪʨʠʚʘʶʪʩʷ ʚʦʧʨʦʩʳ ʩʝʛʨʝʛʘʮʠʠ ʧʨʠʤʝʩʠ ʧʨʠ ʨʝʢʨʠʩʪʘʣʣʠʟʘʮʠʠ. ɺ ʭʦʜʝ ʨʝʢʨʠʩʪʘʣʣʠʟʘʮʠʠ ʚ 

ʧʨʦʬʠʣʝ ʢʦʥʮʝʥʪʨʘʮʠʠ ʧʨʠʤʝʩʠ ʚʦʟʥʠʢʘʶʪ ʣʦʢʘʣʴʥʳʝ ʧʠʢʠ ʢʦʥʮʝʥʪʨʘʮʠʠ ʥʘ ʛʨʘʥʠʮʝ ʨʘʟʜʝʣʘ 

ʨʘʩʧʣʘʚʘ ʠ ʪʚʝʨʜʦʛʦ ʢʨʝʤʥʠʷ. ʕʪʠ ʥʝʦʜʥʦʨʦʜʥʦʩʪʠ ʥʝ ʤʦʛʫʪ ʙʳʪʴ ʦʙʲʷʩʥʝʥʳ ʦʜʥʦʡ ʪʦʣʴʢʦ 

ʜʠʬʬʫʟʠʝʡ. ɼʘʥʥʳʡ ʧʨʦʮʝʩʩ ʤʦʞʝʪ ʙʳʪʴ ʠʥʪʝʨʧʨʝʪʠʨʦʚʘʥ ʤʝʭʘʥʠʟʤʦʤ ʩʝʛʨʝʛʘʮʠʠ, ʢʦʛʜʘ ʘʪʦʤʳ 

ʧʨʠʤʝʩʠ ʥʝ ʧʦʣʥʦʩʪʴʶ ʚʩʪʨʘʠʚʘʶʪʩʷ ʚ ʢʨʠʩʪʘʣʣʠʯʝʩʢʫʶ ʨʝʰʝʪʢʫ ʢʨʝʤʥʠʷ, ʩʢʘʧʣʠʚʘʷʩʴ ʥʘ ʛʨʘʥʠʮʝ 

ʨʘʩʧʣʘʚ-ʢʨʠʩʪʘʣʣ. ʂʘʯʝʩʪʚʝʥʥʦʝ ʚʦʩʧʨʦʠʟʚʝʜʝʥʠʝ ʧʨʦʬʠʣʷ ʧʨʠʤʝʩʠ ʠʟ ʵʢʩʧʝʨʠʤʝʥʪʘ [2] ʫʜʘʣʦʩʴ 

ʧʦʣʫʯʠʪʴ ʧʨʠ ʚʢʣʶʯʝʥʠʠ ʚ ʤʦʜʝʣʴ ʫʯʝʪʘ ʩʝʛʨʝʛʘʮʠʠ ʘʪʦʤʦʚ ʧʨʠʤʝʩʠ.  

ʃʠʪʝʨʘʪʫʨʘ 
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ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʨʘʩʩʤʦʪʨʝʥʳ ʦʩʦʙʝʥʥʦʩʪʠ ʥʘʛʨʝʚʘ ʤʝʞʩʦʝʜʠʥʝʥʠʡ ʥʘ ʢʨʝʤʥʠʠ ʚ ʫʩʣʦʚʠʷʭ 

ʪʝʧʣʦʚʦʛʦ ʫʜʘʨʘ, ʦʪʨʘʙʦʪʘʥʳ ʤʝʪʦʜʠʢʠ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʪʝʧʣʦʚʳʭ ʨʝʞʠʤʦʚ ʨʘʙʦʪʳ ʩʪʨʫʢʪʫʨ, ʘ ʪʘʢʞʝ 

ʧʨʦʚʝʜʝʥʦ ʩʨʘʚʥʝʥʠʝ ʨʝʟʫʣʴʪʘʪʦʚ ʯʠʩʣʝʥʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʩ ʜʘʥʥʳʤʠ ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʧʦ 

ʜʠʥʘʤʠʢʝ ʥʘʛʨʝʚʘ ʤʝʞʩʦʝʜʠʥʝʥʠʡ ʥʘ ʢʨʝʤʥʠʠ ʠʤʧʫʣʴʩʘʤʠ ʪʦʢʘ. 

ɺ ʨʘʙʦʪʝ ʠʩʧʦʣʴʟʦʚʘʣʘʩʴ ʩʪʨʫʢʪʫʨʘ, ʩʦʩʪʦʷʱʘʷ ʠʟ ʢʨʝʤʥʠʝʚʦʡ ʧʦʜʣʦʞʢʠ (Si) ʠ ʘʣʶʤʠʥʠʝʚʦʛʦ 

ʤʝʞʩʦʝʜʠʥʝʥʠʷ (Al). ʂʘʢ ʠ ʨʘʥʝʝ [1], ʚ ʢʘʯʝʩʪʚʝ ʧʦʜʣʦʞʢʠ ʠʩʧʦʣʴʟʦʚʘʣʩʷ ʧʨʷʤʦʫʛʦʣʴʥʳʡ ʬʨʘʛʤʝʥʪ 

ʤʦʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʢʨʝʤʥʠʝʚʦʡ ʧʣʘʩʪʠʥ.r ɺ ʢʘʯʝʩʪʚʝ ʤʝʞʩʦʝʜʠʥʝʥʠʷ ʠʩʧʦʣʴʟʦʚʘʣʘʩʴ ʧʣʝʥʢʘ 

ʘʣʶʤʠʥʠʷ ʚ ʚʠʜʝ ʧʨʷʤʦʫʛʦʣʴʥʦʡ ʜʦʨʦʞʢʠ, ʥʘʧʳʣʝʥʥʦʡ ʥʘ ʧʦʜʣʦʞʢʫ ʤʝʪʦʜʦʤ ʵʣʝʢʪʨʦʥʥʦ-ʣʫʯʝʚʦʛʦ 

ʠʩʧʘʨʝʥʠʷ. ʊʦʣʱʠʥʘ ʤʝʞʩʦʝʞʠʥʝʥʠʷ ʩʦʩʪʘʚʠʣʘ 3 Õm, ʘ ʰʠʨʠʥʘ ï 75 Õm. ʏʝʨʝʟ ʪʘʢʫʶ ʜʦʨʦʞʢʫ 

ʧʨʦʧʫʩʢʘʣʠʩɹ ʪʦʢʦʚʳʝ ʠʤʧʫʣʴʩ rʩʦ ʟʥʘʯʝʥʠʷʤʠ ʚʝʣʠʯʠʥʳ ʩʠʣʳ ʪʦʢʘ I=16ï20 ɸ ʠ ʜʣʠʪʝʣʴʥʦʩʪʴʶ ʦʪ 

50ï500 Õs.  

ɺ ʨʝʟʫʣʴʪʘʪʝ ʠʩʩʣʝʜʦʚʘʥʠʡ ʙʳʣʦ ʫʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʨʘʩʭʦʞʜʝʥʠʝ ʨʝʟʫʣʴʪʘʪʦʚ ʯʠʩʣʝʥʥʦʛʦ 

ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ ʧʦ ʜʠʥʘʤʠʢʝ ʥʘʛʨʝʚʘ ʪʦʥʢʦʧʣʝʥʦʯʥʳʭ ʩʪʨʫʢʪʫʨ ʥʝ 

ʧʨʝʚʳʰʘʶʪ 10% (ʨʠʩ. 1). ʅʝʩʤʦʪʨʷ ʥʘ ʵʪʦ ʥʝʪʨʫʜʥʦ ʚʠʜʝʪʴ, ʯʪʦ ʣʫʯʰʝʝ ʩʦʛʣʘʩʦʚʘʥʠʝ ʥʘʙʣʶʜʘʝʪʩʷ 

ʧʨʠ ʧʨʦʭʦʞʜʝʥʠʠ ʧʨʷʤʦʫʛʦʣʴʥʳʭ ʪʦʢʦʚʳʭ ʠʤʧʫʣʴʩʦʚ ʤʝʥʴʰʝʡ ʘʤʧʣʠʪʫʜʳ (ʨʠʩ.1). ɸʚʪʦʨʳ 

ʧʦʣʘʛʘʶʪ, ʯʪʦ ʵʪʦ ʩʚʷʟʘʥʦ ʩ ʥʘʯʘʣʦʤ ʜʝʛʨʘʜʘʮʠʦʥʥʳʭ ʧʨʦʮʝʩʩʦʚ ʚ ʩʠʩʪʝʤʝ Al-Si. ʆʜʥʘ ʠʟ ʚʦʟʤʦʞʥʳʭ 

ʧʨʠʯʠʥ ʤʦʞʝʪ ʙʳʪʴ ʩʚʷʟʘʥʘ ʩ ʨʘʟʥʠʮʝʡ ʪʝʤʧʝʨʘʪʫʨʥʳʭ ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʣʠʥʝʡʥʦʛʦ ʨʘʩʰʠʨʝʥʠʷ 

ʘʣʶʤʠʥʠʝʚʦʡ ʧʣʸʥʢʠ ʠ ʢʨʝʤʥʠʝʚʦʡ ʧʦʜʣʦʞʢʠ. ʇʨʠ ʥʘʛʨʝʚʘʥʠʠ ʚʳʰʝ 250 ʂ ʚ ʧʣʸʥʢʝ ʤʦʞʝʪ 

ʧʨʦʠʩʭʦʜʠʪʴ ʧʣʘʩʪʠʯʝʩʢʘʷ ʜʝʬʦʨʤʘʮʠʷ, ʢʦʪʦʨʘʷ ʤʦʞʝʪ ʧʨʠʚʝʩʪʠ ʢ ʧʦʷʚʣʝʥʠʶ ʤʠʢʨʦʧʦʨ ʠ 

ʫʭʫʜʰʝʥʠʶ ʪʝʧʣʦʚʦʛʦ ʢʦʥʪʘʢʪʘ ʥʘ ʤʝʞʬʘʟʥʦʡ ʛʨʘʥʠʮʝ. 

 
ʈʠʩʫʥʦʢ 1 ï ʈʝʟʫʣʴʪʘʪʳ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʛʦ ʠ ʤʦʜʝʣʴʥʦʛʦ ʘʥʘʣʠʟʘ 

ʥʘʛʨʝʚʘ ʤʝʞʩʦʝʜʠʥʝʥʠʡ ʥʘ ʢʨʝʤʥʠʠ ʚ ʫʩʣʦʚʠʷʭ ʪʝʧʣʦʚʦʛʦ ʫʜʘʨʘ. 

ʀʩʩʣʝʜʦʚʘʥʠʝ ʚʳʧʦʣʥʝʥʦ ʚ ʨʘʤʢʘʭ ʛʨʘʥʪʘ ʈʦʩʩʠʡʩʢʦʛʦ ʥʘʫʯʥʦʛʦ ʬʦʥʜʘ ˉ 25-79-10123. 
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ɺ ʩʬʝʨʝ ʠʥʪʝʛʨʘʣʴʥʦʡ ʤʠʢʨʦʵʣʝʢʪʨʦʥʠʢʠ ʚ ʮʝʣʦʤ ʠ ʚ ʣʠʪʦʛʨʘʬʠʠ ʚ ʯʘʩʪʥʦʩʪʠ ʚ ʥʘʩʪʦʷʱʠʡ 

ʤʦʤʝʥʪ ʘʢʪʠʚʥʦ ʚʝʜʫʪʩʷ ʨʘʙʦʪʳ ʧʦ ʦʙʝʩʧʝʯʝʥʠʶ ʪʝʭʥʦʣʦʛʠʯʝʩʢʦʡ ʥʝʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʟʘʨʫʙʝʞʥʳʭ 

ʤʘʪʝʨʠʘʣʦʚ. ɼʣʷ ʣʠʪʦʛʨʘʬʠʯʝʩʢʠʭ ʤʘʪʝʨʠʘʣʦʚ ʜʘʥʥʳʝ ʨʘʙʦʪʳ ʚʢʣʶʯʘʶʪ ʨʘʟʨʘʙʦʪʢʫ ʬʦʪʦʨʝʟʠʩʪʦʚ 

ʩ ʭʠʤʠʯʝʩʢʠʤ ʫʩʠʣʝʥʠʝʤ ʠ ʘʥʪʠʦʪʨʘʞʘʶʱʠʭ ʧʦʢʨʳʪʠʡ ʜʣʷ ʧʨʠʤʝʥʝʥʠʷ ʚ ʧʨʦʠʟʚʦʜʩʪʚʝʥʥʳʭ 

ʧʨʦʮʝʩʩʘʭ ʜʣʷ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʭ ʥʦʨʤ 180-90 ʥʤ. 

ʈʘʙʦʪʳ ʧʦ ʩʦʟʜʘʥʠʶ ʥʦʚʳʭ ʤʘʪʝʨʠʘʣʦʚ ʟʘʢʣʶʯʘʶʪʩʷ, ʩʨʝʜʠ ʧʨʦʯʝʛʦ, ʚ ʧʦʜʙʦʨʝ ʥʘʠʙʦʣʝʝ 

ʫʜʘʯʥʦʡ ʢʦʤʧʦʟʠʮʠʠ ʭʠʤʠʯʝʩʢʠʭ ʚʝʱʝʩʪʚ, ʦʙʨʘʟʫʶʱʠʭ ʬʦʪʦʨʝʟʠʩʪ. ʇʨʠ ʵʪʦʤ ʢʘʞʜʫʶ ʥʦʚʫʶ 

ʢʦʤʧʦʟʠʮʠʶ ʨʝʟʠʩʪʘ ʥʫʞʥʦ ʧʨʦʚʝʨʷʪʴ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ ʥʘ ʧʨʦʠʟʚʦʜʩʪʚʝʥʥʳʭ ʫʩʪʘʥʦʚʢʘʭ. ʇʦʵʪʦʤʫ 

ʫʚʝʣʠʯʝʥʠʝ ʯʠʩʣʘ ʠʪʝʨʘʮʠʦʥʥʳʭ ʦʧʪʠʤʠʟʘʮʠʡ ʢʦʤʧʦʟʠʮʠʠ ʚʝʜʸʪ ʢ ʫʚʝʣʠʯʝʥʠʶ ʯʠʩʣʘ 

ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʥʘ ʧʨʦʠʟʚʦʜʩʪʚʝʥʥʦʤ ʦʙʦʨʫʜʦʚʘʥʠʠ, ʠʟ-ʟʘ ʯʝʛʦ ʫʚʝʣʠʯʠʪʩʷ ʧʨʦʩʪʦʡ ʦʙʦʨʫʜʦʚʘʥʠʷ. 

ʇʦʵʪʦʤʫ ʘʢʪʫʘʣʴʥʦʡ ʷʚʣʷʝʪʩʷ ʟʘʜʘʯʘ ʜʦʩʪʦʚʝʨʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʧʝʨʝʥʦʩʘ ʨʠʩʫʥʢʘ ʩ ʬʦʪʦʰʘʙʣʦʥʘ 

ʚ ʩʣʦʡ ʬʦʪʦʨʝʟʠʩʪʘ ʥʘ ʧʣʘʩʪʠʥʝ. 

ʈʝʰʝʥʠʝʤ ʵʪʦʡ ʟʘʜʘʯʠ ʤʦʛʫʪ ʙʳʪʴ ʜʚʘ ʪʠʧʘ ʤʦʜʝʣʝʡ ï ʧʦʣʥʳʝ ʠ ʢʦʤʧʘʢʪʥʳʝ. ʂʦʤʧʘʢʪʥʳʝ 

ʤʦʜʝʣʠ ʧʦʢʘʟʳʚʘʶʪ ʚʳʩʦʢʦʝ ʙʳʩʪʨʦʜʝʡʩʪʚʠʝ, 

ʧʦʵʪʦʤʫ ʦʥʠ ʧʨʠʤʝʥʷʶʪʩʷ ʜʣʷ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʚʩʝʛʦ 

ʯʠʧʘ [2]. ʆʜʥʘʢʦ ʢʣʶʯʝʚʳʤ ʥʝʜʦʩʪʘʪʢʦʤ ʪʘʢʠʭ 

ʤʦʜʝʣʝʡ ʷʚʣʷʝʪʩʷ ʠʭ ʥʝʫʥʠʚʝʨʩʘʣʴʥʦʩʪʴ: ʚʚʠʜʫ ʪʦʛʦ, 

ʯʪʦ ʤʦʜʝʣʴ ʫʧʨʦʱʸʥʥʘʷ, ʦʥʘ ʥʝ ʤʦʞʝʪ ʪʦʯʥʦ 

ʦʧʠʩʳʚʘʪʴ ʰʠʨʦʢʠʡ ʜʠʘʧʘʟʦʥ ʧʘʨʘʤʝʪʨʦʚ ʧʨʦʮʝʩʩʘ, 

ʠ ʧʦʵʪʦʤʫ ʝʸ ʢʦʵʬʬʠʮʠʝʥʪʳ ʢʘʣʠʙʨʫʶʪʩʷ ʠʤʝʥʥʦ 

ʧʦʜ ʢʦʥʢʨʝʪʥʳʡ ʪʝʭʧʨʦʮʝʩʩ. ʕʪʠ ʢʦʵʬʬʠʮʠʝʥʪʳ 

ʪʘʢʞʝ ʥʝ ʠʤʝʶʪ ʚʳʨʘʞʝʥʥʦʛʦ ʬʠʟʠʯʝʩʢʦʛʦ ʩʤʳʩʣʘ, 

ʧʦʵʪʦʤʫ ʜʘʞʝ ʥʝʙʦʣʴʰʦʝ ʠʟʤʝʥʝʥʠʝ ʪʝʭʧʨʦʮʝʩʩʘ 

ʧʨʠʚʦʜʠʪ ʢ ʥʝʦʙʭʦʜʠʤʦʩʪʠ ʧʦʚʪʦʨʥʦʡ 

ʧʝʨʝʢʘʣʠʙʨʦʚʢʠ ʤʦʜʝʣʠ. ɺʚʠʜʫ ʵʪʦʛʦ ʠʩʧʦʣʴʟʦʚʘʪʴ 

ʪʘʢʠʝ ʤʦʜʝʣʠ ʜʣʷ ʦʪʨʘʙʦʪʢʠ ʪʝʭʧʨʦʮʝʩʩʘ ʥʝʣʴʟʷ. 

ɺ ʨʘʙʦʪʝ ʧʨʝʜʩʪʘʚʣʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʧʦʩʪʨʦʝʥʠʷ ʤʦʜʝʣʠ ʬʦʪʦʨʝʟʠʩʪʘ, ʟʘʥʠʤʘʶʱʝʡ ʥʝʢʦʪʦʨʦʝ 

ʧʨʦʤʝʞʫʪʦʯʥʦʝ ʧʦʣʦʞʝʥʠʝ ʤʝʞʜʫ ʢʦʤʧʘʢʪʥʳʤʠ ʠ ʧʦʣʥʳʤʠ ʤʦʜʝʣʷʤʠ. ʆʥʘ ʚʢʣʶʯʘʝʪ ʫʧʨʦʱʸʥʥʳʡ 

ʨʘʩʯʸʪ 3-ʤʝʨʥʦʛʦ ʚʦʟʜʫʰʥʦʛʦ ʠʟʦʙʨʘʞʝʥʠʷ, ʬʠʢʦʚʩʢʦʡ ʜʠʬʬʫʟʠʠ ʬʦʪʦʢʠʩʣʦʪʳ ʠ ʦʩʥʦʚʘʥʠʡ ʠ 

ʫʧʨʦʱʸʥʥʫʶ ʤʦʜʝʣʴ ʧʨʦʷʚʣʝʥʠʷ [3]. ʇʦʧʳʪʢʘ ʵʢʩʪʨʘʢʮʠʠ ʯʘʩʪʠ ʧʘʨʘʤʝʪʨʦʚ ʤʦʜʝʣʠ ʧʨʦʚʦʜʠʣʘʩʴ 

ʨʘʥʝʝ [4]. ʅʘ ʦʩʥʦʚʝ ʧʨʝʜʩʪʘʚʣʝʥʥʦʡ ʤʦʜʝʣʠ ʧʨʝʜʩʢʘʟʳʚʘʝʪʩʷ ʧʨʦʬʠʣʴ ʚ ʨʝʟʠʩʪʝ ʠ ʥʝʨʦʚʥʦʩʪʴ ʢʨʘʷ 

ʣʠʥʠʠ; ʧʨʠʚʦʜʠʪʩʷ ʩʦʧʦʩʪʘʚʣʝʥʠʝ ʜʘʥʥʦʡ ʤʦʜʝʣʠ ʩ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤʠ ʨʝʟʫʣʴʪʘʪʘʤʠ [5]. 
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ɺ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʦʜʥʠʤ ʠʟ ʧʨʠʦʨʠʪʝʪʥʳʭ ʥʘʧʨʘʚʣʝʥʠʡ ʚ ʩʦʟʜʘʥʠʠ ʘʣʴʪʝʨʥʘʪʠʚʥʦʡ 

ʵʥʝʨʛʝʪʠʢʠ ʷʚʣʷʶʪʩʷ ʪʦʧʣʠʚʥʳʝ ʵʣʝʤʝʥʪʳ, ʬʫʥʢʮʠʦʥʠʨʫʶʱʠʝ ʟʘ ʩʯʸʪ ʧʨʷʤʦʛʦ ʦʢʠʩʣʝʥʠʷ ʵʪʘʥʦʣʘ. 

ʊʘʢʠʝ ʫʩʪʨʦʡʩʪʚʘ ʧʨʠʚʣʝʢʘʪʝʣʴʥʳ ʙʣʘʛʦʜʘʨʷ ʚʳʩʦʢʦʡ ʵʥʝʨʛʦʸʤʢʦʩʪʠ ʜʘʥʥʦʛʦ ʩʧʠʨʪʘ, ʝʛʦ ʤʘʣʦʡ 

ʪʦʢʩʠʯʥʦʩʪʠ ʠ ʚʦʟʤʦʞʥʦʩʪʠ ʧʦʣʫʯʝʥʠʷ ʠʟ ʚʦʟʦʙʥʦʚʣʷʝʤʦʡ ʙʠʦʤʘʩʩʳ [1, 2]. ʕʬʬʝʢʪʠʚʥʦʩʪʴ ʜʘʥʥʳʭ 

ʩʠʩʪʝʤ ʚʦ ʤʥʦʛʦʤ ʦʧʨʝʜʝʣʷʝʪʩʷ ʩʚʦʡʩʪʚʘʤʠ ʘʥʦʜʥʦʛʦ ʤʘʪʝʨʠʘʣʘ. ʉʨʝʜʠ ʠʟʚʝʩʪʥʳʭ ʢʘʪʘʣʠʟʘʪʦʨʦʚ 

ʧʣʘʪʠʥʘ ʜʝʤʦʥʩʪʨʠʨʫʝʪ ʥʘʠʚʳʩʰʫʶ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʧʨʠ ʦʢʠʩʣʝʥʠʠ ʩʧʠʨʪʦʚ ʚ ʢʠʩʣʳʭ ʵʣʝʢʪʨʦʣʠʪʘʭ 

[2]. ʆʜʥʘʢʦ ʧʨʘʢʪʠʯʝʩʢʦʝ ʧʨʠʤʝʥʝʥʠʝ ʧʣʘʪʠʥʦʚʳʭ ʢʘʪʘʣʠʟʘʪʦʨʦʚ ʦʛʨʘʥʠʯʝʥʦ ʜʚʫʤʷ ʢʣʶʯʝʚʳʤʠ 

ʬʘʢʪʦʨʘʤʠ: ʚʳʩʦʢʦʡ ʩʪʦʠʤʦʩʪʴʶ ʙʣʘʛʦʨʦʜʥʦʛʦ ʤʝʪʘʣʣʘ ʠ ʥʠʟʢʦʡ ʘʜʛʝʟʠʦʥʥʦʡ ʧʨʦʯʥʦʩʪʴʶ 

ʥʘʥʦʯʘʩʪʠʮ ʢ ʧʦʚʝʨʭʥʦʩʪʠ ʧʦʜʣʦʞʢʠ [2]. ʕʬʬʝʢʪʠʚʥʳʤ 

ʧʦʜʭʦʜʦʤ ʢ ʧʨʝʦʜʦʣʝʥʠʶ ʜʘʥʥʳʭ ʦʛʨʘʥʠʯʝʥʠʡ ʷʚʣʷʝʪʩʷ 

ʧʝʨʝʭʦʜ ʦʪ ʩʧʣʦʰʥʳʭ ʤʝʪʘʣʣʠʯʝʩʢʠʭ ʵʣʝʢʪʨʦʜʦʚ ʢ 

ʥʘʥʦʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʳʤ ʛʝʪʝʨʦʛʝʥʥʳʤ ʩʠʩʪʝʤʘʤ, ʚ 

ʢʦʪʦʨʳʭ ʜʠʩʧʝʨʩʥʳʝ ʯʘʩʪʠʮʳ Pt ʚʩʪʨʦʝʥʳ ʚ ʦʙʲʸʤ 

ʧʨʦʚʦʜʷʱʝʡ ʧʦʨʠʩʪʦʡ ʢʨʝʤʥʠʝʚʦʡ ʤʘʪʨʠʮʳ (por-Si), 

ʦʙʣʘʜʘʶʱʝʡ ʚʳʩʦʢʦʡ ʫʜʝʣʴʥʦʡ ʧʦʚʝʨʭʥʦʩʪʴʶ [3]. 

ʆʙʨʘʟʮʳ ʙʳʣʠ ʩʬʦʨʤʠʨʦʚʘʥʳ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʠʤ 

ʦʩʘʞʜʝʥʠʝʤ ʯʘʩʪʠʮ Pt ʥʘ ʧʦʚʝʨʭʥʦʩʪʴ 

ʤʦʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ ʢʨʝʤʥʠʷ ʂɼɹ-1 ʚ 

ʧʦʪʝʥʮʠʦʩʪʘʪʠʯʝʩʢʦʤ ʨʝʞʠʤʝ ʧʨʠ ï0,3 ɺ ʚ ʪʝʯʝʥʠʝ 500 

ʩʝʢʫʥʜ. ʌʦʨʤʠʨʦʚʘʥʠʝ ʧʦʨʠʩʪʦʡ ʤʘʪʨʠʮʳ ʦʩʫʱʝʩʪʚʣʷʣʠ 

ʧʦʩʨʝʜʩʪʚʦʤ ʤʝʪʘʣʣ-ʩʪʠʤʫʣʠʨʦʚʘʥʥʦʛʦ ʭʠʤʠʯʝʩʢʦʛʦ 

ʪʨʘʚʣʝʥʠʷ ʚ ʨʘʩʪʚʦʨʝ HF:H2O2:H2O ʩ ʦʙʲʸʤʥʳʤ 

ʩʦʦʪʥʦʰʝʥʠʝʤ ʢʦʤʧʦʥʝʥʪʦʚ 25:10:4. ɼʣʠʪʝʣʴʥʦʩʪʴ ʧʨʦʮʝʩʩʘ 

ʪʨʘʚʣʝʥʠʷ ʩʦʩʪʘʚʣʷʣʘ ʦʪ 5 ʜʦ 25 ʩʝʢʫʥʜ ʧʨʠ ʢʦʤʥʘʪʥʦʡ 

ʪʝʤʧʝʨʘʪʫʨʝ.  ʀʩʩʣʝʜʦʚʘʥʠʝ ʩʪʨʫʢʪʫʨʳ ʧʨʦʚʦʜʠʣʠ ʤʝʪʦʜʦʤ 

ʨʘʩʪʨʦʚʦʡ ʵʣʝʢʪʨʦʥʥʦʡ ʤʠʢʨʦʩʢʦʧʠʠ. ʅʘ ʨʠʩʫʥʢʝ 1 

ʧʨʝʜʩʪʘʚʣʝʥʳ ʈʕʄ-ʠʟʦʙʨʘʞʝʥʠʷ ʙʦʢʦʚʦʡ ʧʦʚʝʨʭʥʦʩʪʠ 

ʧʦʨʠʩʪʦʛʦ ʢʨʝʤʥʠʷ, ʩʬʦʨʤʠʨʦʚʘʥʥʦʛʦ ʧʨʠ 5 ʠ 15 ʩ 

ʪʨʘʚʣʝʥʠʷ. ʕʣʝʢʪʨʦʢʘʪʘʣʠʪʠʯʝʩʢʫʶ ʘʢʪʠʚʥʦʩʪʴ ʦʙʨʘʟʮʦʚ 

por-Si/Pt ʦʮʝʥʠʚʘʣʠ ʤʝʪʦʜʦʤ ʮʠʢʣʠʯʝʩʢʦʡ 

ʚʦʣʴʪʘʤʧʝʨʦʤʝʪʨʠʠ ʚ ʪʨʸʭʵʣʝʢʪʨʦʜʥʦʡ ʷʯʝʡʢʝ ʚ ʨʘʩʪʚʦʨʝ, 

ʩʦʜʝʨʞʘʱʝʤ 0,1 ʄ ʵʪʘʥʦʣʘ ʠ 0,5 ʄ H2SO4. ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʩʬʦʨʤʠʨʦʚʘʥʥʳʝ ʦʙʨʘʟʮʳ ʧʨʦʷʚʣʷʶʪ 

ʢʘʪʘʣʠʪʠʯʝʩʢʫʶ ʘʢʪʠʚʥʦʩʪʴ ʚ ʨʝʘʢʮʠʠ ʵʣʝʢʪʨʦʦʢʠʩʣʝʥʠʷ ʵʪʘʥʦʣʘ. ʇʦʢʘʟʘʥʦ, ʯʪʦ ʤʦʨʬʦʣʦʛʠʷ 

ʧʦʨʠʩʪʦʛʦ ʩʣʦʷ, ʦʧʨʝʜʝʣʷʝʤʘʷ ʜʣʠʪʝʣʴʥʦʩʪʴʶ ʪʨʘʚʣʝʥʠʷ, ʚʣʠʷʝʪ ʥʘ ʚʝʣʠʯʠʥʫ ʧʣʦʪʥʦʩʪʠ ʪʦʢʘ 

ʦʢʠʩʣʝʥʠʷ.  

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʚ ʨʘʤʢʘʭ ʛʦʩʫʜʘʨʩʪʚʝʥʥʦʛʦ ʟʘʜʘʥʠʷ 2026-2028 FSMR-2026-0005 (ˉ075-

03-2026-239 ʦʪ 16.01.2026). 
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ʈʠʩʫʥʦʢ 1 ï ʈʕʄ ʠʟʦʙʨʘʞʝʥʠʷ ʩʢʦʣʦʚ 

ʩʪʨʫʢʪʫʨ por-Si/Pt ʧʦʩʣʝ ʪʨʘʚʣʝʥʠʷ ʚ 

ʪʝʯʝʥʠʝ: 5 ʩ (ʘ), 15 ʩ (ʙ) 
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ʇʦʨʠʩʪʳʝ ʢʦʤʧʦʟʠʮʠʦʥʥʳʝ ʤʘʪʝʨʠʘʣʳ ʥʘ ʦʩʥʦʚʝ ʩʦʯʝʪʘʥʠʷ ʥʘʥʦʨʘʟʤʝʨʥʦʛʦ ʢʨʝʤʥʠʷ (ʥʘʥʦ-

Si) ʠ ʨʘʟʣʠʯʥʳʭ ʬʦʨʤ ʫʛʣʝʨʦʜʘ ʧʨʝʜʩʪʘʚʣʷʶʪ ʠʥʪʝʨʝʩ ʜʣʷ ʧʨʠʤʝʥʝʥʠʷ ʚ ʩʝʥʩʦʨʠʢʝ, ʚ ʢʘʯʝʩʪʚʝ 

ʨʘʟʣʠʯʥʳʭ ʬʫʥʢʮʠʦʥʘʣʴʥʳʭ ʵʣʝʤʝʥʪʦʚ ʚ 

ʘʣʴʪʝʨʥʘʪʠʚʥʦʡ ʵʥʝʨʛʝʪʠʢʝ, ʩʫʧʝʨʢʦʥʜʝʥʩʘʪʦʨʘʭ, ʚ 

ʤʝʜʠʮʠʥʝ ʠ ʪ.ʧ. [1, 2]. ʅʝʩʤʦʪʨʷ ʥʘ ʪʦ, ʯʪʦ ʚ ʥʘʩʪʦʷʱʝʝ 

ʚʨʝʤʷ ʫʞʝ ʝʩʪʴ ʢʦʤʤʝʨʯʝʩʢʦʝ ʧʨʦʠʟʚʦʜʩʪʚʦ ʧʨʦʜʫʢʮʠʠ 

ʥʘ ʦʩʥʦʚʝ ʪʘʢʠʭ ʤʘʪʝʨʠʘʣʦʚ, ʪʝʭʥʦʣʦʛʠʠ ʠʭ ʩʠʥʪʝʟʘ 

ʧʨʦʜʦʣʞʘʶʪ ʩʦʚʝʨʰʝʥʩʪʚʦʚʘʪʴʩʷ, ʘ ʠʩʩʣʝʜʦʚʘʥʠʝ 

ʨʘʟʣʠʯʥʳʭ ʩʚʦʡʩʪʚ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʩʪʨʦʝʥʠʷ ʠ ʩʦʩʪʘʚʘ 

ʩʪʨʫʢʪʫʨʥʳʭ ʵʣʝʤʝʥʪʦʚ, ʠʭ ʢʦʥʬʠʛʫʨʘʮʠʠ ʠ ʭʘʨʘʢʪʝʨʘ 

ʩʙʦʨʢʠ, ʪʘʢʞʝ ʢʘʢ ʠ ʨʘʟʚʠʪʠʝ ʤʝʪʦʜʠʢ ʭʘʨʘʢʪʝʨʠʟʘʮʠʠ, 

ʦʩʪʘʶʪʩʷ ʚ ʬʦʢʫʩʝ ʘʢʪʠʚʥʳʭ ʥʘʫʯʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ. 

ʂʨʝʤʥʠʡ ʚ ʥʘʥʦʨʘʟʤʝʨʥʦʤ ʚʠʜʝ ʦʙʣʘʜʘʝʪ ʨʷʜʦʤ 

ʚʘʞʥʳʭ ʜʦʩʪʦʠʥʩʪʚ. ʊʘʢ, ʧʦʤʠʤʦ ʧʨʦʷʚʣʝʥʠʷ ʩʚʦʡʩʪʚ 

ʬʦʪʦʣʶʤʠʥʝʩʮʝʥʮʠʠ, ʢʘʪʘʣʠʪʠʯʝʩʢʦʡ ʘʢʪʠʚʥʦʩʪʠ ʠ ʜʨ., 

ʥʘʥʦ-Si ʚ ʚʠʜʝ ʧʦʨʠʩʪʳʭ ʥʘʥʦʩʪʝʨʞʥʝʡ, ʥʘʥʦʢʣʘʩʪʝʨʦʚ, 

ʥʘʥʦʯʘʩʪʠʮ ʟʘ ʩʯʸʪ ʥʘʣʠʯʠʷ ʩʚʦʙʦʜʥʦʛʦ ʧʨʦʩʪʨʘʥʩʪʚʘ 

ʙʦʣʝʝ ʫʩʪʦʡʯʠʚ ʢ ʦʙʲʸʤʥʳʤ ʠʟʤʝʥʝʥʠʷʤ 

ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʳ ʧʨʠ ʣʠʪʠʨʦʚʘʥʠʠ ʠ ʜʝʣʠʪʠʨʦʚʘʥʠʠ. ʉʦʟʜʘʥʠʝ ʪʘʢʦʛʦ ʠʝʨʘʨʭʠʯʝʩʢʦʛʦ 

ʧʦʨʠʩʪʦʛʦ ʥʘʥʦʤʘʪʝʨʠʘʣʘ ʩʦ ʩʣʦʞʥʳʤ ʩʦʩʪʘʚʦʤ ʪʨʝʙʫʝʪ ʨʘʟʨʘʙʦʪʢʠ ʩʝʤʝʡʩʪʚʘ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʭ 

ʤʝʪʦʜʠʢ ʠ ʧʦʜʭʦʜʦʚ ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʪʨʝʙʫʝʤʦʛʦ ʜʠʟʘʡʥʘ ʢʘʞʜʦʛʦ ʠʝʨʘʨʭʠʯʝʩʢʦʛʦ ʫʨʦʚʥʷ ʠ ʩʙʦʨʢʠ 

ʤʘʪʝʨʠʘʣʘ ʚ ʮʝʣʦʤ. ʇʨʠ ʠʥʢʦʨʧʦʨʠʨʦʚʘʥʠʠ ʤʘʪʝʨʠʘʣʦʚ ʚ ʠʝʨʘʨʭʠʯʝʩʢʠʝ ʧʦʨʠʩʪʳʝ ʤʘʪʨʠʮʳ ʩ 

ʥʝʩʢʦʣʴʢʠʤʠ ʫʨʦʚʥʷʤʠ ʧʦʨ, ʦʩʦʙʝʥʥʦ ʧʨʠ ʥʘʣʠʯʠʠ ʤʠʢʨʦ- ʠ ʤʝʟʦʧʦʨ, ʚʦʟʥʠʢʘʶʪ ʩʣʦʞʥʦʩʪʠ ʚ 

ʨʘʚʥʦʤʝʨʥʦʤ ʨʘʩʧʨʝʜʝʣʝʥʠʠ ʬʘʟʳ-çʛʦʩʪʷè. ʉʠʪʫʘʮʠʷ ʫʩʣʦʞʥʷʝʪʩʷ ʧʨʠ ʚʚʝʜʝʥʠʠ ʜʚʫʭ ʠ ʙʦʣʝʝ 

ʤʘʪʝʨʠʘʣʦʚ ʚ ʧʦʨʠʩʪʫʶ ʩʠʩʪʝʤʫ ʩ ʟʘʜʘʥʥʦʡ ʣʦʢʘʣʠʟʘʮʠʝʡ ʥʘ ʦʧʨʝʜʝʣʝʥʥʳʭ ʠʝʨʘʨʭʠʯʝʩʢʠʭ ʫʨʦʚʥʷʭ. 

ɺ ʨʘʤʢʘʭ ʜʘʥʥʦʡ ʨʘʙʦʪʳ ʧʦʣʫʯʝʥ ʤʠʢʨʦ-ʤʝʟʦ-ʤʘʢʨʦʧʦʨʠʩʪʳʡ ʢʦʤʧʦʟʠʮʠʦʥʥʳʡ ʥʘʥʦʤʘʪʝʨʠʘʣ ʥʘ 

ʦʩʥʦʚʝ ʫʛʣʝʨʦʜʩʦʜʝʨʞʘʱʝʛʦ ʥʘʥʦ-Si, ʜʦʧʠʨʦʚʘʥʥʦʛʦ Me-ʩʦʜʝʨʞʘʱʠʤʠ ʬʫʣʣʝʨʝʥʦʣʘʤʠ ʧʦ 

ʪʝʭʥʦʣʦʛʠʠ [4] (ʈʠʩ. 1). ʇʦʢʘʟʘʥʦ, ʯʪʦ ʪʘʢʦʡ ʧʦʜʭʦʜ ʧʦʟʚʦʣʷʝʪ ʬʫʥʢʮʠʦʥʘʣʠʟʠʨʦʚʘʪʴ ʩʣʦʠ ʥʘʥʦ-Si 

ʦʜʥʦʨʦʜʥʦ ʥʘ ʚʩʶ ʛʣʫʙʠʥʫ (ʤʠʢʨʦ-ʤʝʟʦʧʦʨʠʩʪʳʡ ʢʨʝʤʥʠʡ ʪʦʣʱʠʥʦʡ ʙʦʣʝʝ 60-80 ʤʢʤ). ʇʨʠʚʝʜʝʥʳ 

ʨʝʟʫʣʴʪʘʪʳ ʠʩʩʣʝʜʦʚʘʥʠʷ ʩʦʩʪʘʚʘ ʧʦʚʝʨʭʥʦʩʪʥʳʭ ʮʝʥʪʨʦʚ ʦʨʠʛʠʥʘʣʴʥʳʤʠ ʤʝʪʦʜʘʤʠ ɸʉʄ. 

ʆʙʩʫʞʜʘʶʪʩʷ ʧʦʜʭʦʜʳ ʢ ʧʦʚʳʰʝʥʠʶ ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʠ ʪʝʭʥʦʣʦʛʠʠ ʧʦʣʫʯʝʥʠʷ ʯʘʩʪʠʮ ʥʘʥʦ-Si ʩ 

ʥʘʥʦʨʘʟʤʝʨʥʳʤʠ ʫʛʣʝʨʦʜʥʳʤʠ ʦʙʦʣʦʯʢʘʤʠ. 
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ʈʠʩʫʥʦʢ 1 ï ʈʕʄ ʩʢʦʣʘ ʢʦʤʧʦʟʠʮʠʠ çpor-Si/Me-

ʬʫʣʣʝʨʝʥʦʣè (Me: Ag ʠ Cu).  
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ʄʘʩʰʪʘʙʠʨʦʚʘʥʠʝ ʪʝʭʥʦʣʦʛʠʠ ʬʠʟʠʯʝʩʢʦʛʦ ʘʪʦʤʥʦ-ʩʣʦʝʚʦʛʦ ʦʩʘʞʜʝʥʠʷ ʥʘ ʧʨʦʤʳʰʣʝʥʥʳʝ 

ʧʦʜʣʦʞʢʠ ʢʨʝʤʥʠʷ 

ɸʥʫʬʨʠʝʚ ʖ.ɺ., ʇʣʶʩʥʠʥ ʅ.ʀ. 

ʀʥʩʪʠʪʫʪ ʥʘʥʦʪʝʭʥʦʣʦʛʠʡ ʤʠʢʨʦʵʣʝʢʪʨʦʥʠʢʠ ʈʦʩʩʠʡʩʢʦʡ ʘʢʘʜʝʤʠʠ ʥʘʫʢ, ʛ. ʄʦʩʢʚʘ 

 e-mail: anufriev.u@inme-ras.ru 

 

ʊʝʭʥʦʣʦʛʠʷ ʬʠʟʠʯʝʩʢʦʛʦ ʘʪʦʤʥʦ-ʩʣʦʝʚʦʛʦ (ʌɸʉʆ) ʦʩʘʞʜʝʥʠʷ [1], ʧʝʨʚʦʥʘʯʘʣʴʥʦ 

ʨʘʟʨʘʙʦʪʘʥʥʘʷ ʜʣʷ ʣʘʙʦʨʘʪʦʨʥʳʭ ʦʙʨʘʟʮʦʚ [2], ʦʪʢʨʳʚʘʝʪ ʥʦʚʳʝ ʚʦʟʤʦʞʥʦʩʪʠ ʜʣʷ ʥʘʥʦ- ʠ 

ʤʠʢʨʦʵʣʝʢʪʨʦʥʠʢʠ, ʘ ʪʘʢʞʝ ʜʣʷ ʠʥʥʦʚʘʮʠʦʥʥʳʭ ʠʟʜʝʣʠʡ ʢʨʝʤʥʠʝʚʦʡ ʥʘʥʦʠʥʜʫʩʪʨʠʠ. ʇʦʵʪʦʤʫ, 

ʤʘʩʰʪʘʙʠʨʦʚʘʥʠʝ ʵʪʦʡ ʪʝʭʥʦʣʦʛʠʠ ʥʘ ʧʨʦʤʳʰʣʝʥʥʳʝ ʧʦʜʣʦʞʢʠ ʢʨʝʤʥʠʷ, ʷʚʣʷʝʪʩʷ ʚʝʩʴʤʘ 

ʘʢʪʫʘʣʴʥʦʡ ʟʘʜʘʯʝʡ.  

ʇʨʦʚʝʜʝʥʥʳʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʚ ʀʅʄʕ ʈɸʅ ʧʦʢʘʟʳʚʘʶʪ, ʯʪʦ ʤʘʩʰʪʘʙʠʨʦʚʘʥʠʝ ʵʪʦʡ 

ʪʝʭʥʦʣʦʛʠʠ ʥʘ ʪʘʢʠʝ ʧʦʜʣʦʞʢʠ ʚʧʦʣʥʝ ʚʦʟʤʦʞʥʦ ʧʨʠ ʫʩʣʦʚʠʠ ʧʨʝʦʜʦʣʝʥʠʷ ʦʛʨʘʥʠʯʝʥʠʡ ʧʦ 

ʤʦʱʥʦʩʪʠ ʠʩʪʦʯʥʠʢʦʚ ʵʣʝʢʪʨʦʧʠʪʘʥʠʷ ʠ 

ʢʦʥʩʪʨʫʢʪʠʚʥʳʭ ʦʛʨʘʥʠʯʝʥʠʡ ʠʩʧʘʨʠʪʝʣʴʥʳʭ 

ʵʣʝʤʝʥʪʦʚ ʜʣʷ ʌɸʉʆ.  

ɼʣʷ ʠʩʩʣʝʜʦʚʘʥʠʷ ʤʘʩʰʪʘʙʠʨʦʚʘʥʠʷ 

ʪʝʭʥʦʣʦʛʠʠ ʬʠʟʠʯʝʩʢʦʛʦ ʘʪʦʤʥʦ-ʩʣʦʝʚʦʛʦ 

ʦʩʘʞʜʝʥʠʷ ʥʘ ʧʨʦʤʳʰʣʝʥʥʳʝ ʧʦʜʣʦʞʢʠ 

ʢʨʝʤʥʠʷ ʙʳʣʘ ʚʳʙʨʘʥʘ ʧʦʣʫʧʨʦʤʳʰʣʝʥʥʘʷ 

ʫʩʪʘʥʦʚʢʘ EvoVac ʩ ʚʘʢʫʫʤʦʤ  

5Ĭ10-9 ʊʦʨʨ ʦʪ ʢʘʥʘʜʩʢʦʡ ʢʦʤʧʘʥʠʠ Angstrom 

Engineering, ʢʦʪʦʨʘʷ ʧʨʝʜʥʘʟʥʘʯʝʥʘ ʜʣʷ 

ʵʣʝʢʪʨʦʥʥʦ-ʣʫʯʝʚʦʛʦ ʠ ʪʝʨʤʠʯʝʩʢʦʛʦ 

ʥʘʧʳʣʝʥʠʷ ʥʘ ʧʨʦʤʳʰʣʝʥʥʳʝ ʧʦʜʣʦʞʢʠ.  

ɺ ʜʘʥʥʦʤ ʜʦʢʣʘʜʝ, ʤʳ ʧʨʠʚʦʜʠʤ 

ʦʧʠʩʘʥʠʝ ʢʦʥʩʪʨʫʢʮʠʦʥʥʳʭ ʦʩʦʙʝʥʥʦʩʪʝʡ 

ʦʩʥʘʩʪʢʠ ʵʪʦʡ ʫʩʪʘʥʦʚʢʠ ʜʣʷ ʨʝʘʣʠʟʘʮʠʠ 

ʌɸʉʆ ʥʘ ʧʦʜʣʦʞʢʘʭ ʢʨʝʤʥʠʷ 40Ĭ60 ʤʤ2, 

ʙʣʠʟʢʠʭ ʧʦ ʨʘʟʤʝʨʫ ʢ ʧʨʦʤʳʰʣʝʥʥʳʤ. ɼʣʷ 

ʘʧʨʦʙʘʮʠʠ ʪʝʭʥʦʣʦʛʠʠ ʌɸʉʆ ʨʘʟʨʘʙʦʪʘʥ ʠ 

ʠʟʛʦʪʦʚʣʝʥ ʧʣʘʥʘʨʥʳʡ ʠʩʪʦʯʥʠʢ ʪʝʨʤʠʯʝʩʢʦʛʦ 

ʠʩʧʘʨʝʥʠʷ ʩ ʦʙʣʘʩʪʴʶ ʥʘʛʨʝʚʘ 45Ĭ30 ʤʤ2. ɽʛʦ 

ʛʣʘʚʥʦʡ ʯʘʩʪʴʶ ʷʚʣʷʝʪʩʷ ʣʝʥʪʦʯʥʘ ̫ʩʧʠʨʘʣ ɹʠʟ 

Ta  ʬʦʣʴʛʠ, ʪʦʣʱʠʥʦʡ 20 ʤʢʤ ʠ ʨʘʟʤʝʨʦʤ 

45Ĭ30 ʤʤ2. ʇʨʝʜʩʪʘʚʣʝʥʳ ʨʝʟʫʣʴʪʘʪʳ 

ʠʩʧʳʪʘʥʠʷ ʵʪʦʛʦ ʠʩʪʦʯʥʠʢʘ ʚ ʠʤʧʫʣʴʩʥʦʤ ʨʝʞʠʤʝ ʥʘ ʤʦʱʥʦʩʪʠ 400 ɺʪ (ʨʠʩ. 1). ʆʭʘʨʘʢʪʝʨʠʟʦʚʘʥ 

ʪʝʤʧʝʨʘʪʫʨʥʳʡ ʠʤʧʫʣʴʩ ʥʘ ʠʩʪʦʯʥʠʢʝ ʠ ʦʧʨʝʜʝʣʝʥʦ, ʯʪʦ ʙʳʩʪʨʦʜʝʡʩʪʚʠʝ ʠʩʪʦʯʥʠʢʘ ʩʦʩʪʘʚʣʷʝʪ 

ʧʦʨʷʜʢʘ 1-ʦʡ ʩʝʢʫʥʜʳ. ʇʨʦʚʝʜʝʥʘ ʘʧʨʦʙʘʮʠʷ ʪʝʭʥʦʣʦʛʠʠ ʌɸʉʆ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʵʪʦʛʦ ʠʩʪʦʯʥʠʢʘ 

ʚ ʨʘʟʣʠʯʥʳʭ ʛʝʦʤʝʪʨʠʷʭ ʦʩʘʞʜʝʥʠʷ ʠ ʩ ʨʘʟʣʠʯʥʳʤʠ ʦʩʘʞʜʘʝʤʳʤʠ ʤʘʪʝʨʠʘʣʘʤʠ.  

ʃʠʪʝʨʘʪʫʨʘ 

1. ʅ.ʀ. ʇʣʶʩʥʠʥ. ʌʠʟʠʯʝʩʢʦʝ ʘʪʦʤʥʦ-ʩʣʦʝʚʦʝ ʦʩʘʞʜʝʥʠʝ (PALD), ʢʘʢ ʥʦʚʘʷ ʪʝʭʥʦʣʦʛʠʷ ʧʦʣʫʯʝʥʠʷ 

ʥʘʥʦʤʘʪʝʨʠʘʣʦʚ ʠ ʥʘʥʦʛʝʪʝʨʦʩʪʨʫʢʪʫʨ // ʅʘʥʦ- ʠ ʤʠʢʨʦʩʠʩʪʝʤʥʘʷ ʪʝʭʥʠʢʘ, 1, 2026 (ʬʝʚʨʘʣʴ). 

https://doi.org/10.17587/nmst.28.19-30 2.  

2. ʅ.ʀ. ʇʣʶʩʥʠʥ. ʌʠʟʠʯʝʩʢʦʝ ʦʩʘʞʜʝʥʠʝ ʘʪʦʤʥʳʭ ʩʣʦʝʚ ʠ ʨʦʩʪ ʧʨʝʜʝʣʴʥʦ-ʪʦʥʢʠʭ ʧʣʝʥʦʢ: 

ʯʝʪʳʨʝʭ-ʜʝʩʷʪʠʣʝʪʥʷʷ ʩʝʨʠʷ ʠʩʩʣʝʜʦʚʘʥʠʡ ʩʠʩʪʝʤʳ ʪʫʛʦʧʣʘʚʢʠʡ ʤʝʪʘʣʣ-ʢʨʝʤʥʠʡ. ʅʘʫʯʥʦ-

ʪʝʭʥʠʯʝʩʢʠʝ ʚʝʜʦʤʦʩʪʠ ʉʇʙɻʇʋ. ʌʠʟʠʢʦ-ʤʘʪʝʤʘʪʠʯʝʩʢʠʝ ʥʘʫʢʠ. ʊ. 18. ˉ 4.1 ASCO-Nanomat 

2026.   

ʈʠʩʫʥʦʢ 1 - ʌʨʘʛʤʝʥʪʳ ʚʠʜʝʦʟʘʧʠʩʠ ʨʘʙʦʪʳ ʠʩʪʦʯʥʠʢʘ 

ʜʣʷ ʌɸʉʆ, ʠʟʛʦʪʦʚʣʝʥʥʦʛʦ ʠʟ Ta ʩʧʠʨʘʣʠ ʩ ʨʘʟʤʝʨʦʤ 

ʥʘʛʨʝʚʘʝʤʦʡ ʦʙʣʘʩʪʠ 45Ĭ30 ʤʤ2 ʚ ʧʨʦʮʝʩʩʝ ʝʸ 

ʠʤʧʫʣʴʩʥʦʛʦ ʥʘʛʨʝʚʘ ʠ ʠʣʣʶʩʪʨʘʮʠʷ ʠʤʧʫʣʴʩʘ 

ʪʝʤʧʝʨʘʪʫʨʳ ʥʘ ʩʧʠʨʘʣʠ.  

https://doi.org/10.17587/nmst.28.19-30%202


  

 

 

 

 

 

 

 

 

 

 

 

V. ɼʠʘʛʥʦʩʪʠʢʘ ʢʨʝʤʥʠʷ ʠ ʧʨʠʙʦʨʥʳʭ ʩʪʨʫʢʪʫʨ ʥʘ 

ʝʛʦ ʦʩʥʦʚʝ. ʅʦʚʳʝ ʧʨʠʙʦʨʳ, ʚʢʣʶʯʘʶʱʠʝ 

ʵʣʝʤʝʥʪʳ ʤʠʢʨʦʤʝʭʘʥʠʢʠ, ʦʧʪʦʵʣʝʢʪʨʦʥʠʢʠ, 

ʩʠʣʦʚʦʡ ʵʣʝʢʪʨʦʥʠʢʠ, ʩʚʝʪʦʠʟʣʫʯʘʶʱʠʝ 

ʩʪʨʫʢʪʫʨʳ ʠ ʬʦʪʦʧʨʠʝʤʥʠʢʠ 
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ʂʄʆʇ-ʠʥʪʝʛʨʘʮʠʷ ʠ ʩʪʘʙʠʣʠʟʘʮʠʷ ʨʘʙʦʯʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʵʥʝʨʛʦʥʝʟʘʚʠʩʠʤʦʡ ʨʝʟʠʩʪʠʚʥʦʡ 

ʧʘʤʷʪʠ 

ɸʥʘʥʴʝʚ ɸ.ɼ., ʈʳʥʜʠʥ ɽ.ɸ., ʄʘʟʠʥʛ ɼ.ʉ., ɸʥʜʨʝʝʚʘ ʅ.ɺ. 

ʉʘʥʢʪ-ʇʝʪʝʨʙʫʨʛʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʵʣʝʢʪʨʦʪʝʭʥʠʯʝʩʢʠʡ ʫʥʠʚʝʨʩʠʪʝʪ çʃʕʊʀè  

ʠʤ.ɺ.ʀ. ʋʣʴʷʥʦʚʘ (ʃʝʥʠʥʘ), ʉʘʥʢʪ-ʇʝʪʝʨʙʫʨʛ 

 e-mail: nvandr@gmail.com 

 

ʈʝʟʠʩʪʠʚʥʘʷ ʧʘʤʷʪʴ ʥʘ ʦʩʥʦʚʝ ʪʦʥʢʠʭ ʦʢʩʠʜʥʳʭ ʧʣʝʥʦʢ ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʚ ʢʘʯʝʩʪʚʝ 

ʧʝʨʩʧʝʢʪʠʚʥʦʛʦ ʢʘʥʜʠʜʘʪʘ ʥʘ ʨʦʣʴ ʵʣʝʢʪʨʦʥʥʦʡ ʢʦʤʧʦʥʝʥʪʥʦʡ ʙʘʟʳ ʜʣʷ ʨʝʘʣʠʟʘʮʠʠ ʘʥʘʣʦʛʦʚʳʭ 

ʚʳʯʠʩʣʝʥʠʡ ʚ ʧʘʤʷʪʠ, ʧʦʪʨʝʙʥʦʩʪʴ ʚ ʢʦʪʦʨʳʭ ʦʙʫʩʣʦʚʣʝʥʘ ʙʳʩʪʨʦʡ ʵʚʦʣʶʮʠʝʡ ʘʣʛʦʨʠʪʤʦʚ 

ʠʩʢʫʩʩʪʚʝʥʥʦʛʦ ʠʥʪʝʣʣʝʢʪʘ, ʪʨʝʙʫʶʱʠʭ ʵʢʩʧʦʥʝʥʮʠʘʣʴʥʦʛʦ ʨʦʩʪʘ ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʠ ʠ 

ʵʥʝʨʛʦʵʬʬʝʢʪʠʚʥʦʩʪʠ ʚʳʯʠʩʣʠʪʝʣʴʥʳʭ ʨʝʩʫʨʩʦʚ.  

ɺ ʦʩʥʦʚʝ ʬʫʥʢʮʠʦʥʠʨʦʚʘʥʠʷ ʫʩʪʨʦʡʩʪʚ ʨʝʟʠʩʪʠʚʥʦʡ ʧʘʤʷʪʠ ʣʝʞʘʪ ʪʦʢʠ ʫʪʝʯʢʠ ʚ ʪʦʥʢʠʭ 

ʦʢʩʠʜʥʳʭ ʧʣʝʥʢʘʭ. ʉ ʫʯʝʪʦʤ ʦʩʦʙʝʥʥʦʩʪʝʡ ʠʭ ʠʥʪʝʛʨʘʮʠʠ ʚ BEOL-ʧʨʦʮʝʩʩ ʂʄʆʇ-ʪʝʭʥʦʣʦʛʠʠ, ʢ 

ʦʙʲʝʤʥʳʤ ʪʦʢʘʤ ʜʦʙʘʚʣʷʶʪʩʷ ʧʦʚʝʨʭʥʦʩʪʥʳʝ ʪʦʢʠ ʫʪʝʯʢʠ. 

ɺ ʨʘʙʦʪʝ ʧʨʦʚʝʜʝʥʦ ʠʩʩʣʝʜʦʚʘʥʠʝ ʚʣʠʷʥʠ ̫ ʬʠʟʠʯʝʩʢʠʭ ʧʨʦʮʝʩʩʦʚ, ʩʚʷʟʘʥʥʳʭ ʩ 

ʧʦʚʝʨʭʥʦʩʪʥʳʤʠ ʪʦʢʘʤʠ ʫʪʝʯʢʠ, ʥʘ ʵʣʝʢʪʨʦʬʠʟʠʯʝʩʢʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ, ʧʨʦʮʝʜʫʨʫ 

ʵʣʝʢʪʨʦʬʦʨʤʦʚʢʠ ʠ ʦʩʦʙʝʥʥʦʩʪʠ ʨʝʟʠʩʪʠʚʥʦʛʦ ʧʝʨʝʢʣʶʯʝʥʠʷ ʫʩʪʨʦʡʩʪʚ ʨʝʟʠʩʪʠʚʥʦʡ ʧʘʤʷʪʠ, 

ʨʝʘʣʠʟʦʚʘʥʥʳʭ ʚ ʚʠʜʝ ʢʦʥʜʝʥʩʘʪʦʨʥʳʭ ʩʪʨʫʢʪʫʨ, ʢʦʧʣʘʥʘʨʥʳʭ ʣʠʥʠʡ ʠ ʠʥʪʝʛʨʠʨʦʚʘʥʥʳʭ ʚ BEOL-

ʧʨʦʮʝʩʩ ʂʄʆʇ ʠʥʪʝʛʨʘʣʴʥʦʡ ʩʭʝʤʳ. ʇʦʢʘʟʘʥʦ, ʯʪʦ ʩʧʦʩʦʙ ʠʥʪʝʛʨʘʮʠʠ ʩʫʱʝʩʪʚʝʥʥʦ ʚʣʠʷʝʪ ʥʘ 

ʥʘʧʨʷʞʝʥʠʝ ʬʦʨʤʦʚʢʠ, ʧʨʠʚʦʜʷ ʢ ʥʝʦʙʭʦʜʠʤʦʩʪʠ ʝʛʦ ʧʦʚʳʰʝʥʠʷ, ʚ ʨʷʜʝ ʩʣʫʯʘʝʚ ʙʦʣʝʝ ʯʝʤ ʚ 3 ʨʘʟʘ 

ʧʦ ʩʨʘʚʥʝʥʠʶ ʩʦ ʩʪʨʫʢʪʫʨʘʤʠ ʩ ʥʠʟʢʠʤʠ ʪʦʢʘʤʠ ʫʪʝʯʢʠ. ʈʝʟʫʣʴʪʘʪʳ ʘʥʘʣʠʟʘ ʢʚʘʟʠʩʪʘʪʠʯʝʩʢʠʭ ɺɸʍ 

ʫʩʪʨʦʡʩʪʚ ʚ ʨʝʞʠʤʝ ʨʝʟʠʩʪʠʚʥʦʛʦ ʧʝʨʝʢʣʶʯʝʥʠʷ ʩʚʠʜʝʪʝʣʴʩʪʚʫʶʪ ʦʙ ʠʟʤʝʥʝʥʠʠ ʠʭ ʭʘʨʘʢʪʝʨʘ ʥʘ 

ʥʝʣʠʥʝʡʥʦʤ ʫʯʘʩʪʢʝ. ɼʘʥʥʳʡ ʵʬʬʝʢʪ ʠʛʨʘʝʪ ʢʣʶʯʝʚʫʶ ʨʦʣʴ ʧʨʠ ʘʧʧʘʨʘʪʥʦʤ ʧʨʦʝʢʪʠʨʦʚʘʥʠʠ 

ʥʝʡʨʦʤʦʨʬʥʳʭ ʵʣʝʢʪʨʦʥʥʳʭ ʤʦʜʫʣʝʡ, ʧʦʩʢʦʣʴʢʫ ʠʟʤʝʥʝʥʠʝ ʩʠʤʤʝʪʨʠʠ ɺɸʍ ʦʪʥʦʩʠʪʝʣʴʥʦ 

ʧʦʣʷʨʥʦʩʪʠ ʧʨʠʢʣʘʜʳʚʘʝʤʦʛʦ ʥʘʧʨʷʞʝʥʠʷ ʦʢʘʟʳʚʘʝʪ ʚʣʠʷʥʠʝ ʥʘ ʩʭʦʜʠʤʦʩʪʴ ʧʨʦʮʝʩʩʘ ʦʙʫʯʝʥʠʷ ʧʨʠ 

ʝʛʦ ʘʧʧʘʨʘʪʥʦʡ ʨʝʘʣʠʟʘʮʠʠ. 

ʊʝʭʥʦʣʦʛʠʷ ʨʝʟʠʩʪʠʚʥʦʡ ʧʘʤʷʪʠ ʥʘʭʦʜʠʪʩʷ ʥʘ ʵʪʘʧʝ ʩʚʦʝʛʦ ʩʪʘʥʦʚʣʝʥʠʷ, ʯʪʦ ʦʧʨʝʜʝʣʷʝʪ 

ʘʢʪʫʘʣʴʥʦʩʪʴ ʠʩʩʣʝʜʦʚʘʥʠʡ, ʥʘʧʨʘʚʣʝʥʥʳʭ ʥʘ ʧʦʚʳʰʝʥʠʝ ʩʪʘʙʠʣʴʥʦʩʪʠ ʠ ʦʧʪʠʤʠʟʘʮʠʶ ʝʝ 

ʢʣʶʯʝʚʳʭ ʨʘʙʦʯʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ. ɺʳʙʦʨ ʤʘʪʝʨʠʘʣʘ ʬʫʥʢʮʠʦʥʘʣʴʥʳʭ ʩʣʦʝʚ ʨʝʟʠʩʪʠʚʥʦʡ ʧʘʤʷʪʠ ʚ 

ʟʥʘʯʠʪʝʣʴʥʦʡ ʩʪʝʧʝʥʠ ʟʘʚʠʩʠʪ ʦʪ ʚʦʟʤʦʞʥʦʩʪʠ ʫʧʨʘʚʣʝʥʠʷ ʪʦʯʝʯʥʳʤʠ ʜʝʬʝʢʪʘʤʠ, ʦʧʨʝʜʝʣʷʶʱʝʡ 

ʢʣʶʯʝʚʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʫʩʪʨʦʡʩʪʚ, ʪʘʢʠʝ ʢʘʢ ʢʦʣʠʯʝʩʪʚʦ ʮʠʢʣʦʚ ʧʝʨʝʟʘʧʠʩʠ ʠ ʚʨʝʤʷ ʭʨʘʥʝʥʠʷ 

ʠʥʬʦʨʤʘʮʠʠ. ʅʘʠʙʦʣʝʝ ʯʘʩʪʦ ʚ ʢʘʯʝʩʪʚʝ ʬʫʥʢʮʠʦʥʘʣʴʥʳʭ ʩʣʦʝʚ ʨʘʩʩʤʘʪʨʠʚʘʶʪʩʷ ʦʢʩʠʜʳ ʢʨʝʤʥʠʷ, 

ʪʘʥʪʘʣʘ, ʪʠʪʘʥʘ, ʘʣʶʤʠʥʠʷ ʠ ʛʘʬʥʠʷ.   

ʉ ʵʪʦʡ ʮʝʣʴʶ ʚ ʨʘʙʦʪʝ ʧʨʦʚʝʜʝʥʦ ʠʩʩʣʝʜʦʚʘʥʠʝ, ʥʘʧʨʘʚʣʝʥʥʦʝ ʥʘ ʨʘʟʨʘʙʦʪʢʫ ʧʨʘʚʠʣ 

ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʦʛʦ ʧʨʦʝʢʪʠʨʦʚʘʥʠʷ, ʢʦʪʦʨʳʝ ʧʦʟʚʦʣʷʶʪ ʢʦʨʨʝʢʪʥʦ ʦʧʠʩʘʪʴ ʦʩʦʙʝʥʥʦʩʪʠ 

ʬʦʨʤʠʨʦʚʘʥʠʷ ʠ ʚʨʝʤʝʥʥʦʡ ʩʪʘʙʠʣʴʥʦʩʪʠ ʨʝʟʠʩʪʠʚʥʳʭ ʩʦʩʪʦʷʥʠʡ ʩ ʫʯʝʪʦʤ ʚʦʟʤʦʞʥʦʩʪʠ ʬʘʟʦʚʦʛʦ 

ʨʘʟʜʝʣʝʥʠʷ ʬʫʥʢʮʠʦʥʘʣʴʥʦʛʦ ʩʣʦʷ ʦʢʩʠʜʘ ʥʘ ʦʙʣʘʩʪʴ ʩ ʚʳʩʦʢʦʡ ʢʦʥʮʝʥʪʨʘʮʠʝʡ ʢʠʩʣʦʨʦʜʥʳʭ ʚʘʢʘʥʩʠʡ, 

ʚʳʧʦʣʥʷʶʱʫʶ ʬʫʥʢʮʠʶ ʧʨʦʚʦʜʷʱʝʛʦ ʬʠʣʘʤʝʥʪʘ, ʠ ʦʙʣʘʩʪʴ, ʙʣʠʟʢʫʶ ʢ ʩʪʝʭʠʦʤʝʪʨʠʯʝʩʢʦʤʫ ʩʦʩʪʘʚʫ. 
ɺ ʢʘʯʝʩʪʚʝ ʜʚʠʞʫʱʝʡ ʩʠʣʳ ʤʘʩʩʦʧʝʨʝʥʦʩʘ, ʦʧʨʝʜʝʣʷʶʱʝʛʦ ʬʦʨʤʠʨʦʚʘʥʠʝ ʩʪʘʙʠʣʴʥʦʛʦ ʬʠʣʘʤʝʥʪʘ, ʚ 

ʠʩʩʣʝʜʦʚʘʥʠʠ ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʥʝ ʛʨʘʜʠʝʥʪ ʢʦʥʮʝʥʪʨʘʮʠʠ, ʘ ʛʨʘʜʠʝʥʪ ʭʠʤʠʯʝʩʢʦʛʦ ʧʦʪʝʥʮʠʘʣʘ. ɺ 

ʨʘʤʢʘʭ ʨʘʟʚʠʚʘʝʤʦʛʦ ʧʦʜʭʦʜʘ ʟʘʚʠʩʠʤʦʩʪʴ ʭʠʤʠʯʝʩʢʦʛʦ ʧʦʪʝʥʮʠʘʣʘ ʢʠʩʣʦʨʦʜʘ ʦʪ ʩʪʝʭʠʦʤʝʪʨʠʯʝʩʢʦʛʦ 

ʩʦʩʪʘʚʘ ʨʘʙʦʯʝʛʦ ʩʣʦʷ ʠʩʧʦʣʴʟʫʝʪʩʷ ʧʨʠ ʨʝʰʝʥʠʠ ʫʨʘʚʥʝʥʠʷ ʂʘʥʘ-ʍʠʣʣʘʨʜʘ [1], ʦʧʠʩʳʚʘʶʱʝʛʦ 

ʩʧʠʥʦʜʘʣʴʥʳʡ ʨʘʩʧʘʜ ʠ ʵʚʦʣʶʮʠʶ ʬʠʣʘʤʝʥʪʘ. ʈʝʰʝʥʠʝ ʜʘʥʥʦʛʦ ʫʨʘʚʥʝʥʠʷ ʜʣʷ ʨʷʜʘ ʬʫʥʢʮʠʦʥʘʣʴʥʳʭ 

ʦʢʩʠʜʦʚ ʧʦʟʚʦʣʠʣʦ ʦʧʨʝʜʝʣʠʪʴ ʦʙʣʘʩʪʠ ʩʪʘʙʠʣʴʥʦʛʦ ʬʦʨʤʠʨʦʚʘʥʠʷ ʧʨʦʚʦʜʷʱʝʛʦ ʬʠʣʘʤʝʥʪʘ, 

ʦʙʝʩʧʝʯʠʚʘʶʱʠʝ ʜʦʣʛʦʚʨʝʤʝʥʥʦʝ ʩʦʭʨʘʥʝʥʠʝ ʨʝʟʠʩʪʠʚʥʦʛʦ ʩʦʩʪʦʷʥʠʷ, ʘ ʪʘʢʞʝ ʚʳʨʘʙʦʪʘʪʴ 

ʨʝʢʦʤʝʥʜʘʮʠʠ ʧʦ ʫʣʫʯʰʝʥʠʶ ʢʣʶʯʝʚʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʨʝʟʠʩʪʠʚʥʦʡ ʧʘʤʷʪʠ ʥʘ ʵʪʘʧʝ ʩʝʨʠʡʥʦʛʦ 

ʧʨʦʠʟʚʦʜʩʪʚʘ. 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʬʠʥʘʥʩʦʚʦʡ ʧʦʜʜʝʨʞʢʝ ʄʠʥʠʩʪʝʨʩʪʚʘ ʥʘʫʢʠ ʠ ʚʳʩʰʝʛʦ ʦʙʨʘʟʦʚʘʥʠʷ 

ʈʦʩʩʠʡʩʢʦʡ ʌʝʜʝʨʘʮʠʠ ï ʛʦʩʫʜʘʨʩʪʚʝʥʥʦʝ ʟʘʜʘʥʠʝ ʚ ʦʙʣʘʩʪʠ ʥʘʫʯʥʦʡ ʜʝʷʪʝʣʴʥʦʩʪʠ FSEE-2025-0005. 

ʃʠʪʝʨʘʪʫʨʘ 
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ʢʨʝʤʥʠʷ 

ɿʦʪʦʚ ɸ.ɸ.1,3), ʊʝʨʝʱʝʥʢʦ ɸ.ʅ.1), ʂʦʨʦʣʝʚ ɼ.ʉ.2), ʄʠʭʘʡʣʦʚ ɸ.ʅ.2), ɹʝʣʦʚ ɸ.ʀ.2),  

ʊʝʪʝʣʴʙʘʫʤ ɼ.ʀ.2) 
1)ʌʝʜʝʨʘʣʴʥʦʝ ʛʦʩʫʜʘʨʩʪʚʝʥʥʦʝ ʙʶʜʞʝʪʥʦʝ ʫʯʨʝʞʜʝʥʠʝ ʥʘʫʢʠ ʀʥʩʪʠʪʫʪ ʬʠʟʠʢʠ ʪʚʝʨʜʦʛʦ ʪʝʣʘ 

ʠʤʝʥʠ ʖ.ɸ. ʆʩʠʧʴʷʥʘ ʈʦʩʩʠʡʩʢʦʡ ʘʢʘʜʝʤʠʠ ʥʘʫʢ, ʛ. ʏʝʨʥʦʛʦʣʦʚʢʘ  
2)ʌʝʜʝʨʘʣʴʥʦʝ ʛʦʩʫʜʘʨʩʪʚʝʥʥʦʝ ʘʚʪʦʥʦʤʥʦʝ ʦʙʨʘʟʦʚʘʪʝʣʴʥʦʝ ʫʯʨʝʞʜʝʥʠʝ ʚʳʩʰʝʛʦ ʦʙʨʘʟʦʚʘʥʠʷ 

çʅʘʮʠʦʥʘʣʴʥʳʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʅʠʞʝʛʦʨʦʜʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ ʠʤ. ʅ.ʀ. 

ʃʦʙʘʯʝʚʩʢʦʛʦè, ʛ. ʅʠʞʥʠʡ ʅʦʚʛʦʨʦʜ 
3)ʌʝʜʝʨʘʣʴʥʦʝ ʛʦʩʫʜʘʨʩʪʚʝʥʥʦʝ ʘʚʪʦʥʦʤʥʦʝ ʦʙʨʘʟʦʚʘʪʝʣʴʥʦʝ ʫʯʨʝʞʜʝʥʠʝ ʚʳʩʰʝʛʦ ʦʙʨʘʟʦʚʘʥʠʷ 

çʅʘʮʠʦʥʘʣʴʥʳʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʷʜʝʨʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ çʄʀʌʀèè, ʛ. ʄʦʩʢʚʘ 
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ʅʘ ʩʝʛʦʜʥʷʰʥʠʡ ʜʝʥʴ ʦʜʥʦʡ ʠʟ ʦʩʥʦʚʥʳʭ ʟʘʜʘʯ ʦʧʪʦʵʣʝʢʪʨʦʥʠʢʠ ʷʚʣʷʝʪʩʷ ʩʦʟʜʘʥʠʝ 

ʠʩʪʦʯʥʠʢʘ ʠʟʣʫʯʝʥʠʷ ʥʘ ʦʩʥʦʚʝ ʢʨʝʤʥʠʷ. ʆʜʥʘʢʦ ʥʝʧʨʷʤʦʟʦʥʥʦʩʪʴ ʜʘʥʥʦʛʦ ʧʦʣʫʧʨʦʚʦʜʥʠʢʘ 

ʧʨʠʚʦʜʠʪ ʢ ʥʠʟʢʦʡ ʚʝʣʠʯʠʥʝ ʚʥʝʰʥʝʛʦ ʢʚʘʥʪʦʚʦʛʦ 

ʚʳʭʦʜʘ ʣʶʤʠʥʝʩʮʝʥʮʠʠ. ʆʜʥʠʤ ʠʟ ʩʧʦʩʦʙʦʚ ʨʝʰʝʥʠʷ 

ʜʘʥʥʦʡ ʟʘʜʘʯʠ ʷʚʣʷʝʪʩʷ ʚʚʝʜʝʥʠʝ ʣʠʥʝʡʥʳʭ ʜʝʬʝʢʪʦʚ 

ï ʜʠʩʣʦʢʘʮʠʡ. ɺ ʨʘʤʢʘʭ ʜʘʥʥʦʡ ʨʘʙʦʪʳ ʙʳʣ 

ʠʩʧʦʣʴʟʦʚʘʥ ʤʝʪʦʜ ʠʦʥʥʦʡ ʠʤʧʣʘʥʪʘʮʠʠ ʩ 

ʧʦʩʣʝʜʫʶʱʝʡ ʪʝʨʤʦʦʙʨʘʙʦʪʢʦʡ ʢʨʠʩʪʘʣʣʘ ʢʘʢ 

ʪʝʭʥʦʣʦʛʠʯʥʳʡ ʩʧʦʩʦʙ ʛʝʥʝʨʘʮʠʠ ʪʘʢʠʭ ʜʝʬʝʢʪʦʚ.  

ʈʘʥʝʝ ʚ ʨʘʙʦʪʘʭ ʙʳʣʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ 

ʧʨʠʤʝʥʝʥʠʝ ʜʦʧʦʣʥʠʪʝʣʴʥʦʡ ʠʤʧʣʘʥʪʘʮʠʠ ʧʨʠʤʝʩʠ 

ʙʦʨʘ ʚ ʜʠʩʣʦʢʘʮʠʦʥʥʫʶ ʦʙʣʘʩʪʴ ʢʨʝʤʥʠʷ ʧʨʠʚʦʜʠʪ ʢ 

ʧʦʷʚʣʝʥʠʶ ʵʬʬʝʢʪʘ ʘʥʦʤʘʣʴʥʦʡ ʪʝʤʧʝʨʘʪʫʨʥʦʡ 

ʟʘʚʠʩʠʤʦʩʪʠ ʜʠʩʣʦʢʘʮʠʦʥʥʦʡ ʣʶʤʠʥʝʩʮʝʥʮʠʠ (ɼʃ), 

ʟʘʢʣʶʯʘʶʱʝʛʦʩʷ ʚ ʟʥʘʯʠʪʝʣʴʥʦʤ ʨʦʩʪʝ 

ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʣʠʥʠʠ D1 ʧʨʠ ʫʚʝʣʠʯʝʥʠʠ 

ʪʝʤʧʝʨʘʪʫʨʳ ʦʙʨʘʟʮʘ [1-2]. ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʤʝʪʦʜʦʤ 

ʬʦʪʦʣʶʤʠʥʝʩʮʝʥʮʠʠ ʜʝʪʘʣʴʥʦ ʠʩʩʣʝʜʦʚʘʥʳ ʦʙʨʘʟʮʳ 

ʢʨʝʤʥʠʷ, ʚ ʢʦʪʦʨʳʭ ʜʠʩʣʦʢʘʮʠʦʥʥʘʷ ʩʪʨʫʢʪʫʨʘ ʩʦʟʜʘʚʘʣʘʩʴ ʠʤʧʣʘʥʪʘʮʠʝʡ ʠʦʥʦʚ Si+ ʩ ʵʥʝʨʛʠʝʡ 100 

ʢʵɺ ʠ ʜʦʟʦʡ 1Ŀ1015ʩʤ-2 ʩ ʧʦʩʣʝʜʫʶʱʠʤ ʪʝʨʤʠʯʝʩʢʠʤ ʦʪʞʠʛʦʤ ʧʨʠ 900Јʉ ʚ ʩʤʝʰʘʥʥʦʡ ʘʪʤʦʩʬʝʨʝ 
(50% O2 + 50% N2). ʇʦʢʘʟʘʥʦ, ʯʪʦ ʪʘʢʠʝ ʦʙʨʘʟʮʳ ʜʝʤʦʥʩʪʨʠʨʫʶʪ ʠʥʪʝʥʩʠʚʥʫʶ ʜʠʩʣʦʢʘʮʠʦʥʥʫʶ 

ʣʶʤʠʥʝʩʮʝʥʮʠʶ, ʠʩʩʣʝʜʦʚʘʥʘ ʝʝ ʪʝʤʧʝʨʘʪʫʨʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ. ʅʘ ʦʩʥʦʚʝ ʜʘʥʥʳʭ ʦʙʨʘʟʮʦʚ ʙʳʣʠ 

ʠʟʛʦʪʦʚʣʝʥʳ ʩʚʝʪʦʜʠʦʜʳ ʠ ʠʩʩʣʝʜʦʚʘʥʳ ʠʭ ʩʧʝʢʪʨʳ ʵʣʝʢʪʨʦʣʶʤʠʥʝʩʮʝʥʮʠʠ (ʕʃ) (ʨʠʩ.1). ʉʣʝʜʫʝʪ 

ʦʪʤʝʪʠʪʴ, ʯʪʦ ʩʚʝʪʦʜʠʦʜʳ ʥʘ ʪʘʢʠʭ ʜʠʩʣʦʢʘʮʠʦʥʥʳʭ ʩʪʨʫʢʪʫʨʘʭ ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʚʧʝʨʚʳʝ. ɺ ʨʘʙʦʪʝ 

ʧʨʠʚʦʜʷʪʩʷ ʦʩʦʙʝʥʥʦʩʪʠ ʪʝʤʧʝʨʘʪʫʨʥʦʡ ʟʘʚʠʩʠʤʦʩʪʠ ʩʧʝʢʪʨʦʚ ʕʃ, ʦʙʩʫʞʜʘʶʪʩʷ ʧʝʨʩʧʝʢʪʠʚʳ 

ʨʝʘʣʠʟʘʮʠʠ ʥʘ ʪʘʢʠʭ ʦʙʨʘʟʮʘʭ ʵʬʬʝʢʪʘ ʘʥʦʤʘʣʴʥʦʡ ʪʝʤʧʝʨʘʪʫʨʥʦʡ ʟʘʚʠʩʠʤʦʩʪʠ ɼʃ.  

ʃʠʪʝʨʘʪʫʨʘ 

1. ʊʝʨʝʱʝʥʢʦ, ɸ.ʅ. ɺʣʠʷʥʠʝ ʧʨʠʤʝʩʠ ʙʦʨʘ ʥʘ ʠʟʣʫʯʘʪʝʣʴʥʳʝ ʩʚʦʡʩʪʚʘ ʜʠʩʣʦʢʘʮʠʦʥʥʳʭ ʩʪʨʫʢʪʫʨ 
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Luminescence in Ion-Implanted Silicon / A.N. Tereshchenko, A.A. Zotov, D.S. Korolev, A.A. 
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ʈʠʩʫʥʦʢ 1 ï ʉʧʝʢʪʨʳ ʕʃ ʦʙʨʘʟʮʘ ʧʨʠ ʨʘʟʣʠʯʥʳʭ 
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ɺ 1897 ʛʦʜʫ ʙʳʣʦ ʦʙʥʘʨʫʞʝʥʦ ʥʦʚʦʝ ʷʚʣʝʥʠʝ, ʚ ʧʦʩʣʝʜʩʚʪʚʠʠ ʥʘʟʚʘʥʥʦʝ ʧʦʣʝʚʦʡ 

(ʘʚʪʦʵʣʝʢʪʨʦʥʥʦʡ) ʵʤʠʩʩʠʝʡ (ɸʕ): ʪʫʥʥʝʣʠʨʦʚʘʥʠʝ ʵʣʝʢʪʨʦʥʦʚ ʠʟ ʦʙʲʝʤʘ ʤʘʪʝʨʠʘʣʘ ʚ ʦʢʨʫʞʘʶʱʫʶ 

ʩʨʝʜʫ ʧʦʜ ʚʦʟʜʝʡʩʪʚʠʝʤ ʚʥʝʰʥʝʛʦ ʧʨʠʣʦʞʝʥʥʦʛʦ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ. ɹʦʣʴʰʘʷ ʯʘʩʪʴ ʧʨʠʙʦʨʦʚ, 

ʨʘʙʦʪʘʶʱʠʭ ʥʘ ʦʩʥʦʚʝ ɸʕ, ʪʨʝʙʫʶʪ ʫʩʣʦʚʠʡ ʚʳʩʦʢʦʛʦ ʚʘʢʫʫʤʘ. ɺ ʧʦʩʣʝʜʥʠʝ ʜʝʩʷʪʠʣʝʪʠʷ, ʚ ʩʚʝʪʝ 

ʘʢʪʠʚʥʦʛʦ ʨʘʟʚʠʪʠʷ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʭ ʪʝʭʥʦʣʦʛʠʡ, ʙʳʣʠ ʨʘʟʨʘʙʦʪʘʥʳ ʤʝʪʦʜʳ ʫʤʝʥʴʰʝʥʠʷ 

ʨʘʩʩʪʦʷʥʠʷ ʤʝʞʜʫ ʢʘʪʦʜʦʤ-ʵʤʠʪʪʝʨʦʤ ʠ ʘʥʦʜʦʤ ʜʦ ʜʣʠʥʳ ʩʚʦʙʦʜʥʦʛʦ ʧʨʦʙʝʛʘ ʵʣʝʢʪʨʦʥʘ ʚ ʚʦʟʜʫʭʝ 

ʠ ʤʝʥʴʰʝ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʧʦʷʚʠʣʘʩʴ ʚʦʟʤʦʞʥʦʩʪʴ ʜʦʙʠʪʴʩʷ ʧʨʘʢʪʠʯʝʩʢʠ ʧʦʣʥʦʛʦ ʦʪʩʫʪʩʪʚʠʷ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʤʝʞʜʫ ʤʦʣʝʢʫʣʘʤʠ ʘʪʤʦʩʬʝʨʳ ʠ ʵʤʠʪʠʨʦʚʘʥʥʳʤʠ ʵʣʝʢʪʨʦʥʘʤʠ. ʆʜʥʦʚʨʝʤʝʥʥʦ ʩ 

ʵʪʠʤ, ʙʣʘʛʦʜʘʨʷ ʫʤʝʥʴʰʝʥʠʶ ʤʝʞʵʣʝʢʪʨʦʜʥʦʛʦ ʨʘʩʩʪʦʷʥʠʷ, ʥʘʧʨʷʞʝʥʠʝ, ʥʝʦʙʭʦʜʠʤʦʝ ʜʣʷ 

ʧʦʣʫʯʝʥʠʷ ɸʕ, ʩʥʠʟʠʣʦʩʴ ʩ ʜʝʩʷʪʢʦʚ ʢʠʣʦʚʦʣʴʪ ʜʦ ʜʝʩʷʪʢʦʚ ʚʦʣʴʪ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʩʪʘʣʦ ʚʦʟʤʦʞʥʳʤ 

ʩʦʟʜʘʥʠʝ ʪʘʢʠʭ ʧʨʠʙʦʨʦʚ, ʢʘʢ ʪʨʠʦʜ, ʨʘʙʦʪʘʶʱʠʡ ʧʨʠ ʘʪʤʦʩʬʝʨʥʦʤ ʜʘʚʣʝʥʠʠ [1]. ʅʘ 

ʘʚʪʦʵʣʝʢʪʨʦʥʥʳʡ ʪʦʢ ʚʣʠʷʝʪ ʨʘʙʦʪʘ ʚʳʭʦʜʘ ʵʣʝʢʪʨʦʥʦʚ ʠʟ ʤʘʪʝʨʠʘʣʘ, ʥʘ ʢʦʪʦʨʫʶ, ʚ ʩʚʦʶ ʦʯʝʨʝʜʴ, 

ʚʣʠʷʶʪ ʘʜʩʦʨʙʘʪʳ [2]. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʧʦʷʚʠʣʘʩʴ ʠʜʝʷ ʩʦʟʜʘʥʠʷ ʜʝʪʝʢʪʦʨʘ ʛʘʟʦʚʦʛʦ ʩʦʩʪʘʚʘ 

ʘʪʤʦʩʬʝʨʳ ʥʘ ʦʩʥʦʚʝ ʧʦʣʝʚʦʡ ʵʤʠʩʩʠʠ. ʂʨʝʤʥʠʡ ʷʚʣʷʝʪʩʷ ʦʜʥʠʤ ʠʟ ʥʘʠʙʦʣʝʝ ʠʟʫʯʝʥʥʳʭ ʠ 

ʪʝʭʥʦʣʦʛʠʯʝʩʢʠ ʨʘʟʚʠʪʳʭ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚ, ʯʪʦ ʜʝʣʘʝʪ ʝʛʦ ʥʘʠʙʦʣʝʝ ʧʝʨʩʧʝʢʪʠʚʥʳʤ ʤʘʪʝʨʠʘʣʦʤ 

ʜʣʷ ʠʟʫʯʝʥʠʷ ʦʩʦʙʝʥʥʦʩʪʝʡ ʧʦʣʝʚʦʡ ʵʤʠʩʩʠʠ ʧʨʠ ʩʪʘʥʜʘʨʪʥʳʭ ʫʩʣʦʚʠʷʭ.  

ɺ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʝ ʙʳʣʘ ʨʘʟʨʘʙʦʪʘʥʘ ʩʪʨʫʢʪʫʨʘ, ʩʦʩʪʦʷʱʘʷ ʠʟ ʤʘʩʩʠʚʘ ʢʨʝʤʥʠʝʚʳʭ 

ʤʠʢʨʦʦʩʪʨʠʡ, ʦʢʨʫʞʝʥʥʦʛʦ ʨʘʟʜʝʣʠʪʝʣʴʥʳʤ ʩʣʦʝʤ ʠʟ ʭʨʦʤʘ ʪʦʣʱʠʥʦʡ 200 ʥʤ, ʢʦʪʦʨʳʡ 

ʦʙʝʩʧʝʯʠʚʘʝʪ ʥʝʦʙʭʦʜʠʤʦʝ ʤʝʞʵʣʝʢʪʨʦʜʥʦʝ ʨʘʩʩʪʦʷʥʠʝ. ɸʥʦʜʥʳʡ ʢʦʥʪʘʢʪ ʥʘʥʦʩʠʣʩʷ ʥʘ 

ʧʨʝʜʤʝʪʥʦʝ ʩʪʝʢʣʦ, ʚ ʢʦʪʦʨʦʤ ʙʳʣʦ ʧʨʦʪʨʘʚʣʝʥʦ ʩʢʚʦʟʥʦʝ ʦʪʚʝʨʩʪʠʝ, ʙʦʢʦʚʳʝ ʩʪʦʨʦʥʳ ʢʦʪʦʨʦʛʦ 

ʙʳʣʠ ʧʦʢʨʳʪʳ ʭʨʦʤʦʤ. ɼʘʥʥʘʷ ʩʪʨʫʢʪʫʨʘ ʧʦʟʚʦʣʠʣʘ ʥʘʙʣʶʜʘʪʴ ʷʚʣʝʥʠʝ ɸʕ ʧʨʠ ʢʦʤʥʘʪʥʦʡ 

ʪʝʤʧʝʨʘʪʫʨʝ ʠ ʘʪʤʦʩʬʝʨʥʦʤ ʜʘʚʣʝʥʠʠ. ʀʩʩʣʝʜʦʚʘʥʳ ʭʘʨʘʢʪʝʨʥʳʝ ʧʘʨʘʤʝʪʨʳ ʧʨʦʮʝʩʩʘ, ʪʘʢʠʝ ʢʘʢ 

ʧʣʦʱʘʜʴ ʵʤʠʩʩʠʠ, ʜʠʥʘʤʠʯʝʩʢʠʝ ʠʟʤʝʥʝʥʠʷ ʧʨʦʪʝʢʘʥʠʷ ʵʤʠʩʩʠʦʥʥʦʛʦ ʪʦʢʘ, ʘ ʪʘʢʞʝ ʠʭ ʟʘʚʠʩʠʤʦʩʪʴ 

ʦʪ ʪʠʧʘ ʧʨʦʚʦʜʠʤʦʩʪʠ ʢʨʝʤʥʠʷ.  

ʂʨʦʤʝ ʪʦʛʦ ʧʨʦʚʝʜʝʥʦ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʧʨʦʪʝʢʘʥʠʷ ʪʦʢʘ ʚ ʧʨʦʛʨʘʤʤʥʦʤ ʧʘʢʝʪʝ COMSOL 

Multiphysics. ʇʦʢʘʟʘʥʦ, ʯʪʦ ʪʝʤʧʝʨʘʪʫʨʘ ʢʨʝʤʥʠʝʚʳʭ ʤʠʢʨʦʦʩʪʨʠʡ ʤʦʞʝʪ ʜʦʩʪʠʛʘʪʴ ʪʝʤʧʝʨʘʪʫʨʳ 

ʧʣʘʚʣʝʥʠʷ ʢʨʝʤʥʠʷ ʚ ʧʨʦʮʝʩʩʝ ʵʢʩʧʝʨʠʤʝʥʪʘ, ʚ ʨʝʟʫʣʴʪʘʪʝ ʯʝʛʦ ʧʨʦʠʩʭʦʜʠʪ ʜʝʛʨʘʜʘʮʠʷ ʦʩʪʨʠʡ. 

ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʜʘʥʥʳʝ ʩ ʚʳʩʦʢʦʡ ʪʦʯʥʦʩʪʴʶ ʩʦʚʧʘʣʠ ʩ ʨʝʟʫʣʴʪʘʪʘʤʠ ʤʦʜʝʣʠʨʦʚʘʥʠʷ.  

ɼʣʷ ʧʨʦʚʝʜʝʥʠʷ ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʩ ʠʟʤʝʥʝʥʠʝʤ ʩʦʩʪʘʚʘ ʘʪʤʦʩʬʝʨʳ ʚ ʧʦʢʨʦʚʥʦʤ ʩʪʝʢʣʝ ʨʷʜʦʤ 

ʩ ʘʥʦʜʦʤ ʪʘʢʞʝ ʙʳʣʠ ʧʨʦʜʝʣʘʥʳ ʦʪʚʝʨʩʪʠʷ ʜʣʷ ʧʦʜʘʯʠ ʠ ʚʳʚʦʜʘ ʛʘʟʘ. ɼʘʥʥʘʷ ʩʠʩʪʝʤʘ ʧʦʟʚʦʣʠʣʘ 

ʢʦʥʪʨʦʣʠʨʦʚʘʪʴ ʛʘʟʦʚʳʡ ʩʦʩʪʘʚ ʩʨʝʜʳ ʚ ʦʙʣʘʩʪʠ ʠʩʩʣʝʜʦʚʘʥʠʷ. ʅʘʙʣʶʜʘʣʦʩʴ ʠ ʙʳʣʦ ʦʧʠʩʘʥʦ 

ʚʣʠʷʥʠʝ ʘʜʩʦʨʙʮʠʠ ʘʤʤʠʘʢʘ, ʚʣʘʞʥʦʩʪʠ ʚʦʟʜʫʭʘ ʥʘ ʘʚʪʦʵʣʝʢʪʨʦʥʥʳʝ ʵʬʬʝʢʪʳ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, 

ʧʦʢʘʟʘʥʘ ʚʦʟʤʦʞʥʦʩʪʴ ʩʦʟʜʘʥʠʷ ʯʫʚʩʪʚʠʪʝʣʴʥʦʛʦ ʵʣʝʤʝʥʪʘ ʛʘʟʦʚʳʭ ʩʝʥʩʦʨʦʚ ʵʤʠʩʩʠʦʥʥʦʛʦ ʪʠʧʘ. 

ʈʘʙʦʪʘ ʧʦʜʝʨʞʘʥʘ ʄʠʥʠʩʪʝʨʩʪʚʦʤ ʥʘʫʢʠ ʠ ʚʳʩʰʝʛʦ ʦʙʨʘʟʦʚʘʥʠʷ, ʉʦʛʣʘʰʝʥʠʝ ˉ 075-15-

2024-560. 
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ʉʤʘʛʠʥʘ ɾ.ɺ.1), ɿʠʥʦʚʴʝʚ ɺ.ɸ.1), ɿʠʥʦʚʴʝʚʘ ɸ.ʌ.1), ʌʝʜʠʥʘ ʃ.ʀ.1), ɻʫʪʘʢʦʚʩʢʠʡ ɸ.ʂ.1), 

ɺʜʦʚʠʥ ɺ.ʀ.1), ʗʙʣʦʥʩʢʠʡ ɸ.ʅ.2), ɿʘʭʘʨʦʚ ɺ.ɽ.2), ʄʫʜʨʳʡ ɸ.ɺ.3), ɾʠʚʫʣʴʢʦ ɺ.ɼ.3) 
1)ʀʥʩʪʠʪʫʪ ʬʠʟʠʢʠ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚ ʠʤ. ɸ.ɺ. ʈʞʘʥʦʚʘ ʉʆ ʈɸʅ, ʅʦʚʦʩʠʙʠʨʩʢ 

2)ʀʥʩʪʠʪʫʪ ʬʠʟʠʢʠ ʤʠʢʨʦʩʪʨʫʢʪʫʨ ʈɸʅ, ʅʠʞʥʠʡ ʅʦʚʛʦʨʦʜ 
3)ɻʅʇʆ çʅʘʫʯʥʦ-ʧʨʘʢʪʠʯʝʩʢʠʡ ʮʝʥʪʨ ʅɸʅ ɹʝʣʘʨʫʩʠ ʧʦ ʤʘʪʝʨʠʘʣʦʚʝʜʝʥʠʶè, ʄʠʥʩʢ 

 e-mail: smagina_isp@mail.ru 

 

ɺ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʚ ʤʠʨʝ ʚʝʜʝʪʩʷ ʘʢʪʠʚʥʳʡ ʧʦʠʩʢ ʧʫʪʝʡ ʩʦʟʜʘʥʠʷ ʵʬʬʝʢʪʠʚʥʳʭ 

ʩʚʝʪʦʠʟʣʫʯʘʪʝʣʴʥʳʭ ʧʨʠʙʦʨʦʚ ʥʘ ʦʩʥʦʚʝ ʢʨʝʤʥʠʝʚʦʡ ʪʝʭʥʦʣʦʛʠʠ. ʆʜʥʠʤ ʠʟ ʩʧʦʩʦʙʦʚ ʫʚʝʣʠʯʝʥʠʷ 

ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʠʟʣʫʯʝʥʠʷ ʢʨʝʤʥʠʝʚʳʭ ʩʪʨʫʢʪʫʨ ʷʚʣʷʝʪʩʷ ʚʚʝʜʝʥʠʝ ʜʝʬʝʢʪʦʚ ʨʘʟʣʠʯʥʦʛʦ ʪʠʧʘ 

ʧʦʩʨʝʜʩʪʚʦʤ ʠʦʥʥʦʛʦ ʦʙʣʫʯʝʥʠʷ [1, 2]. ɺ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʪʠʧʘ ʠʦʥʦʚ, ʵʥʝʨʛʠʠ, ʜʦʟʳ ʦʙʣʫʯʝʥʠʷ ʠ 

ʪʝʤʧʝʨʘʪʫʨʳ ʦʪʞʠʛʘ ʤʦʛʫʪ ʦʙʨʘʟʦʚʳʚʘʪʴʩʷ ʢʦʤʧʣʝʢʩʳ ʦʧʪʠʯʝʩʢʠ ʘʢʪʠʚʥʳʭ ʜʝʬʝʢʪʦʚ, ʢʦʪʦʨʳʝ 

ʠʟʣʫʯʘʶʪ ʩʚʝʪ ʥʘ ʨʘʟʣʠʯʥʳʭ ʯʘʩʪʦʪʘʭ ʚ ʠʥʬʨʘʢʨʘʩʥʦʤ ʜʠʘʧʘʟʦʥʝ. 

ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʧʨʝʜʩʪʘʚʣʝʥʳ ʥʦʚʳʝ ʜʘʥʥʳʝ ʧʦ ʩʦʟʜʘʥʠʶ ʠ ʠʩʩʣʝʜʦʚʘʥʠʶ 

ʩʚʝʪʦʠʟʣʫʯʘʶʱʠʭ ʩʪʨʫʢʪʫʨ ʜʚʫʭ ʪʠʧʦʚ: ʩʪʨʫʢʪʫʨʳ ʩ GeSi ʢʚʘʥʪʦʚʳʤʠ ʪʦʯʢʘʤʠ (ʂʊ), ʚʳʨʘʱʝʥʥʳʝ 

ʤʝʪʦʜʦʤ ʤʦʣʝʢʫʣʷʨʥʦ-ʣʫʯʝʚʦʡ ʵʧʠʪʘʢʩʠʠ (ʄʃʕ) ʧʨʠ ʦʜʥʦʚʨʝʤʝʥʥʦʤ ʦʙʣʫʯʝʥʠʠ ʠʦʥʘʤʠ Ge+ ʩ 

ʵʥʝʨʛʠʝʡ 2 ʢʵɺ, ʠ ʩʪʨʫʢʪʫʨʳ, ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʝ ʩ ʧʦʤʦʱʴʶ ʠʤʧʣʘʥʪʘʮʠʠ ʠʦʥʦʚ Ge+ ʩ ʵʥʝʨʛʠʝʡ 80 

ʢʵɺ ʠ ʜʦʟʦʡ ʦʙʣʫʯʝʥʠʷ 1015 ʩʤ-2 ʚ ʧʦʜʣʦʞʢʠ "ʢʨʝʤʥʠʡ-ʥʘ-ʠʟʦʣʷʪʦʨʝ" (ʂʅʀ) ʠ ʧʦʩʣʝʜʫʶʱʝʛʦ 

ʪʝʨʤʠʯʝʩʢʦʛʦ ʦʪʞʠʛʘ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ 300Áï800ÁC ʚ ʘʪʤʦʩʬʝʨʝ ʘʟʦʪʘ. ɸʥʘʣʠʟ ʣʶʤʠʥʝʩʮʝʥʪʥʳʭ 

ʩʚʦʡʩʪʚ ʦʙʦʠʭ ʪʠʧʦʚ ʦʙʣʫʯʝʥʥʳʭ ʩʪʨʫʢʪʫʨ ʧʦʢʘʟʘʣ, ʯʪʦ ʚ ʩʧʝʢʪʨʘʭ ʬʦʪʦʣʶʤʠʥʝʩʮʝʥʮʠʠ (ʌʃ) 

ʥʘʙʣʶʜʘʝʪʩʷ ʰʠʨʦʢʘʷ ʧʦʣʦʩʘ ʩ ʤʘʢʩʠʤʫʤʦʤ ʚʙʣʠʟʠ 0.78 ʵɺ. ʕʪʦʪ ʤʘʢʩʠʤʫʤ ʤʦʞʝʪ ʙʳʪʴ ʩʚʷʟʘʥ ʩ 

ʦʧʪʠʯʝʩʢʠ ʘʢʪʠʚʥʳʤʠ ʜʝʬʝʢʪʘʤʠ ʪʠʧʘ ʨʘʩʱʝʧʣʸʥʥʳʭ ʤʝʞʜʦʫʟʣʠʡ. ʉʧʝʢʪʨʘʣʴʥʦʝ ʧʦʣʦʞʝʥʠʝ 

ʤʘʢʩʠʤʫʤʘ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʵʪʦʡ ʧʦʣʦʩʳ ʥʝ ʟʘʚʠʩʠʪ ʦʪ ʤʦʱʥʦʩʪʠ ʬʦʪʦʚʦʟʙʫʞʜʝʥʠʷ. ɼʣʷ ʩʪʨʫʢʪʫʨ 

ʧʝʨʚʦʛʦ ʪʠʧʘ ʩ GeSi ʂʊ, ʩʬʦʨʤʠʨʦʚʘʥʥʳʤʠ ʚ ʫʩʣʦʚʠʷʭ ʦʙʣʫʯʝʥʠʷ ʠʦʥʘʤʠ Ge+, ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʌʃ ʚ 

3 ʨʘʟʘ ʧʨʝʚʦʩʭʦʜʠʪ ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʌʃ ʩʪʨʫʢʪʫʨ ʩ GeSi ʂʊ, ʚʳʨʘʱʝʥʥʳʭ ʙʝʟ ʠʦʥʥʦʛʦ ʦʙʣʫʯʝʥʠʷ. 

ʀʩʩʣʝʜʦʚʘʥʠʝ ʢʠʥʝʪʠʢʠ ʌʃ ʧʦʢʘʟʘʣʦ, ʯʪʦ ʚʨʝʤʷ ʞʠʟʥʠ ʥʦʩʠʪʝʣʝʡ ʟʘʨʷʜʘ ʚ ʩʪʨʫʢʪʫʨʘʭ ʩ GeSi ʂʊ, 

ʩʦʟʜʘʥʥʳʭ ʩ ʧʦʤʦʱʴʶ ʄʃʕ ʩ ʦʜʥʦʚʨʝʤʝʥʥʳʤ ʠʦʥʥʳʤ ʦʙʣʫʯʝʥʠʝʤ ʥʘ ʧʦʜʣʦʞʢʘʭ ʂʅʀ, ʧʨʠʤʝʨʥʦ 

ʚ 3 ʨʘʟʘ ʤʝʥʴʰʝ, ʯʝʤ ʚ ʩʪʨʫʢʪʫʨʘʭ, ʧʦʣʫʯʝʥʥʳʭ ʧʨʠ ʦʙʳʯʥʦʡ ʄʃʕ. ʉʦʧʦʩʪʘʚʣʝʥʠʝ ʩ ʨʝʟʫʣʴʪʘʪʘʤʠ 

ʠʟʤʝʨʝʥʠʡ ʩʪʘʮʠʦʥʘʨʥʦʡ ʌʃ ʧʦʟʚʦʣʠʣʦ ʟʘʢʣʶʯʠʪʴ, ʯʪʦ ʚ ʦʩʥʦʚʝ ʵʬʬʝʢʪʘ ʫʚʝʣʠʯʝʥʠʷ 

ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʌʃ ʣʝʞʠʪ ʫʤʝʥʴʰʝʥʠʝ ʚʨʝʤʝʥʠ ʞʠʟʥʠ ʥʦʩʠʪʝʣʝʡ ʟʘʨʷʜʘ, ʯʪʦ ʚʳʟʚʘʥʦ ʙʦʣʝʝ ʚʳʩʦʢʠʤ 

ʪʝʤʧʦʤ ʠʟʣʫʯʘʪʝʣʴʥʦʡ ʨʝʢʦʤʙʠʥʘʮʠʠ ʚ ʩʪʨʫʢʪʫʨʘʭ, ʩʦʟʜʘʥʥʳʭ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʠʦʥʥʦʛʦ 

ʦʙʣʫʯʝʥʠʷ. ɺ ʩʧʝʢʪʨʘʭ ʌʃ ʩʪʨʫʢʪʫʨ ʚʪʦʨʦʛʦ ʪʠʧʘ, ʦʪʦʞʞʝʥʥʳʭ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ ᾽500ÁC, 

ʧʨʠʩʫʪʩʪʚʫʶʪ ʫʟʢʠʝ ʧʠʢʠ: 0.767 ʵɺ, 0.789 ʠ 0.97 ʵɺ. ʕʪʠ ʧʠʢʠ ʩʚʷʟʘʥʳ ʩ ʠʟʣʫʯʘʪʝʣʴʥʦʡ 

ʨʝʢʦʤʙʠʥʘʮʠʝʡ ʵʢʩʠʪʦʥʦʚ ʥʘ ʠʦʥʥʦ-ʠʥʜʫʮʠʨʦʚʘʥʥʳʭ ʜʝʬʝʢʪʘʭ, ʚ ʩʦʩʪʘʚ ʢʦʪʦʨʳʭ ʚʭʦʜʷʪ 

ʩʦʙʩʪʚʝʥʥʳʝ ʤʝʞʜʦʫʟʝʣʴʥʳʝ ʘʪʦʤʳ Si, ʘʪʦʤʳ ʫʛʣʝʨʦʜʘ ʠ ʢʠʩʣʦʨʦʜʘ ʢʘʢ ʦʩʪʘʪʦʯʥʳʝ 

ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʝ ʧʨʠʤʝʩʠ. ʇʠʢʠ ʧʨʠ 0.89 ʵɺ ʠ 0.936 ʵɺ ʦʪʥʦʩʷʪʩʷ ʢ ʜʝʬʝʢʪʘʤ ʪʠʧʘ {113}. ɼʘʥʥʳʝ 

ʜʝʬʝʢʪʳ ʭʦʨʦʰʦ ʨʘʟʣʠʯʠʤʳ ʥʘ ɺʈʕʄ-ʠʟʦʙʨʘʞʝʥʠʷʭ ʠʩʩʣʝʜʫʝʤʳʭ ʩʪʨʫʢʪʫʨ. ʐʠʨʦʢʠʡ ʧʠʢ ʧʨʠ ~ 

0.78 ʵɺ (G2) ʤʦʞʥʦ ʦʪʥʝʩʪʠ ʢ ʥʘʣʠʯʠʶ ʜʝʬʝʢʪʦʚ ʪʠʧʘ {001}, ʢʦʪʦʨʳʝ ʧʨʝʜʩʪʘʚʣʷʶʪ ʩʦʙʦʡ ʢʣʘʩʪʝʨʳ 

ʨʘʩʱʝʧʣʸʥʥʳʭ ʤʝʞʜʦʫʟʣʠʡ, ʨʘʩʧʦʣʦʞʝʥʥʳʭ ʚ ʧʣʦʩʢʦʩʪʠ ʪʠʧʘ {001}. ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʧʨʠ 

ʪʝʤʧʝʨʘʪʫʨʝ ʦʪʞʠʛʘ Ó 600ÁC ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʧʠʢʘ G2 ʚʦʟʨʘʩʪʘʝʪ. ʆʙʨʘʟʮʳ ʚʪʦʨʦʛʦ ʪʠʧʘ, ʧʦʣʫʯʝʥʥʳʝ 

ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ ʦʪʞʠʛʘ ~700Áʉ, ʜʝʤʦʥʩʪʨʠʨʫʶʪ ʥʘʠʙʦʣʴʰʫʶ ʪʝʤʧʝʨʘʪʫʨʥʫʶ ʩʪʘʙʠʣʴʥʦʩʪʴ ʌʃ, 

ʩʠʛʥʘʣ G2 ʥʘʙʣʶʜʘʝʪʩʷ ʚ ʩʧʝʢʪʨʘʭ ʌʃ ʚʧʣʦʪʴ ʜʦ 250 K. 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʧʦʜʜʝʨʞʢʝ ʛʨʘʥʪʘ ʈʅʌ ˉ25-22-00424. 

ʃʠʪʝʨʘʪʫʨʘ 

1. M. Grydlik, M. T. Lusk, F. Hackl, A. Polimeni, T. Fromherz, W. Jantsch, F. Schªffler, M. Brehm. 
Laser Level Scheme of Self-Interstitials in Epitaxial Ge Dots Encapsulated in Si // Nano Lett., 16(11), 

2016 ʈ. 6802ï6807. 

2. ʅ.ɸ. ʉʦʙʦʣʝʚ, ɸ.ɽ. ʂʘʣʷʜʠʥ, ʂ.ʌ. ʐʪʝʣʴʤʘʭ, ʇ.ʅ. ɸʨʫʝʚ, ɺ.ɺ. ɿʘʙʨʦʜʩʢʠʡ, ɽ.ʀ. ʐʝʢ. 

ʂʨʝʤʥʠʝʚʳʝ ʩʚʝʪʦʜʠʦʜʳ ʩ ʜʠʩʣʦʢʘʮʠʦʥʥʦʡ ʣʶʤʠʥʝʩʮʝʥʮʠʝʡ, ʩʬʦʨʤʠʨʦʚʘʥʥʳʝ ʩ ʫʯʘʩʪʠʝʤ 

ʢʠʩʣʦʨʦʜʥʳʭ ʧʨʝʮʠʧʠʪʘʪʦʚ // ʌʊʇ, 56(9), 2022 ʩʪʨ. 904.  



  V.p.01 

 

101 
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ʈʘʟʨʘʙʦʪʘʥ ʚʳʩʦʢʦʯʫʚʩʪʚʠʪʝʣʴʥʳʡ ʢʨʠʩʪʘʣʣ 

ʜʘʪʯʠʢʘ ʜʘʚʣʝʥʠʷ (ɼɼ) ʚ ʚʠʜʝ 

ʤʠʢʨʦʵʣʝʢʪʨʦʤʝʭʘʥʠʯʝʩʢʦʡ ʩʠʩʪʝʤʳ (ʄʕʄʉ) ʜʣʷ 

ʜʠʘʧʘʟʦʥʦʚ ʜʠʬʬʝʨʝʥʮʠʘʣʴʥʦʛʦ ʜʘʚʣʝʥʠʷ ʜʦ 60, 5 ʠ  

1 ʢʇʘ (ʨʠʩ. 1). ʂʨʠʩʪʘʣʣ ɼɼ ʨʝʘʣʠʟʦʚʘʥ ʥʘ ʦʩʥʦʚʝ 

ʵʧʠʪʘʢʩʠʘʣʴʥʦʡ ʩʪʨʫʢʪʫʨʳ ʢʨʝʤʥʠʷ Ï76 ʤʤ 

11ʂʕʌ1,5(100)/380ʂɼɹ10. ʋʥʠʢʘʣʴʥʦʩʪʴ ʥʘʫʯʥʦʡ 

ʥʦʚʠʟʥʳ ʜʘʥʥʦʛʦ ʵʣʝʤʝʥʪʘ ʩ ʤʠʢʨʦʤʝʭʘʥʠʢʦʡ ʚ ʚʠʜʝ 

ʤʝʤʙʨʘʥʥʦʡ ʩʪʨʫʢʪʫʨʳ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʠʩʧʦʣʴʟʦʚʘʥʠʠ 

ʥʦʚʦʡ ʜʣʷ ʄʕʄʉ ʵʣʝʢʪʨʠʯʝʩʢʦʡ ʩʭʝʤ r ʚ ʚʠʜʝ 

ʪʝʥʟʦʯʫʚʩʪʚʠʪʝʣʴʥʦʛʦ ʜʠʬʬʝʨʝʥʮʠʘʣʴʥʦʛʦ ʢʘʩʢʘʜʘ ʩ 

ʦʪʨʠʮʘʪʝʣʴʥʦʡ ʦʙʨʘʪʥʦʡ ʩʚʷʟʴʶ (ʊɼʂ ʩ ʆʆʉ). 

ʕʣʝʢʪʨʠʯʝʩʢʘʷ ʩʭʝʤʘ ʊɼʂ ʩ ʆʆʉ ʦʩʥʦʚʘʥʘ ʥʘ ʨʘʙʦʪʝ 

ʜʚʫʭ ʥʝʜʝʬʦʨʤʠʨʫʝʤʳʭ ʙʠʧʦʣʷʨʥʳʭ ʪʨʘʥʟʠʩʪʦʨʦʚ 

(ɹʊ) ʩ ʚʝʨʪʠʢʘʣʴʥʦʡ ʩʪʨʫʢʪʫʨʦʡ n-p-n-ʪʠʧʘ 

ʧʨʦʚʦʜʠʤʦʩʪʠ (V-NPN) ʠ ʚʦʩʴʤʠ ʜʝʬʦʨʤʠʨʫʝʤʳʭ 

ʨʝʟʠʩʪʦʨʦʚ (p-ʪʠʧʘ). ʊʦʧʦʣʦʛʠʯʝʩʢʠʡ ʨʠʩʫʥʦʢ 

ʩʪʨʫʢʪʫʨ ʠ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʡ ʤʘʨʰʨʫʪ ʧʨʦʠʟʚʦʜʩʪʚʘ 

ʢʨʠʩʪʘʣʣʘ ʊɼʂ ʩ ʆʆʉ ʙʘʟʠʨʫʝʪʩʷ ʥʘ ʤʘʪʝʤʘʪʠʯʝʩʢʦʡ 

ʤʦʜʝʣʠ ʨʝʘʢʮʠʠ ʵʣʝʢʪʨʠʯʝʩʢʦʡ ʩʭʝʤʳ ʥʘ ʜʘʚʣʝʥʠʝ ʠ 

ʪʝʤʧʝʨʘʪʫʨʫ ʜʣʷ ʨʘʟʥʳʭ ʜʠʘʧʘʟʦʥʦʚ, ʘʢʪʫʘʣʴʥʦʩʪʴ ʢʦʪʦʨʦʡ ʧʦʜʪʚʝʨʞʜʝʥʘ ʧʦʩʣʝʜʫʶʱʠʤʠ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤʠ ʠʩʩʣʝʜʦʚʘʥʠʷʤʠ. ʈʘʟʨʘʙʦʪʢʘ ʧʦʟʚʦʣʷʝʪ ʩʥʠʟʠʪʴ ʛʘʙʘʨʠʪʥʳʝ ʨʘʟʤʝʨʳ 

ʢʨʠʩʪʘʣʣʘ ʠ/ʠʣʠ ʫʚʝʣʠʯʠʪʴ ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʴ ʦʪʥʦʩʠʪʝʣʴʥʦ ʢʨʠʩʪʘʣʣʦʚ ɼɼ ʩ ʢʣʘʩʩʠʯʝʩʢʦʡ 

ʵʣʝʢʪʨʠʯʝʩʢʦʡ ʩʭʝʤʦʡ ʤʦʩʪʘ ʋʠʪʩʪʦʥʘ. ɺ ʪʘʙʣ. 1 ʧʨʝʜʩʪʘʚʣʝʥ ʩʨʘʚʥʠʪʝʣʴʥʳʡ ʘʥʘʣʠʟ ʧʦ ʚʳʭʦʜʥʳʤ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤ ʢʨʠʩʪʘʣʣʦʚ ʊɼʂ ʩ ʆʆʉ ʩ ʥʘʠʙʦʣʝʝ ʘʢʪʫʘʣʴʥʳʤʠ ʘʥʘʣʦʛʘʤʠ ʢʨʠʩʪʘʣʣʦʚ ɼɼ ʩ 

ʵʣʝʢʪʨʠʯʝʩʢʦʡ ʩʭʝʤʦʡ ʤʦʩʪʘ ʋʠʪʩʪʦʥʘ (ʘʥʘʣʦʛ ʀʇɼ60 ʧʨʦʠʟʚʦʜʩʪʚʘ ʌɻʋʇ çɺʅʀʀɸè) [1,2]. 

ʊʘʙʣʠʮʘ 1 ï ɺʳʭʦʜʥʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʢʨʠʩʪʘʣʣʦʚ ɼɼ 

ɺʠʜ ʢʨʠʩʪʘʣʣʘ ɼɼ ʊɼʂ ʩ ʆʆʉ ʀʇɼ60  ʊɼʂ ʩ ʆʆʉ CBMP [1] ʊɼʂ ʩ ʆʆʉ Peninsula [2] 

ɼʠʘʧʘʟʦʥ ʜʘʚʣʝʥʠʷ 60 ʢʇʘ 5 ʢʇʘ 1 ʢʇʘ 

ʈʘʟʤʝʨ ʫʪʦʥʝʥʥʦʡ ʯʘʩʪʠ ʤʝʤʙʨʘʥʳ, ʤʤ2 2.26Ĭ2.26 2.26Ĭ2.26 2.90Ĭ2.90 2.26Ĭ2.26 3.50Ĭ3.50 

ʏʠʩʣʦ ʦʙʨʘʟʮʦʚ ʚ ʩʪʘʪʠʩʪʠʢʝ 20 1200 22 - 14 - 

ʏʫʚʩʪʚʠʪʝʣʴʥʦʩʪʴ S, ʤɺ/ʢʇʘ/ɺ 1.877 0.515 11.24 5.14 44.9 66.0 

ʈʘʟʙʘʣʘʥʩ ʥʘʯʘʣʴʥʦʛʦ ʚʳʭʦʜʥʦʛʦ ʩʠʛʥʘʣʘ, ʤɺ/ɺ 6.8 3.0 8.0 1.3 14.0 - 

ʅʝʣʠʥʝʡʥʦʩʪʴ 2KNL, %FS 0.059 0.055 0.27 0.28 0.26    0.33            

ʄʝʭʘʥʠʯʝʩʢʠʡ ʛʠʩʪʝʨʝʟʠʩ H, %FS - - 0.03 0.26 0.28             0.36             

ʄʝʭʘʥʠʯʝʩʢʘʷ ʧʦʚʪʦʨʷʝʤʦʩʪʴ R, %FS - - 0.08 0.53 0.42          0.67           

ɼʘʚʣʝʥʠʝ ʨʘʟʨʫʰʝʥʠʝ Pʨʘʟʨ, kPa 1600 600  - 500  105  

ɼʦʣʛʦʚʨʝʤʝʥʥʘʷ 

ʩʪʘʙʠʣʴʥʦʩʪʴ 

ʥʫʣʝʚʦʛʦ ʩʠʛʥʘʣʘ, %FS 0.007 0.002 0.032 - 0.122 0.138 

ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʠ, %FS 0.006 0.003 0.023 - 0.166 - 

ʊʝʤʧ. ʛʠʩʪ. ʥʫʣʷ, 

%FS 

(ï30é+20Áʉ) 0.065 0.033 0.042 - 0.341 - 

(+20é+60Áʉ) 0.045 0.025 0.050 - 0.262 - 

ʊʝʤʧ. ʢʦʵʬ. ʥʫʣʷ, 

(%/ÁC)FS 

(ï30é+20Áʉ) 0.007 0.003 0.014 - 0.092 
0.165 

(+20é+60Áʉ) 0.010 0.002 0.012 0.013 0.096 
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ʘ)                                          ʙ) 

      
                     ʚ)                                          ʛ) 
ʈʠʩʫʥʦʢ 1 ï ʂʨʝʤʥʠʝʚʳʡ ʢʨʠʩʪʘʣʣ ʜʘʪʯʠʢʘ 

ʜʘʚʣʝʥʠʷ ʊɼʂ ʩ ʆʆʉ: ʘ) ʵʣʝʢʪʨʠʯʝʩʢʘʷ ʩʭʝʤʘ, ʙ) 

ʬʦʪʦ ʣʠʮʝʚʦʡ ʩʪʦʨʦʥʳ ʜʣʷ ʜʠʘʧʘʟʦʥʦʚ ʜʦ 1 ʠ 5 

ʢʇʘ, ʚ)  ʬʦʪʦ ʣʠʮʝʚʦʡ ʩʪʦʨʦʥʳ ʜʣʷ ʜʠʘʧʘʟʦʥʘ ʜʦ 60 

ʢʇʘ, ʛ)  ʬʦʪʦ ʦʙʨʘʪʥʦʡ ʩʪʦʨʦʥʳ ʜʣʷ ʜʠʘʧʘʟʦʥʘ ʜʦ 

60 ʢʇʘ. 



  V.p.02 

 

102 

ɼʚʫʭʢʘʥʘʣʴʥʳʡ ʘʢʫʩʪʦʵʣʝʢʪʨʦʥʥʳʡ ʢʨʝʤʥʠʝʚʳʡ ʜʘʪʯʠʢ ʜʣʷ ʜʝʪʝʢʪʠʨʦʚʘʥʠʷ ʚʷʟʢʦʩʪʠ 

ʞʠʜʢʦʩʪʠ ʠ ʝʸ ʪʝʤʧʝʨʘʪʫʨʳ 

ɺʦʨʦʥʦʚʘ ʅ.ɺ. 

ʅʘʫʯʥʦ-ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʠʥʩʪʠʪʫʪ ʤʦʣʝʢʫʣʷʨʥʦʡ ʵʣʝʢʪʨʦʥʠʢʠ, ʛ. ʄʦʩʢʚʘ, ɿʝʣʝʥʦʛʨʘʜ 

 e-mail: navoronova@niime.ru 

 

ʈʘʟʨʘʙʦʪʘʥ ʠ ʠʩʩʣʝʜʦʚʘʥ ʜʚʫʭʢʘʥʘʣʴʥʳʡ ʘʢʫʩʪʦʵʣʝʢʪʨʦʥʥʳʡ ʜʘʪʯʠʢ ʥʘ ʢʨʝʤʥʠʝʚʦʡ 

ʧʦʜʣʦʞʢʝ ʜʣʷ ʦʜʥʦʚʨʝʤʝʥʥʦʛʦ ʠʟʤʝʨʝʥʠʷ ʚʷʟʢʦʩʪʠ ʞʠʜʢʦʩʪʠ ʠ ʝʸ ʪʝʤʧʝʨʘʪʫʨʳ. ɺʳʙʦʨ ʢʨʝʤʥʠʷ ʚ 

ʢʘʯʝʩʪʚʝ ʤʘʪʝʨʠʘʣʘ ʜʘʪʯʠʢʘ ʦʙʲʷʩʥʷʝʪʩʷ ʝʛʦ ʰʠʨʦʢʠʤ ʧʨʠʤʝʥʝʥʠʝʤ ʚ ʤʠʢʨʦʵʣʝʢʪʨʦʥʥʦʡ 

ʧʨʦʤʳʰʣʝʥʥʦʩʪʠ [1]. ʇʨʠʥʮʠʧ ʜʝʡʩʪʚʠʷ ʩʝʥʩʦʨʘ ʦʩʥʦʚʘʥ ʥʘ ʟʦʥʜʠʨʦʚʘʥʠʠ ʠʩʩʣʝʜʫʝʤʦʡ ʧʨʦʙʳ 

ʩʧʝʮʠʘʣʴʥʦ ʧʦʜʦʙʨʘʥʥʳʤʠ ʘʢʫʩʪʠʯʝʩʢʠʤʠ ʚʦʣʥʘʤʠ, 

ʨʘʩʧʨʦʩʪʨʘʥʷʶʱʠʤʠʩʷ ʚ ʩʣʦʠʩʪʳʭ ʩʪʨʫʢʪʫʨʘʭ ʥʘ ʦʩʥʦʚʝ 

ʥʝʧʴʝʟʦʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʢʨʝʤʥʠʷ ʩ ʥʘʥʝʩʸʥʥʳʤʠ 

ʧʴʝʟʦʵʣʝʢʪʨʠʯʝʩʢʠʤʠ ʧʣʸʥʢʘʤʠ ZnO ʠ AlN. 

ʈʘʩʩʤʘʪʨʠʚʘʝʤʘʷ ʩʪʨʫʢʪʫʨʘ ʚʳʧʦʣʥʷʝʪ ʨʦʣʴ ʜʥʘ 

ʞʠʜʢʦʩʪʥʦʡ ʢʶʚʝʪʳ ʠ ʥʘʭʦʜʠʪʩʷ ʚ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦʤ 

ʤʝʭʘʥʠʯʝʩʢʦʤ ʠ ʪʝʧʣʦʚʦʤ ʢʦʥʪʘʢʪʝ ʩ ʪʝʩʪʠʨʫʝʤʦʡ 

ʞʠʜʢʦʩʪʴʶ (ʨʠʩ. 1). 

ʇʦ ʘʥʘʣʦʛʠʠ ʩ ʨʘʙʦʪʦʡ [2], ʚ ʪʝʤʧʝʨʘʪʫʨʥʦʤ ʢʘʥʘʣʝ 

ʜʘʪʯʠʢʘ ʠʩʧʦʣʴʟʦʚʘʣʘʩʴ ʧʦʚʝʨʭʥʦʩʪʥʘʷ ʘʢʫʩʪʠʯʝʩʢʘʷ ʚʦʣʥʘ 

(ʇɸɺ) (ʨʠʩ. 2), ʨʘʩʧʨʦʩʪʨʘʥʷʶʱʘʷʩʷ ʧʦ ʥʠʞʥʝʡ (ʥʝʨʘʙʦʯʝʡ) 

ʧʦʚʝʨʭʥʦʩʪʠ ʩʣʦʠʩʪʦʡ ʩʪʨʫʢʪʫʨʳ; ʦʪʢʣʠʢʦʤ ʩʝʥʩʦʨʘ ʩʣʫʞʠʣʦ ʠʟʤʝʥʝʥʠʝ ʬʘʟʳ ʚʦʣʥʳ Df. 

ʏʫʚʩʪʚʠʪʝʣʴʥʦʩʪʴ ʢ ʪʝʤʧʝʨʘʪʫʨʝ (1/Dt) f/f = 22 ppm/ʦʉ. 

ɺ ʢʘʥʘʣʝ ʠʟʤʝʨʝʥʠʷ ʚʷʟʢʦʩʪʠ ʧʨʠʤʝʥʷʣʘʩʴ ʥʦʨʤʘʣʴʥʘʷ ʘʢʫʩʪʠʯʝʩʢʘʷ ʚʦʣʥʘ (ʅɸɺ) (ʨʠʩ. 3) 

ʢʚʘʟʠʧʨʦʜʦʣʴʥʦʡ ʧʦʣʷʨʠʟʘʮʠʠ QL, ʨʘʩʧʨʦʩʪʨʘʥʷʶʱʘʷʩʷ ʯʝʨʝʟ ʚʩʶ ʪʦʣʱʠʥʫ ʧʣʘʩʪʠʥʳ, ʘ ʦʪʢʣʠʢ 

ʜʘʪʯʠʢʘ ʦʧʨʝʜʝʣʷʣʩʷ ʧʦ ʠʟʤʝʥʝʥʠʶ ʚʥʦʩʠʤʳʭ ʧʦʪʝʨʴ ʅɸɺ DS12, ʚʦʟʥʠʢʘʶʱʝʤʫ ʧʨʠ ʥʘʥʝʩʝʥʠʠ 

ʚʷʟʢʦʡ ʞʠʜʢʦʩʪʠ ʥʘ ʨʘʙʦʯʫʶ ʧʦʚʝʨʭʥʦʩʪʴ ʩʪʨʫʢʪʫʨʳ. ʏʫʚʩʪʚʠʪʝʣʴʥʦʩʪʴ ʜʘʪʯʠʢʘ ʢ ʚʷʟʢʦʩʪʠ 

ʩʦʩʪʘʚʠʣʘ h = 1.4 ʜɹ/ʩʇʫʘʟ ʧʨʠ h < 100 ʠ 0.01 ʜɹ/ʩʇʫʘʟ ʧʨʠ 100 < h < 1500 cʇʫʘʟ. 

 

 

 
ʈʠʩʫʥʦʢ 2 ï ʊʝʤʧʝʨʘʪʫʨʥʳʝ ʠʟʤʝʥʝʥʠʷ ʬʘʟʳ ʇɸɺ. 

ʉʪʨʫʢʪʫʨʘ: ɺʐʇ (l = 32,1 ʤʢʤ)/ZnO (h = 3 ʤʢʤ)/(001)-

Si (H = 380 ʤʢʤ)/ AlN (h = 1.2 ʤʢʤ)/ʤʝʪʘʣʣʠʯʝʩʢʠʡ 

ʵʣʝʢʪʨʦʜ, ʨʘʩʩʪʦʷʥʠʝ ʤʝʞʜʫ ɺʐʇ L = 11 ʤʤ. 

 ʈʠʩʫʥʦʢ 3 ï ʂʘʣʠʙʨʘʮʠʦʥʥʳʝ ʜʘʪʯʠʢʘ ʚʷʟʢʦʩʪʠ ʥʘ ʅɸɺ, 

ʠʟʤʝʨʝʥʥʳʝ ʜʣʷ 2-ʭ ʘʢʫʩʪʠʯʝʩʢʠʭ ʤʦʜ. ʉʪʨʫʢʪʫʨʘ (001) 

Si(380 ʤʢʤ)/ ZnO(10.5 ʤʢʤ)/ ɺʐʇ (200 ʤʢʤ)/AlN (h = 

1.2 ʤʢʤ)/ʤʝʪʘʣʣ, ʨʘʩʩʪʦʷʥʠʝ ʤʝʞʜʫ ɺʐʇ 17 ʤʤ. 

ʉʦʚʤʝʩʪʥʦʝ ʠʩʧʦʣʴʟʦʚʘʥʠʝ QL ʚʦʣʥ ʠ ʇɸɺ, ʨʘʩʧʨʦʩʪʨʘʥʷʶʱʠʭʩʷ ʚ ʦʜʥʦʡ ʠ ʪʦʡ ʞʝ 

ʩʪʨʫʢʪʫʨʝ, ʧʦʟʚʦʣʷʝʪ ʦʜʥʦʚʨʝʤʝʥʥʦ ʦʧʨʝʜʝʣʷʪʴ ʚʷʟʢʦʩʪʴ ʠ ʪʝʤʧʝʨʘʪʫʨʫ ʥʘʥʝʩʸʥʥʦʡ ʞʠʜʢʦʩʪʠ. ʇʨʠ 

ʵʪʦʤ, ʙʣʘʛʦʜʘʨʷ ʦʪʩʫʪʩʪʚʠʶ ʧʴʝʟʦʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʵʬʬʝʢʪʘ ʫ ʢʨʝʤʥʠʷ ʠ ʤʝʪʘʣʣʠʟʘʮʠʠ ʨʘʙʦʯʝʡ 

ʧʦʚʝʨʭʥʦʩʪʠ, ʵʣʝʢʪʨʦʬʠʟʠʯʝʩʢʠʝ ʧʘʨʘʤʝʪʨʳ ʞʠʜʢʦʩʪʠ ʥʝ ʦʢʘʟʳʚʘʶʪ ʚʣʠʷʥʠʷ ʥʘ ʨʝʟʫʣʴʪʘʪʳ 

ʠʟʤʝʨʝʥʠʡ ʚʷʟʢʦʩʪʠ ʠ ʪʝʤʧʝʨʘʪʫʨʳ. 
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ʉʦʚʨʝʤʝʥʥʳʝ ʥʘʥʦʪʝʭʥʦʣʦʛʠʠ ʘʢʪʠʚʥʦ ʨʘʟʚʠʚʘʶʪʩʷ ʚ ʥʘʧʨʘʚʣʝʥʠʠ ʩʦʟʜʘʥʠʷ 

ʚʳʩʦʢʦʯʫʚʩʪʚʠʪʝʣʴʥʳʭ ʩʝʥʩʦʨʥʳʭ ʩʠʩʪʝʤ, ʩʧʦʩʦʙʥʳʭ ʜʝʪʝʢʪʠʨʦʚʘʪʴ ʠ ʘʥʘʣʠʟʠʨʦʚʘʪʴ ʦʪʜʝʣʴʥʳʝ 

ʤʦʣʝʢʫʣʳ ʠ ʥʘʥʦʯʘʩʪʠʮʳ. ʆʜʥʠʤ ʠʟ ʥʘʠʙʦʣʝʝ ʧʝʨʩʧʝʢʪʠʚʥʳʭ ʠʥʩʪʨʫʤʝʥʪʦʚ ʚ ʵʪʦʤ ʥʘʧʨʘʚʣʝʥʠʠ 

ʷʚʣʷʶʪʩʷ ʪʚʝʨʜʦʪʝʣʴʥʳʝ ʥʘʥʦʧʦʨʳ ʥʘ ʦʩʥʦʚʝ ʥʠʪʨʠʜʘ ʢʨʝʤʥʠʷ [1]. ʉʫʱʝʩʪʚʫʶʪ ʨʘʟʣʠʯʥʳʝ ʤʝʪʦʜʳ 

ʨʝʛʠʩʪʨʘʮʠʠ ʠ ʘʥʘʣʠʟʘ ʯʘʩʪʠʮ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʥʘʥʦʧʦʨ, ʦʜʥʘʢʦ ʥʘʠʙʦʣʝʝ ʰʠʨʦʢʦ ʧʨʠʤʝʥʷʝʪʩʷ 

ʤʝʪʦʜ, ʦʩʥʦʚʘʥʥʳʡ ʥʘ ʠʟʤʝʨʝʥʠʠ ʠʦʥʥʦʛʦ ʪʦʢʘ. ʇʨʠ ʪʨʘʥʩʣʦʢʘʮʠʠ ʘʥʘʣʠʪʘ ʯʝʨʝʟ ʧʦʨʫ ʧʨʦʠʩʭʦʜʠʪ 

ʢʨʘʪʢʦʚʨʝʤʝʥʥʦʝ ʩʥʠʞʝʥʠʝ ʪʦʢʘ, ʢʦʪʦʨʦʝ ʬʠʢʩʠʨʫʝʪʩʷ ʚ ʚʠʜʝ ʭʘʨʘʢʪʝʨʥʦʛʦ ʩʠʛʥʘʣʘ. ʀʩʩʣʝʜʦʚʘʥʠʝ 

ʪʘʢʦʛʦ ʩʠʛʥʘʣʘ ʧʦʟʚʦʣʷʝʪ ʧʦʣʫʯʠʪʴ ʠʥʬʦʨʤʘʮʠʶ ʦ ʩʪʨʫʢʪʫʨʝ ʠ ʩʚʦʡʩʪʚʘʭ ʯʘʩʪʠʮʳ. 

ʅʘ ʧʨʦʮʝʩʩ ʪʨʘʥʩʣʦʢʘʮʠʠ ʯʘʩʪʠʮ, ʚʢʣʶʯʘʷ ʟʦʣʦʪʳʝ ʥʘʥʦʯʘʩʪʠʮʳ, ʟʘʤʝʪʥʦʝ ʚʣʠʷʥʠʝ 

ʦʢʘʟʳʚʘʝʪ ʧʦʚʝʨʭʥʦʩʪʥʳʡ ʟʘʨʷʜ ʥʘʥʦʧʦʨʳ. ɽʛʦ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʥʘ ʚʥʫʪʨʝʥʥʝʡ ʧʦʚʝʨʭʥʦʩʪʠ ʧʦʨʳ, ʘ 

ʪʘʢʞʝ ʭʘʨʘʢʪʝʨ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʩ ʯʘʩʪʠʮʘʤʠ ʦʧʨʝʜʝʣʷʶʪʩʷ ʧʘʨʘʤʝʪʨʘʤʠ ʩʨʝʜʳ, ʚ ʢʦʪʦʨʦʡ 

ʥʘʭʦʜʠʪʩʷ ʧʦʨʘ ð ʪʘʢʠʤʠ, ʢʘʢ ʫʨʦʚʝʥʴ pH ʠ ʢʦʥʮʝʥʪʨʘʮʠʷ ʵʣʝʢʪʨʦʣʠʪʘ [2,3]. ʋʧʨʘʚʣʷʷ ʵʪʠʤʠ 

ʫʩʣʦʚʠʷʤʠ, ʚ ʥʝʢʦʪʦʨʳʭ ʩʣʫʯʘʷʭ ʫʜʘʸʪʩʷ ʧʦʚʳʩʠʪʴ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʘʥʘʣʠʟʘ ʯʘʩʪʠʮ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ 

ʪʚʝʨʜʦʪʝʣʴʥʳʭ ʥʘʥʦʧʦʨ (ʈʠʩʫʥʦʢ 1). ʇʨʠ ʩʦʟʜʘʥʠʠ ʛʨʘʜʠʝʥʪʘ ʢʦʥʮʝʥʪʨʘʮʠʠ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʘʥʘʣʠʟʘ 

ʫʚʝʣʠʯʠʚʘʝʪʩʷ ʧʨʠ ʧʨʦʯʠʭ ʨʘʚʥʳʭ ʫʩʣʦʚʠʷʭ ʵʢʩʧʝʨʠʤʝʥʪʘ. 

 
ʈʠʩʫʥʦʢ 1 ï ɿʘʚʠʩʠʤʦʩʪʴ ʪʦʢʘ ʦʪ ʚʨʝʤʝʥʠ ʧʨʠ ʪʨʘʥʩʣʦʢʘʮʠʠ ʥʘʥʦʯʘʩʪʠʮ ʟʦʣʦʪʘ ʯʝʨʝʟ 

ʪʚʝʨʜʦʪʝʣʴʥʫʶ ʥʘʥʦʧʦʨʫ: (ʘ) ʙʝʟ ʛʨʘʜʠʝʥʪʘ ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ ʟʘʨʷʜʘ, (ʙ) ʩ ʛʨʘʜʠʝʥʪʦʤ 

ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ ʟʘʨʷʜʘ.  

ʃʠʪʝʨʘʪʫʨʘ 
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ʀʩʩʣʝʜʦʚʘʥʠʝ ʧʨʦʮʝʩʩʦʚ ʨʦʩʪʘ ʠ ʧʘʨʘʤʝʪʨʦʚ ʤʠʢʨʦʨʝʟʦʥʘʪʦʨʦʚ ʷʚʣʷʝʪʩʷ ʦʜʥʦʡ ʠʟ ʢʣʶʯʝʚʳʭ 

ʟʘʜʘʯ ʩʦʚʨʝʤʝʥʥʦʡ ʥʘʥʦʬʦʪʦʥʠʢʠ, ʧʦʩʢʦʣʴʢʫ ʜʘʥʥʳʝ ʩʪʨʫʢʪʫʨʳ ʣʝʞʘʪ ʚ ʦʩʥʦʚʝ ʨʘʟʨʘʙʦʪʢʠ ʥʦʚʦʛʦ 

ʧʦʢʦʣʝʥʠʷ ʢʦʤʧʘʢʪʥʳʭ ʦʧʪʠʯʝʩʢʠʭ ʫʩʪʨʦʡʩʪʚ [1]. ʆʧʪʠʯʝʩʢʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʪʘʢʠʭ ʨʝʟʦʥʘʪʦʨʦʚ 

ʥʘʧʨʷʤʫʶ ʦʧʨʝʜʝʣʷʶʪʩʷ ʠʭ ʛʝʦʤʝʪʨʠʝʡ ï ʨʘʟʤʝʨʘʤʠ ʠ ʬʦʨʤʦʡ. ɺ ʩʚʷʟʠ ʩ ʵʪʠʤ ʜʣʷ ʩʦʟʜʘʥʠʷ 

ʫʩʪʨʦʡʩʪʚ ʩ ʟʘʨʘʥʝʝ ʟʘʜʘʥʥʳʤʠ ʠ ʚʦʩʧʨʦʠʟʚʦʜʠʤʳʤʠ ʩʚʦʡʩʪʚʘʤʠ ʪʨʝʙʫʝʪʩʷ ʧʨʝʮʠʟʠʦʥʥʳʡ ʢʦʥʪʨʦʣʴ 

ʧʨʦʮʝʩʩʦʚ ʬʦʨʤʠʨʦʚʘʥʠʷ ʥʘʥʦʩʪʨʫʢʪʫʨ. ɼʦʧʦʣʥʠʪʝʣʴʥʦ, ʩ ʮʝʣʴʶ ʫʧʨʦʱʝʥʠʷ ʪʝʭʥʦʣʦʛʠʠ ʠʭ 

ʠʟʛʦʪʦʚʣʝʥʠʷ, ʦʩʦʙʦʝ ʚʥʠʤʘʥʠʝ ʫʜʝʣʷʝʪʩʷ ʤʝʭʘʥʠʟʤʘʤ ʩʘʤʦʦʨʛʘʥʠʟʘʮʠʠ [2]. 

ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʠʟʫʯʘʣʦʩʴ ʚʣʠʷʥʠʝ ʫʩʣʦʚʠʡ ʨʦʩʪʘ ʠ ʧʘʨʘʤʝʪʨʦʚ ʧʦʩʣʝʨʦʩʪʦʚʦʛʦ ʦʪʞʠʛʘ ʥʘ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ GeSi ʤʠʢʨʦʨʝʟʦʥʘʪʦʨʦʚ ʥʘ ʢʨʝʤʥʠʠ, ʧʦʣʫʯʝʥʥʳʭ ʤʝʪʦʜʦʤ ʤʦʣʝʢʫʣʷʨʥʦ-ʣʫʯʝʚʦʡ 

ʵʧʠʪʘʢʩʠʠ (ʄʃʕ) ʧʦʩʨʝʜʩʪʚʦʤ ʩʘʤʦʦʨʛʘʥʠʟʘʮʠʠ. ʄʝʪʦʜ ʤʦʣʝʢʫʣʷʨʥʦ-ʣʫʯʝʚʦʡ ʵʧʠʪʘʢʩʠʠ 

ʦʙʝʩʧʝʯʠʚʘʝʪ ʥʠʟʢʫʶ ʢʦʥʮʝʥʪʨʘʮʠʶ ʧʨʠʤʝʩʝʡ ʠ ʜʝʬʝʢʪʦʚ, ʘ ʪʘʢʞʝ ʚʳʩʦʢʠʡ ʫʨʦʚʝʥʴ ʢʦʥʪʨʦʣʷ 

ʧʘʨʘʤʝʪʨʦʚ ʨʦʩʪʘ. ʀʩʧʦʣʴʟʦʚʘʥʠʝ ʪʚʝʨʜʦʛʦ ʨʘʩʪʚʦʨʘ GeSi ʜʣʷ ʬʦʨʤʠʨʦʚʘʥʠʷ ʨʝʟʦʥʘʪʦʨʦʚ ʷʚʣʷʝʪʩʷ 

ʧʝʨʩʧʝʢʪʠʚʥʳʤ ʙʣʘʛʦʜʘʨʷ ʝʛʦ ʚʳʩʦʢʦʤʫ ʧʦʢʘʟʘʪʝʣʶ ʧʨʝʣʦʤʣʝʥʠʷ ʠ ʧʦʣʥʦʡ ʩʦʚʤʝʩʪʠʤʦʩʪʠ ʩ 

ʂʄʆʇ-ʪʝʭʥʦʣʦʛʠʝʡ. ʇʦʩʢʦʣʴʢʫ ʪʘʢʠʝ ʧʘʨʘʤʝʪʨʳ ʨʦʩʪʘ, ʢʘʢ ʪʝʤʧʝʨʘʪʫʨʘ ʧʦʜʣʦʞʢʠ, ʩʦʩʪʘʚ ʪʚʝʨʜʦʛʦ 

ʨʘʩʪʚʦʨʘ, ʢʦʣʠʯʝʩʪʚʦ ʦʩʘʞʜʘʝʤʦʛʦ ʤʘʪʝʨʠʘʣʘ, ʪʝʤʧʝʨʘʪʫʨʘ ʠ ʜʣʠʪʝʣʴʥʦʩʪʴ ʧʦʩʣʝʨʦʩʪʦʚʦʛʦ ʦʪʞʠʛʘ, 

ʦʢʘʟʳʚʘʶʪ ʦʧʨʝʜʝʣʷʶʱʝʝ ʚʣʠʷʥʠʝ ʥʘ ʢʦʥʝʯʥʫʶ ʛʝʦʤʝʪʨʠʶ ʥʘʥʦʩʪʨʫʢʪʫʨ, ʮʝʣʴʶ ʜʘʥʥʦʡ ʨʘʙʦʪʳ 

ʩʪʘʣʦ ʫʩʪʘʥʦʚʣʝʥʠʝ ʚʟʘʠʤʦʩʚʷʟʠ ʤʝʞʜʫ ʵʪʠʤʠ ʧʘʨʘʤʝʪʨʘʤʠ ʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ ʤʠʢʨʦʨʝʟʦʥʘʪʦʨʦʚ 

GeSi, ʬʦʨʤʠʨʫʝʤʳʭ ʥʘ ʧʦʜʣʦʞʢʝ Si ʩʦ ʩʣʦʝʤ SiO2. 

ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʨʦʚʦʜʠʣʠʩʴ ʥʘ ʫʩʪʘʥʦʚʢʝ ʄʃʕ çʂʘʪʫʥʴï100è ʚ ʫʩʣʦʚʠʷʭ 

ʩʚʝʨʭʚʳʩʦʢʦʛʦ ʚʘʢʫʫʤʘ (~10ï9 ʊʦʨʨ). ʅʘ ʧʦʜʣʦʞʢʫ Si(100) ʩ ʪʦʥʢʠʤ ʩʣʦʝʤ SiO2 ʦʩʘʞʜʘʣʩʷ ʩʣʦʡ 

GeSi, ʧʦʩʣʝ ʯʝʛʦ ʚʳʧʦʣʥʷʣʩʷ ʦʪʞʠʛ ʨʘʟʣʠʯʥʦʡ ʧʨʦʜʦʣʞʠʪʝʣʴʥʦʩʪʠ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ 700ï800 ÁC. 

ʂʦʥʪʨʦʣʴ ʤʦʨʬʦʣʦʛʠʠ ʧʦʚʝʨʭʥʦʩʪʠ ʚ ʧʨʦʮʝʩʩʝ ʬʦʨʤʠʨʦʚʘʥʠʷ ʥʘʥʦʩʪʨʫʢʪʫʨ ʦʩʫʱʝʩʪʚʣʷʣʩʷ 

ʤʝʪʦʜʦʤ ʜʠʬʨʘʢʮʠʠ ʙʳʩʪʨʳʭ ʵʣʝʢʪʨʦʥʦʚ, ʘ ʧʦʩʣʝ ʟʘʚʝʨʰʝʥʠʷ ʩʠʥʪʝʟʘ ï ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʘʪʦʤʥʦ-

ʩʠʣʦʚʦʡ ʤʠʢʨʦʩʢʦʧʠʠ. ʆʧʪʠʯʝʩʢʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʧʦʣʫʯʝʥʥrʭ ʦʙʨʘʟʮʦʚ ʠʩʩʣʝʜʦʚʘʣʠʩʴ ʤʝʪʦʜʦʤ 

ʩʧʝʢʪʨʦʩʢʦʧʠʠ ʥʘ ʧʨʦʧʫʩʢʘʥʠʝ ʠ ʦʪʨʘʞʝʥʠʝ. ʏʠʩʣʝʥʥʳʝ ʨʘʩʯʝʪʳ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʤʠʢʨʦʨʝʟʦʥʘʪʦʨʦʚ 

ʧʨʦʚʦʜʠʣʠʩʴ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʧʨʦʛʨʘʤʤʥʦʛʦ ʦʙʝʩʧʝʯʝʥʠʷ Lumerical. 

ɺ ʭʦʜʝ ʠʩʩʣʝʜʦʚʘʥʠʡ ʫʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʣʘʪʝʨʘʣʴʥʳʡ ʨʘʟʤʝʨ, ʚʳʩʦʪʘ, ʬʦʨʤʘ, ʘ ʪʘʢʞʝ 

ʧʣʦʪʥʦʩʪʴ ʤʠʢʨʦʨʝʟʦʥʘʪʦʨʦʚ ʚʘʨʴʠʨʫʶʪʩʷ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ ʠ ʚʨʝʤʝʥʠ ʦʪʞʠʛʘ. 

ʋʚʝʣʠʯʝʥʠʝ ʚʨʝʤʝʥʠ ʦʪʞʠʛʘ ʧʨʠʚʦʜʠʪ ʢ ʨʦʩʪʫ ʣʘʪʝʨʘʣʴʥʳʭ ʨʘʟʤʝʨʦʚ ʤʠʢʨʦʨʝʟʦʥʘʪʦʨʦʚ. ʂʨʦʤʝ 

ʪʦʛʦ, ʬʦʨʤʘ ʦʩʪʨʦʚʢʦʚ ʠʟʤʝʥʷʝʪʩʷ ʦʪ ʙʣʠʟʢʦʡ ʢ ʦʢʨʫʛʣʦʡ ʜʦ ʦʛʨʘʥʝʥʥʦʡ. ʇʦʚʳʰʝʥʠʝ ʪʝʤʧʝʨʘʪʫʨʳ 

ʦʪʞʠʛʘ ʧʨʠʚʦʜʠʪ ʢ ʫʩʢʦʨʝʥʠʶ ʚʩʝʭ ʧʨʦʮʝʩʩʦʚ ʩʘʤʦʦʨʛʘʥʠʟʘʮʠʠ. ʂʨʦʤʝ ʪʦʛʦ, ʢʦʤʙʠʥʘʮʠʷ ʵʪʠʭ 

ʧʘʨʘʤʝʪʨʦʚ ʦʢʘʟʳʚʘʝʪ ʨʝʰʘʶʱʝʝ ʚʣʠʷʥʠʝ ʥʘ ʦʪʥʦʰʝʥʠʝ ʚʳʩʦʪʳ ʦʩʪʨʦʚʢʦʚ ʢ ʠʭ ʜʠʘʤʝʪʨʫ, ʢʦʪʦʨʦʝ 

ʷʚʣʷʝʪʩʷ ʦʜʥʦʡ ʠʟ ʦʩʥʦʚʥʳʭ ʚʝʣʠʯʠʥ, ʦʧʨʝʜʝʣʷʶʱʠʭ ʦʧʪʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʪʘʢʠʭ ʤʠʢʨʦʨʝʟʦʥʘʪʦʨʦʚ. 

ɼʘʣʴʥʝʡʰʠʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʙʫʜʫʪ ʥʘʧʨʘʚʣʝʥʳ ʥʘ ʠʟʫʯʝʥʠʝ ʚʣʠʷʥʠʷ ʫʩʣʦʚʠʡ ʨʦʩʪʘ ʥʘ ʤʦʨʬʦʣʦʛʠʶ 

ʬʦʨʤʠʨʫʝʤʳʭ ʩʪʨʫʢʪʫʨ ʚ ʙʦʣʝʝ ʰʠʨʦʢʦʤ ʜʠʘʧʘʟʦʥʝ ʧʘʨʘʤʝʪʨʦʚ ʩʠʥʪʝʟʘ ʠ ʧʦʩʣʝʨʦʩʪʦʚʦʛʦ ʦʪʞʠʛʘ. 

ʀʩʩʣʝʜʦʚʘʥʠʝ ʚʳʧʦʣʥʝʥʦ ʟʘ ʩʯʝʪ ʛʨʘʥʪʘ ʈʦʩʩʠʡʩʢʦʛʦ ʥʘʫʯʥʦʛʦ ʬʦʥʜʘ ˉ 25-12-20004, 

https://rscf.ru/project/25-12-20004/ ʠ ɸʜʤʠʥʠʩʪʨʘʮʠʠ ʊʦʤʩʢʦʡ ʦʙʣʘʩʪʠ. 

ʃʠʪʝʨʘʪʫʨʘ 

1. A. Dorodnyy, J. Smajic, J. Leuthold. Mie Scattering for Photonic Devices // Laser & Photonics 

Reviews, 17(19), 2023. P. 2300055. 

2. A. A. Shklyaev, A. V. Latyshev. Dewetting behavior of Ge layers on SiO2 under annealing // Scientific 

Reports, 10, 2020. P. 13759.  
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ʊʝʨʤʦʵʣʝʢʪʨʠʯʝʩʢʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʧʣʸʥʢʠ Mg2Si ʠ ʛʝʪʝʨʦʩʪʨʫʢʪʫʨʳ Mg2Si/Si(111) 

ʇʦʣʷʢʦʚ ɸ.ɺ.1), ʌʦʤʠʥ ɼ.ɺ.1), ʐʦʣʳʛʠʥ ʀ.ʆ.1), ɻʘʣʢʠʥ ʅ.ɻ.2), ɻʘʣʢʠʥ ʂ.ʅ.2), ɻʦʨʦʰʢʦ ɼ.ʃ.2) 

1)ʌɻɹʆʋ ɺʆ çɸʤʫʨʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪè, ʛ. ɹʣʘʛʦʚʝʱʝʥʩʢ 
2)ʀʥʩʪʠʪʫʪ ʘʚʪʦʤʘʪʠʢʠ ʠ ʧʨʦʮʝʩʩʦʚ ʫʧʨʘʚʣʝʥʠʷ ɼɺʆ ʈɸʅ, ɺʣʘʜʠʚʦʩʪʦʢ, ʈʦʩʩʠʷ 

 e-mail: polyakov_a_1999@mail.ru 

 

ʆʜʥʦʡ ʠʟ ʢʣʶʯʝʚʳʭ ʟʘʜʘʯ ʤʠʢʨʦʵʣʝʢʪʨʦʥʠʢʠ ʷʚʣʷʝʪʩʷ ʨʘʟʨʘʙʦʪʢʘ ʪʝʨʤʦʵʣʝʤʝʥʪʦʚ, 

ʧʨʝʦʙʨʘʟʫʶʱʠʭ, ʥʘ ʦʩʥʦʚʝ ʵʬʬʝʢʪʘ ɿʝʝʙʝʢʘ, ʪʝʧʣʦʚʫʶ ʵʥʝʨʛʠʶ ʚ ʵʣʝʢʪʨʠʯʝʩʢʫʶ. ʇʝʨʩʧʝʢʪʠʚʥʳʤʠ 

ʤʘʪʝʨʠʘʣʘʤʠ ʜʣʷ ʥʠʭ ʷʚʣʷʶʪʩʷ ʧʣʸʥʢʠ Mg2Si ʠ ʠʭ 

ʛʝʪʝʨʦʩʪʨʫʢʪʫʨʳ Mg2Si/Si [1].  

ʈʦʩʪ ʧʣʸʥʢʠ Mg2Si ʥʘ Si (111) ʧʨʦʚʦʜʠʣʩʷ 

ʨʝʘʢʪʠʚʥʦʡ ʵʧʠʪʘʢʩʠʝʡ ʥʘ ʥʘʛʨʝʪʫʶ ʧʦʜʣʦʞʢʫ (250 Áʉ). 

ɺʥʘʯʘʣʝ ʬʦʨʤʠʨʦʚʘʣʩʷ ʥʠʞʥʠʡ ʩʣʦʡ Si (60 ʥʤ), ʟʘʪʝʤ 4 

ʙʠʩʣʦʷ Mg (90 ʥʤ) + Si (30 ʥʤ), ʜʘʣʝʝ ï ʚʝʨʭʥʠʡ ʩʣʦʡ Si (5 

ʥʤ). ɺ ʠʪʦʛʝ ʙʳʣ ʧʦʣʫʯʝʥ ʦʙʨʘʟʝʮ ʩ ʧʣʸʥʢʦʡ Mg2Si 

ʪʦʣʱʠʥʦʡ 545 ʥʤ. 

ʀʟʤʝʨʝʥʠʝ ʪʝʨʤʦʵʣʝʢʪʨʠʯʝʩʢʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ Si 

(111) ʠ Mg2Si/Si (111) ʪʘʢʠʭ, ʢʘʢ ʩʦʧʨʦʪʠʚʣʝʥʠʝ (Rs ʠ Rt), 

ʢʦʵʬʬʠʮʠʝʥʪ ɿʝʝʙʝʢʘ (Ss ʠ St) ʠ ʫʜʝʣʴʥʘʷ ʧʨʦʚʦʜʠʤʦʩʪʴ (ůs 

ʠ ůt), ʧʨʦʚʦʜʠʣʦʩʴ ʯʝʪʳʨʝʭʟʦʥʜʦʚʳʤ ʤʝʪʦʜʦʤ. ɺʳʯʠʩʣʝʥʠʝ 

ʵʪʠʭ ʞʝ ʧʘʨʘʤʝʪʨʦʚ ʜʣʷ Mg2Si (Rf, Sf, ůf), ʚʳʧʦʣʥʷʣʦʩʴ ʧʦ 

ʜʚʫʭʩʣʦʡʥʦʡ ʤʦʜʝʣʠ, ʦʧʠʩʘʥʥʦʡ ʚ [2]. ʈʝʟʫʣʴʪʘʪʳ ʜʘʥʥʳʭ 

ʠʟʤʝʨʝʥʠʡ ʠ ʨʘʩʯʸʪʘ ʬʘʢʪʦʨʘ ʤʦʱʥʦʩʪʠ (PF = S2Ŀů) ʧʦʢʘʟʘʥʳ ʚ ʪʘʙʣʠʮʝ 1 ʠ ʥʘ ʨʠʩʫʥʢʝ 1.  

ɸʥʘʣʠʟ ʪʘʙʣʠʮʳ ʧʦʢʘʟʘʣ, ʯʪʦ Mg2Si ʠ 

Mg2Si/Si(111), ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ Si(111), ʠʤʝʝʪ S, ů ʠ 

PF ʚʳʰʝ. ɹʦӢʣʴʰʠʝ ʟʥʘʯʝʥʠʷ ʧʘʨʘʤʝʪʨʦʚ 

ʦʙʫʩʣʦʚʣʝʥʳ ʪʝʤ, ʯʪʦ ʯʘʩʪʴ ʘʪʦʤʦʚ Mg, ʚʥʝʜʨʷʷʩʴ ʚ 

ʨʝʰʸʪʢʫ Si, ʦʙʨʘʟʫʶʪ ʜʦʥʦʨʥʳʝ ʫʨʦʚʥʠ [3].  

ʅʘ ʨʠʩʫʥʢʝ 1 ʚʠʜʥʦ, ʯʪʦ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ ʦʪ 

260 ʜʦ 440 K ʬʘʢʪʦʨ ʤʦʱʥʦʩʪʠ Si (111) ʠ 

Mg2Si/Si(111) ʩʦʩʪʘʚʣʷʝʪ ʦʪ 246,2 ʜʦ 162,3 ʠ ʦʪ 280,9 

ʜʦ 202,1 ʤʢɺʪ/(ʤĿK2) ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. 

PF ʧʣʸʥʢʠ Mg2Si ʚʳʰʝ ʠ ʠʤʝʝʪ ʤʠʥʠʤʘʣʴʥʦʝ 

ʠ ʤʘʢʩʠʤʘʣʴʥʦʝ ʟʥʘʯʝʥʠʷ, ʨʘʚʥʳʝ 389,8 ʠ 463,7 

ʤʢɺʪ/(ʤĿK2). ɼʣʷ ʥʝʸ ʙʳʣ ʧʨʦʚʝʜʸʥ ʨʘʩʯʸʪ 

ʢʦʵʬʬʠʮʠʝʥʪʘ ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʠ (k), ʧʦ ʤʝʪʦʜʠʢʝ, 

ʦʧʠʩʘʥʥʦʡ ʚ [4], ʠ ʪʝʨʤʦʵʣʝʢʪʨʠʯʝʩʢʦʡ ʜʦʙʨʦʪʥʦʩʪʠ (ZT = TĿPFĿk-1). ɺʳʯʠʩʣʝʥʠʷ ʧʦʢʘʟʘʣʠ, ʯʪʦ ʧʨʠ T 

ʦʪ 260 ʜʦ 440 ʂ ʟʥʘʯʝʥʠʷ ʧʘʨʘʤʝʪʨʘ k ʠʟʤʝʥʷʶʪʩʷ ʦʪ 9,9 ʜʦ 5,6 ɺʪ/(ʤĿK), ʘ ZT ï  ʦʪ 0,010 ʜʦ 0,034. 

ʅʠʟʢʠʝ ʚʝʣʠʯʠʥʳ ZT ʜʣʷ ʧʣʸʥʢʠ Mg2Si, ʘ ʪʘʢʞʝ ʙʣʠʟʢʠʝ ʟʥʘʯʝʥʠʷ ʧʘʨʘʤʝʪʨʦʚ R, S, ů, PF ʜʣʷ Si (111) 

ʠ Mg2Si/Si(111) ʩʚʷʟʘʥʳ ʩ ʚʢʣʘʜʦʤ ʧʦʜʣʦʞʢʠ (ʠʟ-ʟʘ ʝʸ ʥʠʟʢʦʛʦ ʫʜʝʣʴʥʦʛʦ ʩʦʧʨʦʪʠʚʣʝʥʠʷ ï ʦʪ 0,1 ʜʦ 

0,5 ʆʤĿʩʤ) ʧʨʠ ʠʟʤʝʨʝʥʠʠ ʪʝʨʤʦʵʣʝʢʪʨʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʩʠʣʠʮʠʜʘ ʤʘʛʥʠʷ ʠ ʛʝʪʝʨʦʩʪʨʫʢʪʫʨʳ ʥʘ ʝʛʦ 

ʦʩʥʦʚʝ. 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʚ ʨʘʤʢʘʭ ʛʦʩʫʜʘʨʩʪʚʝʥʥʦʛʦ ʟʘʜʘʥʠʷ ʀɸʇʋ ɼɺʆ ʈɸʅ (ʪʝʤʘ ˉ FWFW-

2026-0007).   

ʃʠʪʝʨʘʪʫʨʘ 
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2. A. Riss. Criteria for Erroneous Substrate Contribution to the Thermoelectric Performance of Thin 
Films // Physical Review Applied, 19(5), 2023 pp. 1-9. 

3. K. Hayashi. Preparation, thermoelectric properties, and crystal structure of boron-doped Mg2Si single 
crystals // AIP Advances, 10(1), 2020 P. 035115. 
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ʈʠʩʫʥʦʢ 1 ï ɿʘʚʠʩʠʤʦʩʪʠ ʬʘʢʪʦʨʘ 

ʤʦʱʥʦʩʪʠ ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ ʜʣʷ Si(111), 

Mg2Si ʠ Mg2Si/Si(111) 

ʇʘʨʘʤʝʪʨ ɿʥʘʯʝʥʠʷ 

ʉʦʧʨʦʪʠʚʣʝʥʠʝ 

(R) 

Rs, ʆʤ ʦʪ 17,0 ʜʦ 43,9 

Rt, ʆʤ ʦʪ 12,3 ʜʦ 34,9 

Rf, ʆʤ ʦʪ 45,0 ʜʦ 169,60 

ʂʦʵʬʬʠʮʠʝʥʪ 

ɿʝʝʙʝʢʘ 

(S) 

Ss, ʤʢɺ/ʂ ʦʪ -425,9 ʜʦ -559,5  

St, ʤʢɺ/ʂ ʦʪ -449,2 ʜʦ -608,2  

Sf, ʤʢɺ/ʂ ʦʪ -510,6 ʜʦ -796,4 

ʋʜʝʣʴʥʘʷ  

ʧʨʦʚʦʜʠʤʦʩʪʴ 

(ů) 

ůs, 1/(ʆʤĿʤ) ʦʪ 1356,7 ʜʦ 518,7 

ůt, 1/(ʆʤĿʤ) ʦʪ 1392,1 ʜʦ 546,5 

ůf, 1/(ʆʤĿʤ) ʦʪ 1495,2 ʜʦ 690,0 

ʌʘʢʪʦʨ  

ʤʦʱʥʦʩʪʠ  

(PF) 

PFs, ʤʢɺʪ/(ʤĿʂ2) ʦʪ 246,2 ʜʦ 162,3 

PFt, ʤʢɺʪ/(ʤĿʂ2) ʦʪ 280,9 ʜʦ 202,1 

PFf, ʤʢɺʪ/(ʤĿʂ2) ʦʪ 389,8 ʜʦ 463,7 
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ɼʠʩʣʦʢʘʮʠʦʥʥʘʷ ʵʣʝʢʪʨʦʣʶʤʠʥʝʩʮʝʥʮʠʷ ʠʦʥʥʦ-ʠʤʧʣʘʥʪʠʨʦʚʘʥʥʳʭ ʢʨʝʤʥʠʝʚʳʭ ʩʪʨʫʢʪʫʨ 

ʊʝʨʝʱʝʥʢʦ ɸ.ʅ.1), ɿʦʪʦʚ ɸ.ɸ.1,3), ʂʦʨʦʣʝʚ ɼ.ʉ.2), ʄʠʭʘʡʣʦʚ ɸ.ʅ.2), ɹʝʣʦʚ ɸ.ʀ.2), 

ʊʝʪʝʣʴʙʘʫʤ ɼ.ʀ.2) 
1)ʌʝʜʝʨʘʣʴʥʦʝ ʛʦʩʫʜʘʨʩʪʚʝʥʥʦʝ ʙʶʜʞʝʪʥʦʝ ʫʯʨʝʞʜʝʥʠʝ ʥʘʫʢʠ ʀʥʩʪʠʪʫʪ ʬʠʟʠʢʠ ʪʚʝʨʜʦʛʦ ʪʝʣʘ 

ʠʤʝʥʠ ʖ.ɸ. ʆʩʠʧʴʷʥʘ ʈʦʩʩʠʡʩʢʦʡ ʘʢʘʜʝʤʠʠ ʥʘʫʢ, ʛ. ʏʝʨʥʦʛʦʣʦʚʢʘ 
2)ʌʝʜʝʨʘʣʴʥʦʝ ʛʦʩʫʜʘʨʩʪʚʝʥʥʦʝ ʘʚʪʦʥʦʤʥʦʝ ʦʙʨʘʟʦʚʘʪʝʣʴʥʦʝ ʫʯʨʝʞʜʝʥʠʝ   ʚʳʩʰʝʛʦ ʦʙʨʘʟʦʚʘʥʠʷ 

çʅʘʮʠʦʥʘʣʴʥʳʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʅʠʞʝʛʦʨʦʜʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ ʠʤ. ʅ.ʀ. 

ʃʦʙʘʯʝʚʩʢʦʛʦè, ʛ. ʅʠʞʥʠʡ ʅʦʚʛʦʨʦʜ 
3)ʌʝʜʝʨʘʣʴʥʦʝ   ʛʦʩʫʜʘʨʩʪʚʝʥʥʦʝ ʘʚʪʦʥʦʤʥʦʝ ʦʙʨʘʟʦʚʘʪʝʣʴʥʦʝ ʫʯʨʝʞʜʝʥʠʝ   ʚʳʩʰʝʛʦ ʦʙʨʘʟʦʚʘʥʠʷ 

çʅʘʮʠʦʥʘʣʴʥʳʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʷʜʝʨʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ çʄʀʌʀè, ʛ. ʄʦʩʢʚʘ 

e-mail: tan@issp.ac.ru 

 

ʆʜʥʦʡ ʠʟ ʛʣʘʚʥʳʭ ʧʨʦʙʣʝʤ ʢʨʝʤʥʠʝʚʦʡ ʦʧʪʦʵʣʝʢʪʨʦʥʠʢʠ ʚ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʷʚʣʷʝʪʩʷ 

ʦʪʩʫʪʩʪʚʠʝ ʵʬʬʝʢʪʠʚʥʦʛʦ ʠʩʪʦʯʥʠʢʘ ʠʟʣʫʯʝʥʠʷ ʥʘ ʢʨʝʤʥʠʝʚʦʡ ʦʩʥʦʚʝ. ɺ ʩʠʣʫ ʥʝʧʨʷʤʦʟʦʥʥʦʩʪʠ Si 

ʠʟʣʫʯʘʪʝʣʴʥʘʷ ʨʝʢʦʤʙʠʥʘʮʠʷ ʚ ʥʝʤ ʥʘ ʥʝʩʢʦʣʴʢʦ ʧʦʨʷʜʢʦʚ ʥʠʞʝ, ʯʝʤ ʚ ʧʨʷʤʦʟʦʥʥʳʭ 

ʧʦʣʫʧʨʦʚʦʜʥʠʢʘʭ. ʆʜʥʠʤ ʠʟ ʚʦʟʤʦʞʥʳʭ ʚʘʨʠʘʥʪʦʚ ʨʝʰʝʥʠʷ ɻ ʪʦʡ ʧʨʦʙʣʝʤʳ ʷʚʣʷʝʪʩʷ ʠʩʧʦʣʴʟʦʚʘʥʠʝ 

ʠʟʣʫʯʘʪʝʣʴʥʦʡ ʩʧʦʩʦʙʥʦʩʪʠ ʜʠʩʣʦʢʘʮʠʡ ʚ ʢʨʝʤʥʠʠ. ʉʨʝʜʠ ʨʘʟʣʠʯʥʳʭ ʤʝʪʦʜʦʚ ʛʝʥʝʨʘʮʠʠ ʵʪʠʭ 

ʜʝʬʝʢʪʦʚ ʥʘʠʙʦʣʝʝ ʦʧʪʠʤʘʣʴʥʳʤ ʧʨʝʜʩʪʘʚʣʷʝʪʩʷ 

ʤʝʪʦʜ ʠʦʥʥʦʡ ʠʤʧʣʘʥʪʘʮʠʠ ʩ ʧʦʩʣʝʜʫʶʱʝʡ 

ʪʝʨʤʦʦʙʨʘʙʦʪʢʦʡ ʢʨʠʩʪʘʣʣʘ. ɼʘʥʥʳʡ ʤʝʪʦʜ 

ʷʚʣʷʝʪʩʷ ʪʝʭʥʦʣʦʛʠʯʥʳʤ, ʧʦʟʚʦʣʷʝʪ ʧʨʦʚʦʜʠʪʴ 

ʤʦʜʠʬʠʢʘʮʠʶ ʧʘʨʘʤʝʪʨʦʚ ʠʟʣʫʯʘʪʝʣʴʥʳʭ ʮʝʥʪʨʦʚ 

ʚ ʰʠʨʦʢʠʭ ʧʨʝʜʝʣʘʭ ʩ ʧʦʤʦʱʴʶ ʠʟʤʝʥʝʥʠʷ 

ʨʝʞʠʤʦʚ ʦʙʣʫʯʝʥʠʷ, ʜʦʧʦʣʥʠʪʝʣʴʥʦʛʦ ʠʦʥʥʦʛʦ 

ʣʝʛʠʨʦʚʘʥʠʷ ʠ ʪʝʨʤʦʦʙʨʘʙʦʪʢʠ. ʈʘʥʝʝ ʥʘʤʠ ʙʳʣʦ 

ʧʦʢʘʟʘʥʦ, ʯʪʦ ʜʦʧʦʣʥʠʪʝʣʴʥʘʷ ʠʤʧʣʘʥʪʘʮʠʷ 

ʧʨʠʤʝʩʠ ʙʦʨʘ ʚ ʜʠʩʣʦʢʘʮʠʦʥʥʫʶ ʦʙʣʘʩʪʴ ʢʨʝʤʥʠʷ 

ʤʦʞʝʪ ʧʨʠʚʦʜʠʪʴ ʢ ʚʦʟʥʠʢʥʦʚʝʥʠʶ ʵʬʬʝʢʪʘ 

ʘʥʦʤʘʣʴʥʦʡ ʪʝʤʧʝʨʘʪʫʨʥʦʡ ʟʘʚʠʩʠʤʦʩʪʠ 

ʜʠʩʣʦʢʘʮʠʦʥʥʦʡ ʣʶʤʠʥʝʩʮʝʥʮʠʠ (ɼʃ), 

ʟʘʢʣʶʯʘʶʱʝʛʦʩʷ ʚ ʩʠʣʴʥʦʤ ʨʦʩʪʝ ʠʥʪʝʥʩʠʚʥʦʩʪʠ 

ʣʠʥʠʠ D1 ʧʨʠ ʫʚʝʣʠʯʝʥʠʠ ʪʝʤʧʝʨʘʪʫʨʳ ʦʙʨʘʟʮʘ 

[1]. 

ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʚʧʝʨʚʳʝ ʠʟʛʦʪʦʚʣʝʥʳ 

ʩʚʝʪʦʜʠʦʜʳ ʥʘ ʦʩʥʦʚʝ ɼʃ, ʚ ʢʦʪʦʨʳʭ ʜʠʩʣʦʢʘʮʠʦʥʥʘʷ ʩʪʨʫʢʪʫʨʘ ʩʦʟʜʘʚʘʣʘʩʴ ʠʤʧʣʘʥʪʘʮʠʝʡ ʠʦʥʦʚ 

Si+ ʩ ʧʦʩʣʝʜʫʶʱʠʤ ʪʝʨʤʠʯʝʩʢʠʤ ʦʪʞʠʛʦʤ. ɼʦʧʦʣʥʠʪʝʣʴʥʘʷ ʠʤʧʣʘʥʪʘʮʠʷ ʧʨʠʤʝʩʠ ʙʦʨʘ ʚ 

ʜʠʩʣʦʢʘʮʠʦʥʥʫʶ ʦʙʣʘʩʪʴ ʢʨʠʩʪʘʣʣʘ ʦʩʫʱʝʩʪʚʣʷʣʘʩʴ ʢʘʢ ʜʣʷ ʩʦʟʜʘʥʠʷ p-n ʧʝʨʝʭʦʜʘ, ʪʘʢ ʠ ʜʣʷ 

ʧʦʩʣʝʜʫʶʱʝʡ ʨʝʘʣʠʟʘʮʠʠ ʵʬʬʝʢʪʘ ʘʥʦʤʘʣʴʥʦʡ ʪʝʤʧʝʨʘʪʫʨʥʦʡ ʟʘʚʠʩʠʤʦʩʪʠ ɼʃ. ɺ ʨʘʙʦʪʝ 

ʠʩʩʣʝʜʦʚʘʥʳ ʦʩʦʙʝʥʥʦʩʪʠ ʩʧʝʢʪʨʦʚ ʵʣʝʢʪʨʦʣʶʤʠʥʝʩʮʝʥʮʠʠ (ʕʃ) ʠʟʛʦʪʦʚʣʝʥʥʳʭ ʩʚʝʪʦʜʠʦʜʦʚ 

(ʨʠʩ.1), ʠʟʫʯʝʥʘ ʠʭ ʪʝʤʧʝʨʘʪʫʨʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ, ʚʧʝʨʚʳʝ ʧʦʢʘʟʘʥʘ ʨʝʘʣʠʟʘʮʠʷ ʵʬʬʝʢʪʘ ʘʥʦʤʘʣʴʥʦʡ 

ʪʝʤʧʝʨʘʪʫʨʥʦʡ ʟʘʚʠʩʠʤʦʩʪʠ ʵʣʝʢʪʨʦʣʶʤʠʥʝʩʮʝʥʮʠʠ ʠ ʚʦʟʤʦʞʥʦʩʪʴ ʠʤ ʫʧʨʘʚʣʷʪʴ ʧʦʩʨʝʜʩʪʚʦʤ 

ʜʦʧʦʣʥʠʪʝʣʴʥʳʭ ʪʝʨʤʦʦʙʨʘʙʦʪʦʢ. ʈʝʟʫʣʴʪʘʪʳ, ʧʦʣʫʯʝʥʥʳʝ ʚ ʜʘʥʥʦʡ ʨʘʙʦʪʝ, ʚʘʞʥʳ ʜʣʷ ʨʘʟʨʘʙʦʪʢʠ 

ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʭ ʨʝʰʝʥʠʡ ʧʦ ʚʥʝʜʨʝʥʠʶ ʢʨʝʤʥʠʝʚʳʭ ʦʧʪʠʯʝʩʢʠʭ ʤʝʞʩʦʝʜʠʥʝʥʠʡ ʚʥʫʪʨʠ ʯʠʧʘ, ʯʪʦ 

ʷʚʣʷʝʪʩʷ ʥʘ ʩʝʛʦʜʥʷʰʥʠʡ ʜʝʥʴ ʥʘʩʫʱʥʦʡ ʧʦʪʨʝʙʥʦʩʪʴʶ ʤʠʢʨʦʵʣʝʢʪʨʦʥʠʢʠ. 

ʃʠʪʝʨʘʪʫʨʘ 

1. A.N. Tereshchenko et al. The Influence of Heat Treatments on the Temperature Dependence of 

Dislocation Luminescence in Ion-Implanted Silicon // Journal of Surface Investigation: X-ray, 

Synchrotron and Neutron Techniques. ï 2024. ï Vol. 18, Iss. Suppl. 1. ï P. S193ïS197.  

 

 
ʈʠʩʫʥʦʢ 1 ï ʇʨʠʤʝʨ ʪʝʤʧʝʨʘʪʫʨʥʦʡ ʟʘʚʠʩʠʤʦʩʪʠ 

ʩʧʝʢʪʨʦʚ ʜʠʩʣʦʢʘʮʠʦʥʥʦʡ ʕʃ ʠʟʛʦʪʦʚʣʝʥʥʦʛʦ 

ʢʨʝʤʥʠʝʚʦʛʦ ʩʚʝʪʦʜʠʦʜʘ. 
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ʆʛʨʘʥʠʯʝʥʠʷ ʙʝʩʢʦʥʪʘʢʪʥʳʭ ʤʝʪʦʜʦʚ ʠʟʤʝʨʝʥʠʷ ʚʨʝʤʝʥʠ ʞʠʟʥʠ 

ʑʝʤʝʨʦʚ ʀ.ɺ.1,2), ʂʦʙʝʣʝʚʘ ʉ.ʇ.1,2), ɸʥʬʠʤʦʚ ʀ.ʄ.2), ʂʦʣʦʢʦʣʦʚ ɼ.ɻ.3) 
1)ʅʘʮʠʦʥʘʣʴʥʳʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʡ ʫʥʠʚʝʨʩʠʪʝʪ çʄʀʉʠʉè 

2)ʆʆʆ çʈʘʟʨʘʙʦʪʢʘ ʠ ʠʟʛʦʪʦʚʣʝʥʠʝ ʠʟʤʝʨʠʪʝʣʴʥʳʭ ʩʠʩʪʝʤè 
3)ɸʢʮʠʦʥʝʨʥʦʝ ʦʙʱʝʩʪʚʦ çʅʘʫʯʥʦ-ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʠʥʩʪʠʪʫʪ ʧʨʠʙʦʨʦʚè 

 e-mail: schemerov.iv@misis.ru 

 

ʈʝʢʦʤʙʠʥʘʮʠʦʥʥʦʝ ʚʨʝʤʷ ʞʠʟʥʠ ʥʝʨʘʚʥʦʚʝʩʥʳʭ ʥʦʩʠʪʝʣʝʡ ʟʘʨʷʜʘ (ɺɾ) ʵʪʦ ʦʜʥʘ ʠʟ 

ʤʘʨʦʯʥʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʜʣʷ ʥʝʧʨʷʤʦʟʦʥʥʳʭ ʤʘʪʝʨʠʘʣʦʚ, ʚ ʧʝʨʚʫʶ ʦʯʝʨʝʜʴ ï 

ʤʦʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ ʢʨʝʤʥʠʷ. ɺɾ ʚ ʪʘʢʠʭ ʧʦʣʫʧʨʦʚʦʜʥʠʢʘʭ ʥʘʧʨʷʤʫʶ ʟʘʚʠʩʠʪ ʦʪ ʢʦʥʮʝʥʪʨʘʮʠʠ 

ʜʝʬʝʢʪʦʚ, ʩʦʟʜʘʶʱʠʭ ʨʘʟʨʝʰʝʥʥʳʝ ʩʦʩʪʦʷʥʠʷ ʚ ʛʣʫʙʠʥʝ ʟʘʧʨʝʱʝʥʥʦʡ ʟʦʥʳ. ʕʪʠ ʜʝʬʝʢʪʳ 

ʩʫʱʝʩʪʚʝʥʥʦ ʫʭʫʜʰʘʶʪ ʧʝʨʝʭʦʜʥʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʠʟʛʦʪʘʚʣʠʚʘʝʤʳʭ ʧʨʠʙʦʨʦʚ. 

ʆʜʠʥ ʠʟ ʥʘʠʙʦʣʝʝ ʧʨʦʩʪʳʭ ʩʧʦʩʦʙʦʚ ʠʟʤʝʨʝʥʠʷ ɺɾ ï ʵʪʦ ʨʝʛʠʩʪʨʘʮʠʷ ʩʧʘʜʘ 

ʬʦʪʦʧʨʦʚʦʜʠʤʦʩʪʠ [1]. ʇʨʠ ʫʩʣʦʚʠʠ ʣʠʥʝʡʥʦʡ ʨʝʢʦʤʙʠʥʘʮʠʠ, ʢʦʪʦʨʘʷ ʨʝʘʣʠʟʫʝʪʩʷ ʚ ʫʩʣʦʚʠʷʭ 

ʥʠʟʢʦʛʦ ʫʨʦʚʥʷ ʠʥʞʝʢʮʠʠ, ʠ ʦʜʥʦʨʦʜʥʦʡ ʛʝʥʝʨʘʮʠʠ, ʠʟʙʳʪʦʯʥʘʷ ʢʦʥʮʝʥʪʨʘʮʠʷ ʩʧʘʜʘʝʪ ʧʦʩʣʝ 

ʚʳʢʣʶʯʝʥʠʷ ʟʘʩʚʝʪʢʠ ʵʢʩʧʦʥʝʥʮʠʘʣʴʥʦ ʩ ʭʘʨʘʢʪʝʨʥʳʤ ʚʨʝʤʝʥʝʤ, ʨʘʚʥʳʤ ɺɾ. ʉʠʩʪʝʤʘ ʩʪʘʥʜʘʨʪʦʚ 

SEMI ʦʧʠʩʳʚʘʝʪ ʧʦ ʤʝʥʴʰʝʡ ʤʝʨʝ ʪʨʠ ʩʧʦʩʦʙʘ ʨʝʛʠʩʪʨʘʮʠʠ ʩʧʘʜʘ ʬʦʪʦʧʨʦʚʦʜʠʤʦʩʪʠ. ʕʪʦ 

ʢʦʥʪʘʢʪʥʳʡ ʤʝʪʦʜ (SEMI MF28), ʙʝʩʢʦʥʪʘʢʪʥʳʡ ʉɺʏ ʤʝʪʦʜ (SEMI MF1535) ʠ ʙʝʩʢʦʥʪʘʢʪʥʳʡ ɺʏ 

ʤʝʪʦʜ (SEMI PV13). ɹʝʩʢʦʥʪʘʢʪʥʳʝ ʤʝʪʦʜʳ ʦʙʣʘʜʘʶʪ ʧʨʝʠʤʫʱʝʩʪʚʘʤʠ ʧʝʨʝʜ ʢʦʥʪʘʢʪʥʳʤʠ: ʥʝʪ 

ʥʝʦʙʭʦʜʠʤʦʩʪʠ ʥʘʥʦʩʠʪʴ ʦʤʠʯʝʩʢʠʝ ʢʦʥʪʘʢʪʳ, ʠʟʛʦʪʘʚʣʠʚʘʪʴ ʦʙʨʘʟʮʳ ʩʧʝʮʠʘʣʴʥʦʡ ʬʦʨʤʳ. 

ɹʝʩʢʦʥʪʘʢʪʥʳʝ ʤʝʪʦʜʳ ʤʦʛʫʪ ʙʳʪʴ ʥʝʨʘʟʨʫʰʘʶʱʠʤʠ. ʆʜʥʘʢʦ ʠ ʫ ʙʝʩʢʦʥʪʘʢʪʥʳʭ ʤʝʪʦʜʦʚ ʝʩʪʴ 

ʦʛʨʘʥʠʯʝʥʠʷ. 

ɹʝʩʢʦʥʪʘʢʪʥʳʡ ɺʏ ʤʝʪʦʜ ʦʢʘʟʳʚʘʝʪʩʷ ʥʝʨʝʘʣʠʟʫʝʤ ʚ ʪʦʤ ʩʣʫʯʘʝ, ʝʩʣʠ ʪʦʣʱʠʥʘ ʦʙʨʘʟʮʦʚ 

ʦʯʝʥʴ ʤʘʣʘ (ʤʝʥʝʝ 100 ʤʢʤ), ʪʘʢ ʢʘʢ ʚ ʪʘʢʦʤ ʩʣʫʯʘʝ ʧʦʚʝʨʭʥʦʩʪʴ ʙʫʜʝʪ ʧʦʜʘʚʣʷʪʴ ʦʙʨʘʟʦʚʘʥʠʝ 

ʚʠʭʨʝʚʳʭ ʪʦʢʦʚ. ɺ ʭʦʜʝ ʠʟʤʝʨʝʥʠʷ ʠʩʧʦʣʴʟʫʝʪʩʷ ʧʝʨʝʤʝʥʥʦʝ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʝ ʧʦʣʝ (ʕʄʇ) ʩ 

ʯʘʩʪʦʪʦʡ ʦʪ 1 ʄɻʮ. ʕʪʦ ʨʝʟʢʦ ʦʛʨʘʥʠʯʠʚʘʝʪ ʥʠʞʥʶʶ ʛʨʘʥʠʮʫ ʨʝʛʠʩʪʨʠʨʫʝʤʳʭ ɺɾ: ʦʙʨʘʟʮʳ ʩ ɺɾ 

ʤʝʥʝʝ 1 ʤʢʩ ʥʝ ʤʦʛʫʪ ʙʳʪʴ ʠʟʤʝʨʝʥʳ ʪʘʢʠʤ ʤʝʪʦʜʦʤ. ʉ ʜʨʫʛʦʡ ʩʪʦʨʦʥʳ, ʚʝʨʭʥʷʷ ʛʨʘʥʠʮʘ 

ʨʝʛʠʩʪʨʠʨʫʝʤʳʭ ʪʘʢʠʤ ʦʙʨʘʟʦʤ ɺɾ, ʚ ʦʙʱʝʤ, ʥʝʦʛʨʘʥʠʯʝʥʥʘ. ɺ [2] ʧʦʢʘʟʘʥʦ, ʯʪʦ ʩʪʘʥʜʘʨʪʥʦʝ 

ʦʪʢʣʦʥʝʥʠʝ ʚ ʭʦʜʝ ʤʝʞʣʘʙʦʨʘʪʦʨʥʳʭ ʩʣʠʯʝʥʠʡ ʧʦ ʪʘʢʦʤʫ ʤʝʪʦʜʫ ʧʨʠ ʠʟʤʝʨʝʥʠʠ ʦʙʨʘʟʮʦʚ ʩ ɺɾ 

3400 ʤʢʩ ʥʝ ʧʨʝʚʳʰʘʝʪ 8%. 

ɹʝʩʢʦʥʪʘʢʪʥʳʡ ʉɺʏ ʤʝʪʦʜ ʧʦʟʚʦʣʷʝʪ ʠʟʤʝʨʷʪʴ ʠ ʙʦʣʝʝ ʥʠʟʢʠʝ ɺɾ, ʪʘʢ ʢʘʢ ʜʣʷ ʥʝʛʦ 

ʠʩʧʦʣʴʟʫʝʪʩʷ ʧʝʨʝʤʝʥʥʦʝ ʕʄʇ ʩ ʯʘʩʪʦʪʦʡ 1-50 ɻɻʮ. ʅʘ ʪʘʢʠʭ ʫʩʪʘʥʦʚʢʘʭ ʤʦʛʫʪ ʙʳʪʴ ʠʟʤʝʨʝʥʳ ɺɾ 

ʤʝʥʝʝ 100 ʥʩ. ʅʦ ʠʟʤʝʨʝʥʠʝ ʪʘʢʠʤ ʤʝʪʦʜʦʤ ɺɾ ʙʦʣʴʰʦʡ ʚʝʣʠʯʠʥʳ (ʙʦʣʝʝ 1 ʤʩ) ʟʘʪʨʫʜʥʝʥʦ. 

ʇʨʠʯʠʥʘ ʵʪʦʛʦ - ʥʝʙʦʣʴʰʘʷ ʛʣʫʙʠʥʘ ʧʨʦʥʠʢʥʦʚʝʥʠʷ ʕʄʇ ʚ ʦʙʨʘʟʝʮ, ʧʦʨʷʜʢʘ ʜʦʣʝʡ ʤʤ, ʯʪʦ 

ʦʛʨʘʥʠʯʠʚʘʝʪ ʦʙʣʘʩʪʴ ʘʥʘʣʠʟʘ ʪʦʣʴʢʦ ʧʨʠʧʦʚʝʨʭʥʦʩʪʥʳʤʠ ʩʣʦʷʤʠ. ʅʘ ʨʝʟʫʣʴʪʘʪ ʚʣʠʷʝʪ ʫʤʝʥʴʰʝʥʠʝ 

ʢʦʥʮʝʥʪʨʘʮʠʠ ʥʦʩʠʪʝʣʝʡ ʠʟ-ʟʘ ʜʠʬʬʫʟʠʠ ʚʛʣʫʙʴ ʧʦʣʫʧʨʦʚʦʜʥʠʢʘ. ʇʨʠ ʠʟʤʝʨʝʥʠʠ ʧʣʘʩʪʠʥ 

ʪʦʣʱʠʥʦʡ ʙʦʣʝʝ 10 ʤʤ ʩ ɺɾ ʙʦʣʝʝ 1 ʤʩ ʥʘ ʉɺʏ ʫʩʪʘʥʦʚʢʘʭ ʩ ʢʦʣʴʮʝʚʳʤ ʟʘʟʦʨʦʤ ʥʝʦʙʭʦʜʠʤʦ 

ʚʚʝʜʝʥʠʝ ʧʦʧʨʘʚʦʢ. 

ɼʘʞʝ ʝʩʣʠ ʥʝ ʫʯʠʪʳʚʘʪʴ ʦʛʨʘʥʠʯʝʥʠʝ ʦʙʣʘʩʪʠ ʘʥʘʣʠʟʘ, ʥʘ ʥʘʯʘʣʴʥʦʤ ʵʪʘʧʝ ʩʧʘʜ 

ʬʦʪʦʧʨʦʚʦʜʠʤʦʩʪʠ ʧʨʦʠʩʭʦʜʠʪ ʫʩʢʦʨʝʥʥʦ, ʧʦʵʪʦʤʫ ʠʟʤʝʨʷʪʴ ɺɾ ʤʦʞʥʦ ʪʦʣʴʢʦ ʚ ʥʠʞʥʝʡ ʯʘʩʪʠ 

ʨʝʣʘʢʩʘʮʠʦʥʥʦʡ ʢʨʠʚʦʡ. ʉʪʘʥʜʘʨʪʳ SEMI ʨʝʢʦʤʝʥʜʫʶʪ ʠʩʧʦʣʴʟʦʚʘʪʴ ʜʣʷ ʘʥʘʣʠʟʘ ʫʯʘʩʪʦʢ 45 ï 5% 

ʦʪ ʤʘʢʩʠʤʫʤʘ, ʥʦ ʚ [1] ʙʳʣʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʚ ʦʙʨʘʟʮʘʭ ʙʦʣʴʰʦʡ ʪʦʣʱʠʥʳ ʩʧʘʜ ʌʇ ʥʝ ʫʩʧʝʚʘʝʪ ʩʪʘʪʴ 

ʤʦʥʦʵʢʩʧʦʥʝʥʮʠʘʣʴʥʳʤ ʜʘʞʝ ʢ ʵʪʦʤʫ ʤʦʤʝʥʪʫ. ɼʣʷ ʨʘʩʯʝʪʘ ʦʙʲʝʤʥʦʛʦ ɺɾ ʧʦ ʠʟʤʝʨʝʥʥʦʤʫ 

ʵʬʬʝʢʪʠʚʥʦʤʫ ʥʝʦʙʭʦʜʠʤʦ ʧʨʦʚʦʜʠʪʴ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʩ ʫʯʝʪʦʤ ʵʪʦʛʦ ʵʬʬʝʢʪʘ. 
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ʊʨʘʜʠʮʠʦʥʥʦ ʥʘ ʢʦʥʬʝʨʝʥʮʠʷʭ çʂʨʝʤʥʠʡè ʢʦʤʧʘʥʠʷ ʆʆʆ çɸʢʪʠʚʥʘʷ ʌʦʪʦʥʠʢʘè 

ʨʘʩʩʢʘʟʳʚʘʝʪ ʦ ʥʦʚʳʭ ʨʘʟʨʘʙʦʪʢʘʭ, ʧʨʝʜʩʪʘʚʣʷʶʱʠʭ ʠʥʪʝʨʝʩ ʫʛʣʫʙʣʝʥʠʷ ʠʩʩʣʝʜʦʚʘʥʠʡ ʢʨʝʤʥʠʷ ʠ 

ʩʪʨʫʢʪʫʨ ʥʘ ʝʛʦ ʦʩʥʦʚʝ [1]. ɿʘ ʧʨʦʰʝʜʰʝʝ ʚʨʝʤʷ ʧʨʦʜʫʢʮʠʷ ʢʦʤʧʘʥʠʠ ʧʦʧʦʣʥʠʣʘʩʴ ʥʦʚʳʤʠ 

ʨʘʟʨʘʙʦʪʢʘʤʠ, ʧʦʟʚʦʣʷʶʱʠʭ ʦʩʫʱʝʩʪʚʣʷʪʴ ʢʦʤʧʣʝʢʩʥʳʡ ʘʥʘʣʠʟ ʢʘʢ ʧʨʦʤʳʰʣʝʥʥʦ ʚʳʧʫʩʢʘʝʤʳʭ 

ʧʨʦʜʫʢʪʦʚ (ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʭ ʧʣʘʩʪʠʥ ʜʠʘʤʝʪʨʦʤ ʜʦ 300 ʤʤ), ʪʘʢ ʠ ʣʘʙʦʨʘʪʦʨʥʳʭ ʦʙʲʝʢʪʦʚ. 

ʇʨʝʞʜʝ ʚʩʝʛʦ ʩʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ ʧʨʦʬʠʣʦʤʝʪʨ uSTEP 300, ʢʦʪʦʨʳʡ ʤʦʞʝʪ ʙʳʪʴ ʦʩʥʘʱʝʥ ʩʪʠʣʫʩʥʳʤ, 

ʘʪʦʤʥʦ-ʩʠʣʦʚʳʤ ʠ ʦʧʪʠʯʝʩʢʠʤ ʤʦʜʫʣʷʤʠ ʧʨʦʬʠʣʦʤʝʪʨʠʠ, ʘ ʪʘʢʞʝ ʧʦʜʜʝʨʞʠʚʘʪʴ ʨʝʞʠʤʳ ʘʪʦʤʥʦ-

ʩʠʣʦʚʦʡ ʥʘʥʦʣʠʪʦʛʨʘʬʠʠ, ʯʝʪʳʨʝʭʟʦʥʜʦʚʦʛʦ ʧʨʦʬʠʣʦʤʝʪʨʘ ʠ ʩʧʝʢʪʨʘʣʴʥʦʛʦ ʘʥʘʣʠʟʘʪʦʨʘ ʈʘʤʘʥ-

ʟʦʥʜ. ɼʣʷ ʨʝʰʝʥʠʷ ʟʘʜʘʯ ʧʨʦʤʳʰʣʝʥʥʦʛʦ ʢʦʥʪʨʦʣʷ ʚʳʧʫʩʢʘʝʤʳʭ ʠʟʜʝʣʠʡ ʥʘ ʧʨʝʜʧʨʠʷʪʠʷʭ 

ʤʠʢʨʦʵʣʝʢʪʨʦʥʥʦʡ ʦʪʨʘʩʣʠ ʩʝʙʷ ʟʘʨʝʢʦʤʝʥʜʦʚʘʣʘ ʠʥʩʧʝʢʮʠʦʥʥʘʷ ʤʘʰʠʥʘ uVISION 300, 

ʦʩʥʘʱʝʥʥʘʷ ʥʝʡʨʦʩʝʪʝʚʳʤ ʘʣʛʦʨʠʪʤʦʤ ʧʦʠʩʢʘ ʠ ʢʣʘʩʩʠʬʠʢʘʮʠʠ ʜʝʬʝʢʪʦʚ, ʩʧʦʩʦʙʥʘʷ ʨʘʙʦʪʘʪʴ ʢʘʢ 

ʚ ʙʝʣʦʤ, ʪʘʢ ʠ ʋʌ-ʩʚʝʪʝ. ɼʣʷ ʠʥʪʝʛʨʘʮʠʠ ʚ ʢʦʣʣʘʙʦʨʘʮʠʦʥʥʳʭ ʩʠʩʪʝʤʘʭ ʠʩʧʦʣʴʟʫʝʪʩʷ 

ʚʩrʦʢʦʪʦʯʥʳʡ ʤʥʦʛʦʢʦʦʨʜʠʥʘʪʥʳʡ ʩʪʦʣ uTRACK 300 ʧʨʠ ʨʝʰʝʥʠʠ ʟʘʜʘʯ ʧʨʦʤʳʰʣʝʥʥʦʡ 

ʤʝʪʨʦʣʦʛʠʠ, ʠʥʩʧʝʢʮʠʠ ʠ ʣʠʪʦʛʨʘʬʠʠ. ʇʨʦʜʦʣʞʘʶʪʩʷ ʨʘʙʦʪʳ ʧʦ ʩʦʟʜʘʥʠʶ ʩʢʘʥʠʨʫʶʱʠʭ ʟʦʥʜʦʚʳʭ 

ʤʠʢʨʦʩʢʦʧʦʚ ʥʦʚʦʛʦ ʧʦʢʦʣʝʥʠʷ ʠ ʤʦʜʫʣʝʡ ʥʘ ʠʭ ʦʩʥʦʚʝ ʜʣʷ ʨʝʰʝʥʠʷ ʤʝʞʜʠʩʮʠʧʣʠʥʘʨʥʳʭ ʟʘʜʘʯ [2]. 

ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʤʳ ʫʜʝʣʷʝʤ ʦʩʥʦʚʥʦʝ ʚʥʠʤʘʥʠʝ ʥʦʚʳʤ ʤʘʪʝʨʠʘʣʦʚʝʜʯʝʩʢʠʤ ʘʩʧʝʢʪʘʤ, 

ʩʚʷʟʘʥʥʳʤʠ ʩ ʬʦʨʤʠʨʦʚʘʥʠʝʤ ʥʘ ʢʨʝʤʥʠʠ ʩʪʨʫʢʪʫʨ ʩ ʧʦʥʠʞʝʥʥʦʡ ʨʘʟʤʝʨʥʦʩʪʴʶ, ʚ ʪʦʤ ʯʠʩʣʝ 

ʤʝʪʦʜʘʤʠ ʧʣʘʟʤʦʭʠʤʠʯʝʩʢʦʛʦ ʪʨʘʚʣʝʥʠʷ. ʕʪʦ ʧʦʟʚʦʣʷʝʪ ʠʩʧʦʣʴʟʦʚʘʪʴ ʛʠʙʨʠʜʥʳʝ ʩʪʨʫʢʪʫʨʳ, 

ʩʦʯʝʪʘʶʱʠʝ ʬʫʥʢʮʠʦʥʘʣʴʥʳʝ ʵʣʝʤʝʥʪʳ ʩ ʪʨʘʜʠʮʠʦʥʥʳʤʠ ʩʭʝʤʘʤʠ ʘʥʘʣʠʟʘ ʥʘ ʢʨʝʤʥʠʠ. 

ʆʙʩʫʞʜʘʶʪʩʷ ʚʦʧʨʦʩʳ ʦʮʝʥʢʠ ʯʠʩʪʦʪʳ ʩʬʦʨʤʠʨʦʚʘʥʥʳʭ ʩʪʨʫʢʪʫʨ [3]. ʊʘʢʞʝ ʨʘʩʩʤʦʪʨʝʥʳ ʚʦʧʨʦʩʳ 

ʜʦʧʦʣʥʠʪʝʣʴʥʳʭ ʬʠʟʠʯʝʩʢʠʭ ʤʝʪʦʜʠʢ, ʧʦʟʚʦʣʷʶʱʠʭ ʦʮʝʥʠʚʘʪʴ ʧʨʦʮʝʩʩʳ, ʧʨʦʪʝʢʘʶʱʠʝ ʥʘ 

ʠʥʪʝʨʬʝʡʩʝ çʢʨʝʤʥʠʡ-ʬʫʥʢʮʠʦʥʘʣʴʥʳʡ ʩʣʦʡè, ʚ ʪʦʤ ʯʠʩʣʝ ʥʘ ʧʨʠʤʝʨʝ ʟʘʛʦʪʦʚʦʢ ʜʣʷ ʵʣʝʢʪʨʝʪʥʳʭ 

ʤʠʢʨʦʬʦʥʦʚ [4].  
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ʝʛʦ ʦʩʥʦʚʝ, ʀʨʢʫʪʩʢ, 15ï20 ʠʶʣʷ 2024 ʛʦʜʘ. ï ʀʨʢʫʪʩʢ: ʀʥʩʪʠʪʫʪ ʛʝʦʛʨʘʬʠʠ ʠʤ. ɺ.ɹ. ʉʦʯʘʚʳ ʉʆ 

ʈɸʅ, 2024. ï ʉ. 51. 

2. ʇʘʪʝʥʪ ˉ 2849975 C1 ʈʦʩʩʠʡʩʢʘʷ ʌʝʜʝʨʘʮʠʷ. ʉʢʘʥʠʨʫʶʱʠʡ ʟʦʥʜʦʚʳʡ ʤʠʢʨʦʩʢʦʧ, 

ʩʦʚʤʝʱʝʥʥʳʡ ʩ ʤʘʛʥʠʪʦʦʧʪʠʯʝʩʢʠʤ ʤʠʢʨʦʩʢʦʧʦʤ, ʜʣʷ ʠʩʩʣʝʜʦʚʘʥʠʷ ʤʘʛʥʠʪʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʩ 

ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦʡ ʤʘʛʥʠʪʥʦʡ ʘʥʠʟʦʪʨʦʧʠʝʡ : ʟʘʷʚʣ. 05.08.2024 : ʦʧʫʙʣ. 01.11.2025 / ɼ. ɸ. 

ʂʦʟʦʜʘʝʚ, ʀ. ɸ. ʅʦʚʠʢʦʚ, ɸ. ɺ. ʂʠʤʝʣʴ [ʠ ʜʨ.] ; ʟʘʷʚʠʪʝʣʴ ʆʙʱʝʩʪʚʦ ʩ ʦʛʨʘʥʠʯʝʥʥʦʡ 

ʦʪʚʝʪʩʪʚʝʥʥʦʩʪʴʶ "ɸʢʪʠʚʥʘʷ ʬʦʪʦʥʠʢʘ". 

3. Porous silicon photoluminescence enhancement by silver dendrites registered with multiphoton 

microscopy / P. Lemeshko, O. Korepanov, E. Podkovyrina [et al.] // Optics & Laser Technology. ï 

2025. ï Vol. 181, No. Part B. ï P. 111825. 

4. Kozodaev, D. A. Investigation of nanosized structures using internal friction effect / D. A. Kozodaev, 

I. A. Novikov, V. A. Moshnikov // St. Petersburg State Polytechnical University Journal. Physics and 

Mathematics. ï 2024. ï Vol. 17, No. S1.1. ï P. 37-42.  
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ʂʫʜʨʷʚʮʝʚ ɸ.ʉ., ɹʘʟʣʦʚ ʅ.ɺ., ɹʦʥʜʘʨʝʥʢʦ ɸ.ʉ. 
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ɺ ʜʦʢʣʘʜʝ ʧʨʝʜʩʪʘʚʣʝʥʳ ʜʚʘ ʥʦʚʳʭ ʠʟʤʝʨʠʪʝʣʴʥʳʭ ʵʣʝʢʪʨʦʬʠʟʠʯʝʩʢʠʭ ʢʦʤʧʣʝʢʩʘ: DLTS-

ʩʧʝʢʪʨʦʤʝʪʨ (ʥʝʩʪʘʮʠʦʥʘʨʥʘʷ ʝʤʢʦʩʪʥʘʷ ʩʧʝʢʪʨʦʩʢʦʧʠʷ ʛʣʫʙʦʢʠʭ ʫʨʦʚʥʝʡ) ʠ ʫʩʪʘʥʦʚʢʘ ʜʣʷ 

ʠʟʤʝʨʝʥʠʷ ʫʜʝʣʴʥʦʛʦ ʩʦʧʨʦʪʠʚʣʝʥʠʷ ʪʦʥʢʠʭ ʧʣʝʥʦʢ ʤʝʪʦʜʦʤ ɺʘʥ ʜʝʨ ʇʘʫ. ʈʘʟʨʘʙʦʪʘʥʥʳʝ 

ʢʦʤʧʣʝʢʩʳ ʧʨʝʜʥʘʟʥʘʯʝʥʳ ʜʣʷ ʠʟʤʝʨʝʥʠʷ ʵʣʝʢʪʨʦʬʠʟʠʯʝʩʢʠʭ ʧʘʨʘʤʝʪʨʦʚ ʠ ʠʩʩʣʝʜʦʚʘʥʠʡ ʜʝʬʝʢʪʦʚ 

ʩʪʨʫʢʪʫʨʳ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚ ʚ ʟʘʜʘʯʘʭ ʤʠʢʨʦ-, ʥʘʥʦ- ʠ ʩʠʣʦʚʦʡ ʵʣʝʢʪʨʦʥʠʢʠ, ʬʦʪoʚʦʣʴʪaʠʢʠ. 

ʇʨʝʜʣʦʞʝʥʥʳʡ ʚ 1974 ʛʦʜʫ ɼ. ʃʵʥʛʦʤ [1] ʤʝʪʦʜ DLTS ʜʦ ʩʠʭ ʧʦʨ ʦʩʪʘʝʪʩʷ ʦʩʥʦʚʥʳʤ ʤʝʪʦʜʦʤ 

ʠʩʩʣʝʜʦʚʘʥʠʷ ʮʝʥʪʨʦʚ ʟʘʭʚʘʪʘ ʵʣʝʢʪʨʦʥʦʚ ʠ ʜʳʨʦʢ ʚ ʧʦʣʫʧʨʦʚʦʜʥʠʢʘʭ. ɺ ʝʛʦ ʦʩʥʦʚʝ ʣʝʞʘʪ 

ʠʟʤʝʨʝʥʠʷ ʨʝʣʘʢʩʘʮʠʡ ʙʘʨʴʝʨʥʦʡ ʸʤʢʦʩʪʠ ʜʠʦʜʥʦʡ ʩʪʨʫʢʪʫʨʳ ʧʦʩʣʝ ʧʝʨʝʟʘʨʷʜʢʠ ʮʝʥʪʨʦʚ, 

ʧʨʠʩʫʪʩʪʚʫʶʱʠʭ ʚ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʨʝʰʸʪʢʝ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʭ ʤʘʪʝʨʠʘʣʦʚ. 

ʈʘʟʨʘʙʦʪʘʥʥʳʡ DLTS-ʩʧʝʢʪʨʦʤʝʪʨ ʧʦʟʚʦʣʷʝʪ ʨʝʛʠʩʪʨʠʨʦʚʘʪʴ ʠ ʩʦʭʨʘʥʷʪʴ ʨʝʣʘʢʩʘʮʠʠ 

ʝʤʢʦʩʪʠ ʚ ʧʨʦʮʝʩʩʝ ʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ʩʢʘʥʠʨʦʚʘʥʠʷ, ʯʪʦ ʦʪʢʨʳʚʘʝʪ ʚʦʟʤʦʞʥʦʩʪʠ ʜʣʷ ʧʦʩʪʦʙʨʘʙʦʪʢʠ 

ʜʘʥʥʳʭ ʩ ʧʨʠʤʝʥʝʥʠʝʤ ʨʘʟʣʠʯʥʳʭ ʚʝʩʦʚʳʭ ʬʫʥʢʮʠʡ, ʬʠʣʴʪʨʦʚ ʠ ʤʘʪʝʤʘʪʠʯʝʩʢʠʭ ʦʧʝʨʘʮʠʡ [2] ʙʝʟ 

ʥʝʦʙʭʦʜʠʤʦʩʪʠ ʧʨʦʚʝʜʝʥʠʷ ʧʦʚʪʦʨʥʦʛʦ ʠʟʤʝʨʝʥʠʷ. ɺʳʩʦʢʘʷ ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʴ ʜʦʩʪʠʛʘʝʪʩʷ ʟʘ ʩʯʝʪ 

ʚʦʟʤʦʞʥʦʩʪʠ ʢʦʤʧʝʥʩʘʮʠʠ ʩʪʘʮʠʦʥʘʨʥʦʡ ʝʤʢʦʩʪʠ ʦʙʨʘʟʮʘ, ʯʪʦ ʧʦʟʚʦʣʷʝʪ ʨʘʙʦʪʘʪʴ ʩ ʙʦʣʴʰʠʤʠ 

ʩʪʘʮʠʦʥʘʨʥʳʤʠ ʝʤʢʦʩʪʷʤʠ ʙʝʟ ʧʦʪʝʨʠ ʜʠʥʘʤʠʯʝʩʢʦʛʦ ʜʠʘʧʘʟʦʥʘ [3]. ɼʣʷ ʵʪʦʡ ʮʝʣʠ ʨʘʟʨʘʙʦʪʘʥ 

ʩʧʝʮʠʘʣʴʥʳʡ ʵʣʝʢʪʨʦʥʥʳʡ ʤʦʜʫʣʴ ʢʦʤʧʝʥʩʘʮʠʠ ʝʤʢʦʩʪʠ. ɺ ʩʧʝʢʪʨʦʤʝʪʨʝ ʧʨʝʜʫʩʤʦʪʨʝʥʘ 

ʚʦʟʤʦʞʥʦʩʪʴ ʠʟʤʝʨʝʥʠʡ ʚʦʣʴʪ-ʘʤʧʝʨʥʳʭ ʠ ʚʦʣʴʪ-ʬʘʨʘʜʥʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʦʙʨʘʟʮʘ. ʄʦʜʫʣʴʥʘʷ ʠ 

ʢʦʤʧʴʶʪʝʨʠʟʠʨʦʚʘʥʥʘʷ ʘʨʭʠʪʝʢʪʫʨʘ ʩʧʝʢʪʨʦʤʝʪʨʘ ʧʦʟʚʦʣʷʝʪ ʨʝʘʣʠʟʦʚʳʚʘʪʴ ʜʦʧʦʣʥʠʪʝʣʴʥʳʝ 

ʤʝʪʦʜʳ ʠʩʩʣʝʜʦʚʘʥʠʷ, ʪʘʢʠʝ ʢʘʢ ʦʧʪʠʯʝʩʢʠʡ DLTS (ODLTS/DLOS), DDLTS, CTS, CTS-FET ʠ ʜʨ. 

ʈʘʟʨʘʙʦʪʘʥʥʘʷ ʫʩʪʘʥʦʚʢʘ ʠʟʤʝʨʝʥʠʷ ʫʜʝʣʴʥʦʛʦ ʩʦʧʨʦʪʠʚʣʝʥʠʷ ʪʦʥʢʠʭ ʧʣʝʥʦʢ ʧʨʦʠʟʚʦʣʴʥʦʡ 

ʬʦʨʤʳ ʧʦ ʤʝʪʦʜʫ ɺʘʥ ʜʝʨ ʇʘʫ [4] ʨʘʙʦʪʘʝʪ ʥʘ ʧʝʨʝʤʝʥʥʦʤ ʪʦʢʝ ʩ ʩʠʥʭʨʦʥʥʳʤ ʜʝʪʝʢʪʠʨʦʚʘʥʠʝʤ, ʯʪʦ 

ʧʦʟʚʦʣʷʝʪ ʥʝ ʪʦʣʴʢʦ ʧʦʣʫʯʠʪʴ ʚʳʩʦʢʫʶ ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʴ ʧʦ ʥʘʧʨʷʞʝʥʠʶ ʧʦʨʷʜʢʘ ʝʜʠʥʠʮ ʥɺ, ʥʦ ʠ 

ʫʩʪʨʘʥʠʪʴ ʚʢʣʘʜ ʚ ʚʳʭʦʜʥʦʡ ʩʠʛʥʘʣ ʪʝʨʤʦ-ʕɼʉ, ʚʦʟʥʠʢʘʶʱʠʭ ʥʘ ʢʦʥʪʘʢʪʘʭ, ʯʪʦ ʦʩʦʙʝʥʥʦ ʚʘʞʥʦ 

ʧʨʠ ʠʩʩʣʝʜʦʚʘʥʠʠ ʪʝʤʧʝʨʘʪʫʨʥʳʭ ʟʘʚʠʩʠʤʦʩʪʝʡ ʫʜʝʣʴʥʦʛʦ ʩʦʧʨʦʪʠʚʣʝʥʠʷ ʦʙʨʘʟʮʘ. ʋʩʪʘʥʦʚʢʘ 

ʤʦʞʝʪ ʙʳʪʴ ʫʢʦʤʧʣʝʢʪʦʚʘʥʘ ʦʜʥʠʤ ʠʣʠ ʥʝʩʢʦʣʴʢʠʤʠ ʠʟʤʝʨʠʪʝʣʴʥʳʤʠ ʤʦʜʫʣʷʤʠ, 

ʦʧʪʠʤʠʟʠʨʦʚʘʥʥʳʤʠ ʜʣʷ ʦʙʨʘʟʮʦʚ ʨʘʟʥʦʡ ʧʨʦʚʦʜʠʤʦʩʪʠ, ʣʠʙʦ ʫʥʠʚʝʨʩʘʣʴʥʳʤ ʤʦʜʫʣʝʤ. 
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ʂʘʢ ʠʟʚʝʩʪʥʦ, ʠʩʩʣʝʜʦʚʘʥʠʝ ʯʘʩʪʦʪʥʳʭ ʟʘʚʠʩʠʤʦʩʪʝʡ ʧʨʦʚʦʜʠʤʦʩʪʠ ʤʦʞʝʪ ʜʘʪʴ ʠʥʬʦʨʤʘʮʠʶ 

ʦʙ ʦʩʦʙʝʥʥʦʩʪʷʭ ʤʝʭʘʥʠʟʤʘ ʧʝʨʝʥʦʩʘ ʥʦʩʠʪʝʣʝʡ ʟʘʨʷʜʘ ʠ ʦ ʣʦʢʘʣʴʥʦʡ ʩʪʨʫʢʪʫʨʝ ʤʘʪʝʨʠʘʣʘ. ɼʣʷ 

ʘʤʦʨʬʥʳʭ ʠ ʣʝʛʠʨʦʚʘʥʥʳʭ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚ ʯʘʩʪʦʪʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʧʨʦʚʦʜʠʤʦʩʪʠ ʭʦʨʦʰʦ 

ʦʧʠʩʳʚʘʝʪʩʷ ʩʪʝʧʝʥʥʦʡ ʟʘʚʠʩʠʤʦʩʪʴʶ 
swws ~)( , ʛʜʝ sï ʧʦʩʪʦʷʥʥʘʷ (ʢʘʢ ʧʨʘʚʠʣʦ, 15.0 <<s ). 

ʉʪʝʧʝʥʥʘʷ ʯʘʩʪʦʪʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʧʨʦʚʦʜʠʤʦʩʪʠ ʫʢʘʟʳʚʘʝʪ ʥʘ ʧʨʳʞʢʦʚʳʡ ʭʘʨʘʢʪʝʨ ʪʨʘʥʩʧʦʨʪʘ; ʧʨʠ 

ʵʪʦʤ 1 s  ʯʘʩʪʦ ʩʚʷʟʳʚʘʝʪʩʷ ʩ ʨʝʣʘʢʩʘʮʠʦʥʥʳʤ ʚʢʣʘʜʦʤ. ɺʤʝʩʪʝ ʩ ʪʝʤ ʨʝʟʦʥʘʥʩʥʳʡ ʚʢʣʘʜ ʚ 

ʥʠʟʢʦʪʝʤʧʝʨʘʪʫʨʥʫʶ ʧʨʦʚʦʜʠʤʦʩʪʴ ʧʨʠ ʫʯʝʪʝ ʢʫʣʦʥʦʚʩʢʠʭ ʢʦʨʨʝʣʷʮʠʡ ʪʘʢʞʝ ʠʤʝʝʪ ʙʣʠʟʢʫʶ ʢ 

ʣʠʥʝʡʥʦʡ ( 8.0ºs ) ʯʘʩʪʦʪʥʫʶ ʟʘʚʠʩʠʤʦʩʪʴ wws w
3~)(Re rres

 [1], ʛʜʝ )/ln( www car =  ï ʦʧʪʠʤʘʣʴʥʦʝ 

ʤʝʞʮʝʥʪʨʦʚʦʝ ʨʘʩʩʪʦʷʥʠʝ ʚ ʧʘʨʝ ( ww>c ), a  ï ʵʬʬʝʢʪʠʚʥʳʡ ʙʦʨʦʚʩʢʠʡ ʨʘʜʠʫʩ. ɺʘʞʥʫʶ ʨʦʣʴ 

ʧʨʠʦʙʨʝʪʘʶʪ ʠʩʩʣʝʜʦʚʘʥʠʷ ʦʪʢʣʦʥʝʥʠʡ )(ws  ʦʪ ʫʥʠʚʝʨʩʘʣʴʥʦʩʪʠ (1 s). ɺ Si:P [2], Si:B [3] ʧʨʠ 

ʥʠʟʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ (1ºT ʂ) ʚ ʪʝʨʘʛʝʨʮʦʚʦʡ ʦʙʣʘʩʪʠ ʯʘʩʪʦʪ ʩ ʨʦʩʪʦʤ ʯʘʩʪʦʪʳ ʥʘʙʣʶʜʘʣʩ ̫ʧʝʨʝʭʦʜ 

(ʢʨʦʩʩʦʚʝʨ) ʦʪ ʧʦʯʪʠ ʣʠʥʝʡʥʦʡ (1 s ) ʢ ʢʚʘʜʨʘʪʠʯʥʦʡ ( 2ºs ) ʯʘʩʪʦʪʥʦʡ ʟʘʚʠʩʠʤʦʩʪʠ ʚʝʱʝʩʪʚʝʥʥʦʡ 

ʯʘʩʪʠ ʧʨʦʚʦʜʠʤʦʩʪʠ. ʇʨʠ ʚʳʩʦʢʠʭ ʯʘʩʪʦʪʘʭ ʨʝʟʦʥʘʥʩʥʳʡ ʚʢʣʘʜ ʚ ʧʨʦʚʦʜʠʤʦʩʪʴ ʧʨʝʦʙʣʘʜʘʝʪ ʥʘʜ 

ʨʝʣʘʢʩʘʮʠʦʥʥʳʤ. ʆʜʥʘʢʦ ʚ ʨʘʤʢʘʭ ʩʪʘʥʜʘʨʪʥʳʭ ʧʨʝʜʩʪʘʚʣʝʥʠʡ ʦ ʧʝʨʝʤʝʥʥʦʡ ʜʣʠʥʝ ʧʨʳʞʢʘ wr  

ʪʝʦʨʠʷ ʨʝʟʦʥʘʥʩʥʦʡ ʧʨʦʚʦʜʠʤʦʩʪʠ ʥʝ ʦʧʠʩʳʚʘʝʪ ʧʦʚʝʜʝʥʠʝ ʥʠʟʢʦʪʝʤʧʝʨʘʪʫʨʥʦʡ ʧʨʦʚʦʜʠʤʦʩʪʠ ʚ 

ʦʙʣʘʩʪʠ ʢʨʦʩʩʦʚʝʨʘ; ʢʫʣʦʥʦʚʩʢʦʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʤʝʞʜʫ ʵʣʝʢʪʨʦʥʘʤʠ ʚʥʫʪʨʠ ʨʝʟʦʥʘʥʩʥʳʭ ʧʘʨ 

ʠʛʨʘʝʪ ʦʩʥʦʚʥʫ  ʁʨʦʣʴ ( wkw Z>re /2
) ʠ )(Re wsres

 ʦʩʪʘʝʪʩʷ ʙʣʠʟʢʦʡ ʢ ʣʠʥʝʡʥʦʡ. ʉʦʛʣʘʩʥʦ [4, 5] 

ʢʨʦʩʩʦʚʝʨ ʦʪ ʧʦʯʪʠ ʣʠʥʝʡʥʦʡ ʢ ʢʚʘʜʨʘʪʠʯʥʦʡ ʯʘʩʪʦʪʥʦʡ ʟʘʚʠʩʠʤʦʩʪʠ ʚʝʱʝʩʪʚʝʥʥʦʡ ʯʘʩʪʠ 

ʥʠʟʢʦʪʝʤʧʝʨʘʪʫʨʥʦʡ ʧʨʦʚʦʜʠʤʦʩʪʠ ʩ ʨʦʩʪʦʤ ʯʘʩʪʦʪʳ ʤʦʞʝʪ ʙʳʪʴ ʩʚʷʟʘʥ ʩ ʧʝʨʝʭʦʜʦʤ ʦʪ 

ʧʨʦʚʦʜʠʤʦʩʪʠ ʩ ʧʝʨʝʤʝʥʥʦʡ ʜʣʠʥʦʡ ʧʨʳʞʢʘ wr  ʢ ʧʨʦʚʦʜʠʤʦʩʪʠ ʩ ʧʦʩʪʦʷʥʥʦʡ ʜʣʠʥʦʡ ʧʨʳʞʢʘ 

aropt 4º  ʧʨʠ wrropt º  ( copt ww 02.0º ); ʜʣʷ Si:P 
1310~cw  ʨʘʜ/ʩʝʢ. ʇʨʠ ʚʳʩʦʢʠʭ ʯʘʩʪʦʪʘʭ  

optww>  ( wrropt> ) ʚ ʨʝʞʠʤʝ ʩ ʧʦʩʪʦʷʥʥʦʡ ʦʧʪʠʤʘʣʴʥʦʡ ʜʣʠʥʦʡ ʧʨʳʞʢʘ optr  ʵʬʬʝʢʪʳ ʛʠʙʨʠʜʠʟʘʮʠʠ 

ʥʝʩʫʱʝʩʪʚʝʥʥʳ. ʇʝʨʝʭʦʜ ʢ 
2~)(Re wwsres
 ʩ ʨʦʩʪʦʤ ʯʘʩʪʦʪʳ ʧʨʠ optre kw /2>Z  ( crww> ,  

ccr ww 1.0º ) ʦʙʫʩʣʦʚʣʠʚʘʝʪʩʷ ʪʝʤ, ʯʪʦ ʢʫʣʦʥʦʚʩʢʠʤ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝʤ ʤʝʞʜʫ ʵʣʝʢʪʨʦʥʘʤʠ ʚ ʧʘʨʘʭ ʩ 

ʤʝʞʮʝʥʪʨʦʚʳʤ ʨʘʩʩʪʦʷʥʠʝʤ optr  ʤʦʞʥʦ ʧʨʝʥʝʙʨʝʯʴ. ɼʣʷ ʭʘʨʘʢʪʝʨʥʳʭ ʟʥʘʯʝʥʠʡ ʧʘʨʘʤʝʪʨʦʚ 

ʠʩʩʣʝʜʦʚʘʚʰʠʭʩʷ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʩʠʩʪʝʤ optr  ʧʦʨʷʜʢʘ 3/1-n ; n  ï ʢʦʥʮʝʥʪʨʘʮʠʷ ʧʨʠʤʝʩʠ. ɺ ʨʘʙʦʪʝ 

ʧʨʦʚʝʜʝʥ ʨʘʩʯʝʪ ʥʠʟʢʦʪʝʤʧʝʨʘʪʫʨʥʦʡ ʨʝʟʦʥʘʥʩʥʦʡ ʧʨʦʚʦʜʠʤʦʩʪʠ ʥʝʫʧʦʨʷʜʦʯʝʥʥʦʛʦ 

ʧʦʣʫʧʨʦʚʦʜʥʠʢʘ ʚ ʨʝʞʠʤʝ ʧʝʨʝʭʦʜʦʚ ʤʝʞʜʫ ʙʣʠʞʘʡʰʠʤʠ ʩʦʩʝʜʷʤʠ ʚ ʧʨʠʙʣʠʞʝʥʠʠ 

ʥʝʢʦʨʨʝʣʠʨʦʚʘʥʥʦʛʦ (ʧʫʘʩʩʦʥʦʚʩʢʦʛʦ) ʙʝʩʧʦʨʷʜʢʘ ʚ ʨʘʩʧʨʝʜʝʣʝʥʠʠ ʧʨʠʤʝʩʠ. ʇʦʢʘʟʘʥʦ, ʯʪʦ 

ʨʝʟʫʣʴʪʘʪʳ ʨʘʩʯʝʪʘ ʨʝʟʦʥʘʥʩʥʦʡ ʧʨʦʚʦʜʠʤʦʩʪʠ, ʧʦʣʫʯʝʥʥʳʝ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʧʨʝʜʩʪʘʚʣʝʥʠʡ ʦ 

ʧʝʨʝʭʦʜʘʭ ʤʝʞʜʫ ʙʣʠʞʘʡʰʠʤʠ ʩʦʩʝʜʥʠʤʠ ʮʝʥʪʨʘʤʠ ʣʦʢʘʣʠʟʘʮʠʠ, ʩʦʛʣʘʩʫʶʪʩʷ ʩ ʯʘʩʪʦʪʥʦʡ 

ʟʘʚʠʩʠʤʦʩʪʴʶ ʨʝʟʦʥʘʥʩʥʦʡ ʧʨʦʚʦʜʠʤʦʩʪʠ ʧʨʠ ʚʳʩʦʢʠʭ ʯʘʩʪʦʪʘʭ optww>  ʚ ʨʝʞʠʤʝ ʩ ʧʦʩʪʦʷʥʥʦʡ 

ʜʣʠʥʦʡ ʧʨʳʞʢʘ optr , )/(~)(Re 2

opt

res re kwwws +Z . 
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ɺʨʝʤʷ-ʨʘʟʨʝʰʸʥʥʳʝ ʨʝʥʪʛʝʥʦʚʩʢʠʝ 

ʜʠʬʨʘʢʮʠʦʥʥʳʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʦʟʚʦʣʷʶʪ ʠʟʫʯʘʪʴ 

ʜʠʥʘʤʠʢʫ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʨʝʰʸʪʢʠ ʠ ʬʘʟʦʚʳʭ 

ʧʝʨʝʭʦʜʦʚ. ɼʣʷ ʧʨʦʮʝʩʩʦʚ ʥʘ ʧʠʢʦ- ʠ 

ʬʝʤʪʦʩʝʢʫʥʜʥʳʭ ʤʘʩʰʪʘʙʘʭ ʩʦʟʜʘʥʳ 

ʨʝʥʪʛʝʥʦʚʩʢʠʝ ʣʘʟʝʨʳ ʥʘ ʩʚʦʙʦʜʥʳʭ ʵʣʝʢʪʨʦʥʘʭ, 

ʦʜʥʘʢʦ ʤʥʦʛʠʝ ʬʠʟʠʯʝʩʢʠʝ ʧʨʦʮʝʩʩʳ ʧʨʦʪʝʢʘʶʪ 

ʥʘ ʥʘʥʦ- ʠ ʩʫʙ-ʤʠʢʨʦʩʝʢʫʥʜʥʳʭ ʚʨʝʤʝʥʥʳʭ 

ʠʥʪʝʨʚʘʣʘʭ [1]. ɼʣʷ ʠʭ ʠʟʫʯʝʥʠʷ ʜʦʩʪʘʪʦʯʥʦ 

ʨʝʥʪʛʝʥʦʚʩʢʠʭ ʠʤʧʫʣʴʩʦʚ ʩʦʧʦʩʪʘʚʠʤʦʡ 

ʜʣʠʪʝʣʴʥʦʩʪʠ, ʢʦʪʦʨʳʝ ʤʦʞʝʪ ʦʙʝʩʧʝʯʠʪʴ 

ʩʠʥʭʨʦʪʨʦʥʥʦʝ ʠʟʣʫʯʝʥʠʝ. ʂʣʶʯʝʚʘʷ ʟʘʜʘʯʘ ʜʣʷ 

ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʥʘʢʘʯʢʘ-ʟʦʥʜʠʨʦʚʘʥʠʝ ð 

ʚʳʜʝʣʝʥʠʝ ʦʜʠʥʦʯʥʳʭ ʠʤʧʫʣʴʩʦʚ ʠʟ ʝʛʦ 

ʥʝʧʨʝʨʳʚʥʦʛʦ ʮʫʛʘ. ʆʜʥʦ ʠʟ ʨʝʰʝʥʠʡ ð 

ʢʨʘʪʢʦʚʨʝʤʝʥʥʦʝ ʦʪʢʣʦʥʝʥʠʝ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ 

ʧʫʯʢʘ, ʜʠʬʨʘʛʠʨʦʚʘʥʥʦʛʦ ʦʪ ʢʨʝʤʥʠʷ, ʧʦʩʣʝ ʣʘʟʝʨʥʦʛʦ ʚʦʟʜʝʡʩʪʚʠʷ. 

ɺ ʨʘʙʦʪʝ ʠʩʩʣʝʜʦʚʘʥʘ ʜʠʥʘʤʠʢʘ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʨʝʰʸʪʢʠ ʤʦʥʦʢʨʠʩʪʘʣʣʘ ʢʨʝʤʥʠʷ 100 ʧʦʩʣʝ 

ʚʦʟʙʫʞʜʝʥʠʷ ʥʘʥʦʩʝʢʫʥʜʥʳʤʠ ʣʘʟʝʨʥʳʤʠ ʠʤʧʫʣʴʩʘʤʠ ʩ ʜʣʠʥʦʡ ʚʦʣʥʳ 532 ʥʤ, ʜʣʠʪʝʣʴʥʦʩʪʴʶ 4 ʥʩ 

ʠ ʬʣʶʝʥʩʦʤ ʧʦʨʷʜʢʘ 1 ɼʞ/ʩʤĮ. ʇʦʛʣʦʱʝʥʠʝ ʠʟʣʫʯʝʥʠʷ ʚ ʧʨʠʧʦʚʝʨʭʥʦʩʪʥʦʤ ʩʣʦʝ ʢʨʝʤʥʠʷ 

ʠʥʠʮʠʠʨʫʝʪ ʬʦʨʤʠʨʦʚʘʥʠʝ ʨʝʟʢʠʭ ʪʝʤʧʝʨʘʪʫʨʥʳʭ ʛʨʘʜʠʝʥʪʦʚ ʠ ʪʝʨʤʦʫʧʨʫʛʠʭ ʥʘʧʨʷʞʝʥʠʡ, ʯʪʦ 

ʧʨʠʚʦʜʠʪ ʢ ʚʦʟʥʠʢʥʦʚʝʥʠʶ ʙʝʛʫʱʝʡ ʚʦʣʥʳ ʜʝʬʦʨʤʘʮʠʠ ʠ ʠʟʤʝʥʝʥʠʶ ʤʝʞʧʣʦʩʢʦʩʪʥʳʭ ʨʘʩʩʪʦʷʥʠʡ 

ʥʘ ʫʨʦʚʥʝ ȹd/d ~ 10 . ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʜʠʥʘʤʠʢʘ ʨʝʰʸʪʢʠ ʠʟʫʯʘʣʘʩʴ ʧʨʠ ʧʦʤʦʱʠ ʚʨʝʤʷ-

ʨʘʟʨʝʰʘʶʱʝʡ ʨʝʥʪʛʝʥʦ-ʜʠʬʨʘʢʮʠʦʥʥʦʡ ʤʝʪʦʜʠʢʠ, ʨʝʘʣʠʟʦʚʘʥʥʦʡ ʥʘ ʩʪʘʥʮʠʠ ʈʂʌʄ ʂʀʉʀ-

ʂʫʨʯʘʪʦʚ [2]. 

ʇʦʢʘʟʘʥʦ, ʯʪʦ ʭʘʨʘʢʪʝʨ ʠʟʤʝʥʝʥʠʷ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʜʠʬʨʘʢʮʠʦʥʥʦʛʦ ʦʪʨʘʞʝʥʠʷ ʩʫʱʝʩʪʚʝʥʥʦ 

ʟʘʚʠʩʠʪ ʦʪ ʛʣʫʙʠʥʳ ʵʢʩʪʠʥʢʮʠʠ. ɼʣʷ ʨʝʬʣʝʢʩʘ (111), ʜʠʬʨʘʢʮʠʷ ʜʣʷ ʢʦʪʦʨʦʛʦ ʧʨʦʠʩʭʦʜʠʪ ʚ 

ʧʨʠʧʦʚʝʨʭʥʦʩʪʥʦʡ ʦʙʣʘʩʪʠ, ʥʘʙʣʶʜʘʝʪʩʷ ʙʳʩʪʨʦʝ ʩʥʠʞʝʥʠʝ ʠʥʪʝʛʨʘʣʴʥʦʡ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʢʨʠʚʦʡ 

ʜʠʬʨʘʢʮʠʦʥʥʦʛʦ ʦʪʨʘʞʝʥʠʷ (ʂɼʆ), ʩʚʷʟʘʥʥʦʝ ʩ ʣʦʢʘʣʴʥʳʤ ʨʘʟʫʧʦʨʷʜʦʯʝʥʠʝʤ ʨʝʰʸʪʢʠ ʠ ʯʘʩʪʠʯʥʦʡ 

ʘʤʦʨʬʠʟʘʮʠʝʡ ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ ʩʣʦʷ. ɼʣʷ ʙʦʣʝʝ ʛʣʫʙʦʢʠʭ ʨʝʬʣʝʢʩʦʚ, ʥʘʦʙʦʨʦʪ, ʦʙʥʘʨʫʞʝʥʦ 

ʫʚʝʣʠʯʝʥʠʝ ʠʥʪʝʛʨʘʣʘ ʂɼʆ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʠʩʭʦʜʥʳʤ ʫʨʦʚʥʝʤ. ɼʦʧʦʣʥʠʪʝʣʴʥʦ ʟʘʨʝʛʠʩʪʨʠʨʦʚʘʥʳ 

ʫʛʣʦʚʳʝ ʩʤʝʱʝʥʠʷ ʮʝʥʪʨʘ ʤʘʩʩ ʂɼʆ, ʧʨʝʚʳʰʘʶʱʠʝ ʰʠʨʠʥʫ ʢʨʠʚʦʡ ʢʘʯʘʥʠʷ, ʯʪʦ ʧʦʜʪʚʝʨʞʜʘʝʪ 

ʚʦʟʤʦʞʥʦʩʪʴ ʘʢʪʠʚʥʦʛʦ ʫʧʨʘʚʣʝʥʠʷ ʥʘʧʨʘʚʣʝʥʠʝʤ ʜʠʬʨʘʛʠʨʦʚʘʥʥʦʛʦ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʧʫʯʢʘ. ʅʘ 

ʦʩʥʦʚʝ ʧʦʣʫʯʝʥʥʳʭ ʨʝʟʫʣʴʪʘʪʦʚ ʧʨʝʜʣʦʞʝʥʘ ʩʭʝʤʘ ʜʚʫʭʢʨʠʩʪʘʣʴʥʦʛʦ ʤʦʥʦʭʨʦʤʘʪʦʨʘ ʩ ʣʘʟʝʨʥʳʤ 

ʫʧʨʘʚʣʝʥʠʝʤ, ʧʦʟʚʦʣʷʶʱʘʷ ʬʦʨʤʠʨʦʚʘʪʴ ʚʨʝʤʝʥʥʦʝ ʦʢʥʦ ʧʨʦʧʫʩʢʘʥʠʷ ʜʣʠʪʝʣʴʥʦʩʪʴʶ ʧʦʨʷʜʢʘ 40 

ʥʩ ʧʨʠ ʦʩʣʘʙʣʝʥʠʠ ʬʦʥʘ ʧʨʠʤʝʨʥʦ ʚ 140 ʨʘʟ.  

ʈʘʙʦʪʘ ʧʦʜʜʝʨʞʘʥʘ ʛʨʘʥʪʦʤ ʈʅʌ ˉ 23-73-00039. ʆʙʳʜʝʥʥʦʚ ʅ.ʅ. ʷʚʣʷʝʪʩʷ ʩʪʠʧʝʥʜʠʘʪʦʤ 

ʬʦʥʜʘ ʨʘʟʚʠʪʠʷ ʪʝʦʨʝʪʠʯʝʩʢʦʡ ʬʠʟʠʢʠ ʠ ʤʘʪʝʤʘʪʠʢʠ ñɹɸɿʀʉò.  

ʃʠʪʝʨʘʪʫʨʘ 

1. F. S. Pilyak, et.al. Charge separation and directed migration of photoelectrons in LiNbO3:Fe crystals 

after excitation by nanosecond laser pulses. Physical Review B, (000300), 2024. 

2. M. V. Kovalchuk, et.al.  Subnanosecond x-ray diffraction technique for the study of photoinduced 

polarization-dependent processes on the kisi-kurchatov. Crystallography Reports, 69:165ï172, 2024.  

 
ʈʠʩʫʥʦʢ 1 ï ʅʦʨʤʠʨʦʚʘʥʥʘʷ ʜʠʥʘʤʠʢʘ ʠʥʪʝʛʨʘʣʘ 

(ʩʚʝʨʭʫ) ʠ ʮʝʥʪʨʘ ʤʘʩʩ (ʩʥʠʟʫ) ʂɼʆ ʜʣʷ ʨʝʬʣʝʢʩʦʚ 

(111) ʠ (333) ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ ʢʨʝʤʥʠʷ ʧʦʩʣʝ 

ʣʘʟʝʨʥʦʛʦ ʚʦʟʜʝʡʩʪʚʠʷ. 
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ʈʝʘʢʮʠʦʥʥʦ-ʩʧʝʯʝʥʥʳʡ ʢʘʨʙʠʜ ʢʨʝʤʥʠʷ (SiSiC) ʷʚʣʷʝʪʩʷ ʧʝʨʩʧʝʢʪʠʚʥʳʤ ʤʘʪʝʨʠʘʣʦʤ ʜʣʷ 

ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʳʭ ʫʟʣʦʚ ʛʘʟʦʪʫʨʙʠʥʥʳʭ ʜʚʠʛʘʪʝʣʝʡ, ʨʘʙʦʪʘʶʱʠʭ ʧʨʠ ʧʦʚʳʰʝʥʥʳʭ 

ʪʝʤʧʝʨʘʪʫʨʘʭ [1-3]. ɹʣʘʛʦʜʘʨʷ ʩʦʯʝʪʘʥʠʶ ʥʠʟʢʦʡ ʧʣʦʪʥʦʩʪʠ, ʚʳʩʦʢʦʡ ʪʚʝʨʜʦʩʪʠ ʠ ʩʧʦʩʦʙʥʦʩʪʠ 

ʩʦʭʨʘʥʷʪʴ ʬʦʨʤʫ ʧʨʠ ʥʘʛʨʝʚʝ, SiSiC-ʢʝʨʘʤʠʢʘ ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʢʘʢ ʘʣʴʪʝʨʥʘʪʠʚʘ ʞʘʨʦʧʨʦʯʥʳʤ 

ʤʝʪʘʣʣʠʯʝʩʢʠʤ ʩʧʣʘʚʘʤ ʚ ʥʝʦʭʣʘʞʜʘʝʤʳʭ ʵʣʝʤʝʥʪʘʭ ʛʦʨʷʯʝʛʦ ʪʨʘʢʪʘ. ʂʨʠʪʠʯʝʩʢʠ ʚʘʞʥʦʡ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʦʡ ʧʨʠ ʦʙʦʩʥʦʚʘʥʠʠ ʝʛʦ ʧʨʠʤʝʥʝʥʠʷ ʚʳʩʪʫʧʘʝʪ ʞʘʨʦʧʨʦʯʥʦʩʪʴ ð ʩʧʦʩʦʙʥʦʩʪʴ 

ʩʦʭʨʘʥʷʪʴ ʤʝʭʘʥʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʧʦʜ ʥʘʛʨʫʟʢʦʡ ʚ ʵʢʩʪʨʝʤʘʣʴʥʳʭ ʪʝʤʧʝʨʘʪʫʨʥʳʭ ʫʩʣʦʚʠʷʭ. 

ɺ ʨʘʙʦʪʝ [4] ʧʨʦʚʝʜʝʥʳ ʩʨʘʚʥʠʪʝʣʴʥʳʝ ʠʩʧʳʪʘʥʠʷ ʧʨʦʯʥʦʩʪʠ ʧʨʠ ʠʟʛʠʙʝ SiSiC-ʢʝʨʘʤʠʢʠ ʚ 

ʠʥʪʝʨʚʘʣʝ ʪʝʤʧʝʨʘʪʫʨ 20ï1400 Áʉ ʚ ʚʦʟʜʫʰʥʦʡ (ʦʢʠʩʣʠʪʝʣʴʥʦʡ) ʠ ʚʘʢʫʫʤʥʦʡ (ʟʘʱʠʪʥʦʡ) ʩʨʝʜʘʭ. 

ʆʙʨʘʟʮʳ ʠʟʛʦʪʘʚʣʠʚʘʣʠ ʤʝʪʦʜʦʤ ʛʦʨʷʯʝʛʦ ʰʣʠʢʝʨʥʦʛʦ ʣʠʪʴʷ ʧʦʜ ʜʘʚʣʝʥʠʝʤ ʢʦʤʧʦʟʠʮʠʦʥʥʳʭ 

ʧʦʨʦʰʢʦʚ ʩ ʧʦʩʣʝʜʫʶʱʠʤ ʨʝʘʢʮʠʦʥʥʳʤ ʩʧʝʢʘʥʠʝʤ ʧʨʠ 1500 Áʉ ʚ ʚʘʢʫʫʤʝ. ʇʣʦʪʥʦʩʪʴ ʧʦʣʫʯʝʥʥʳʭ 

ʦʙʨʘʟʮʦʚ ʩʦʩʪʘʚʣʷʣʘ 3,04ï3,10 ʛ/ʩʤį, ʦʩʪʘʪʦʯʥʦʝ ʩʦʜʝʨʞʘʥʠʝ ʩʚʦʙʦʜʥʦʛʦ ʢʨʝʤʥʠʷ ð 8ï12 ʦʙ. %. 

ʊʨʝʭʪʦʯʝʯʥʳʝ ʠʟʛʠʙʥʳʝ ʠʩʧʳʪʘʥʠʷ ʧʨʦʚʦʜʠʣʠ ʧʦ ʘʚʪʦʨʩʢʦʡ ʤʝʪʦʜʠʢʝ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ 

ʤʦʜʝʨʥʠʟʠʨʦʚʘʥʥʦʡ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʡ ʫʩʪʘʥʦʚʢʠ, ʦʩʥʘʱʝʥʥʦʡ ʚʘʢʫʫʤʥʦʡ ʢʘʤʝʨʦʡ ʠ ʩʠʩʪʝʤʦʡ 

ʪʝʨʤʦʧʘʨʥʦʛʦ ʢʦʥʪʨʦʣʷ. ʋʩʪʘʥʦʚʣʝʥʦ ʧʨʠʥʮʠʧʠʘʣʴʥʦʝ ʨʘʟʣʠʯʠʝ ʚ ʧʦʚʝʜʝʥʠʠ ʤʘʪʝʨʠʘʣʘ ʚ 

ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʩʨʝʜʳ. ʅʘ ʚʦʟʜʫʭʝ ʩ ʨʦʩʪʦʤ ʪʝʤʧʝʨʘʪʫʨʳ ʜʦ 1200 Áʉ ʥʘʙʣʶʜʘʝʪʩʷ ʧʦʚʳʰʝʥʠʝ 

ʧʨʦʯʥʦʩʪʠ ʩ 320 ʜʦ 420 ʄʇʘ, ʯʪʦ ʦʙʲʷʩʥʷʝʪʩʷ ʦʙʨʘʟʦʚʘʥʠʝʤ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʪʦʥʢʦʡ ʧʣʝʥʢʠ 

ʜʠʦʢʩʠʜʘ ʢʨʝʤʥʠʷ (SiO ), çʟʘʣʝʯʠʚʘʶʱʝʡè ʤʠʢʨʦʪʨʝʱʠʥʳ ʠ ʫʧʨʦʯʥʷʶʱʝʡ ʤʝʞʟʝʨʝʥʥʳʝ ʛʨʘʥʠʮʳ. 

ɺʳʰʝ 1200 Áʉ ʧʨʦʯʥʦʩʪʴ ʩʥʠʞʘʝʪʩʷ ʠʟ-ʟʘ ʨʘʟʤʷʛʯʝʥʠʷ ʦʩʪʘʪʦʯʥʦʛʦ ʢʨʝʤʥʠʷ, ʟʘʧʦʣʥʷʶʱʝʛʦ ʧʦʨʦʚʦʝ 

ʧʨʦʩʪʨʘʥʩʪʚʦ. ɺ ʚʘʢʫʫʤʝ ʧʨʠ 1400 Áʉ ʧʨʦʯʥʦʩʪʴ ʧʘʜʘʝʪ ʢʘʪʘʩʪʨʦʬʠʯʝʩʢʠ (ʥʠʞʝ 100 ʄʇʘ) 

ʚʩʣʝʜʩʪʚʠʝ ʦʪʩʫʪʩʪʚʠʷ ʟʘʱʠʪʥʦʛʦ ʦʢʩʠʜʥʦʛʦ ʩʣʦʷ ʠ ʜʝʛʨʘʜʘʮʠʠ ʛʨʘʥʠʮ ʟʝʨʝʥ. ʇʦʣʫʯʝʥʥʳʝ ʜʘʥʥʳʝ 

ʦʧʨʝʜʝʣʷʶʪ ʪʝʤʧʝʨʘʪʫʨʥʳʝ ʧʨʝʜʝʣʳ ʙʝʟʦʧʘʩʥʦʡ ʵʢʩʧʣʫʘʪʘʮʠʠ SiSiC-ʠʟʜʝʣʠʡ ʩʣʦʞʥʦʡ ʛʝʦʤʝʪʨʠʠ: 

ʜʦ 1400 Áʉ ʚ ʦʢʠʩʣʠʪʝʣʴʥʦʡ ʩʨʝʜʝ (ʢʘʤʝʨʘ ʩʛʦʨʘʥʠʷ) ʠ ʜʦ 1200 Áʉ ð ʚ ʠʥʝʨʪʥʦʡ ʠʣʠ 

ʚʦʩʩʪʘʥʦʚʠʪʝʣʴʥʦʡ ʘʪʤʦʩʬʝʨʝ.  

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʬʠʥʘʥʩʦʚʦʡ ʧʦʜʜʝʨʞʢʝ ʈʅʌ (ʧʨʦʝʢʪ ˉ 21-73-30019-ʇ). 
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ʈʝʘʢʮʠʦʥʥʦʝ ʩʧʝʢʘʥʠʝ (ʩʠʣʠʮʠʨʦʚʘʥʠʝ) ʷʚʣʷʝʪʩʷ ʧʝʨʩʧʝʢʪʠʚʥʳʤ ʤʝʪʦʜʦʤ ʧʦʣʫʯʝʥʠʷ 

ʙʝʩʧʦʨʠʩʪʳʭ ʠʟʜʝʣʠʡ ʠʟ ʢʘʨʙʠʜʘ ʢʨʝʤʥʠʷ (SiSiC) ʜʣʷ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʳʭ ʫʟʣʦʚ ʛʘʟʦʪʫʨ-ʙʠʥʥʳʭ 

ʜʚʠʛʘʪʝʣʝʡ.  ɹʣʘʛʦʜʘʨʷ ʙʝʟʫʩʘʜʦʯʥʦʩʪʠ ʧʨʦʮʝʩʩʘ ʠ ʦʪʥʦʩʠʪʝʣʴʥʦ ʥʝʚʳʩʦʢʠʤ ʪʝʤʧʝ-ʨʘʪʫʨʘʤ ʩʠʥʪʝʟʘ 

ʵʪʦʪ ʤʝʪʦʜ ʦʪʢʨʳʚʘʝʪ ʰʠʨʦʢʠʝ ʚʦʟʤʦʞʥʦʩʪʠ ʜʣʷ ʬʦʨʤʦʚʘʥʠʷ ʩʣʦʞʥʦʧʨʦ-ʬʠʣʴʥʳʭ ʢʝʨʘʤʠʯʝʩʢʠʭ 

ʵʣʝʤʝʥʪʦʚ [1-2]. ʇʝʨʩʧʝʢʪʠʚʥʳʤ ʥʘʧʨʘʚʣʝʥʠʝʤ ʧʦʚʳʰʝʥʠʷ ʥʘʜʝʞ-ʥʦʩʪʠ SiSiC-ʢʝʨʘʤʠʢʠ ʷʚʣʷʝʪʩʷ 

ʜʠʩʧʝʨʩʠʦʥʥʦʝ ʫʧʨʦʯʥʝʥʠʝ ʧʫʪʝʤ ʚʚʝʜʝʥʠʷ ʚ ʤʘʪʨʠʮʫ ʪʫʛʦ-ʧʣʘʚʢʠʭ ʩʦʝʜʠʥʝʥʠʡ, ʩʧʦʩʦʙʥʳʭ 

ʠʥʠʮʠʠʨʦʚʘʪʴ ʤʝʭʘʥʠʟʤʳ ʦʪʢʣʦʥʝʥʠʷ ʠ ʨʘʟʜʚʦʝʥʠʷ ʪʨʝ-ʱʠʥ. ʆʜʥʘʢʦ ʧʦʚʝʜʝʥʠʝ ʵʪʠʭ 

ʤʦʜʠʬʠʢʘʪʦʨʦʚ ʚ ʩʧʝʮʠʬʠʯʝʩʢʠʭ ʫʩʣʦʚʠʷʭ ʩʠʣʠʮʠʨʦʚʘʥʠʷ ð ʧʨʠ ʢʦʥʪʘʢʪʝ ʩ ʨʘʩʧʣʘʚʦʤ ʢʨʝʤʥʠʷ ʚ 

ʧʨʠʩʫʪʩʪʚʠʠ ʫʛʣʝʨʦʜʘ ð ʠʟʫʯʝʥʦ ʥʝʜʦʩʪʘʪʦʯʥʦ. ʎʝʣʴʶ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʳ ʷʚʣʷʣʩʷ ʩʨʘʚʥʠʪʝʣʴʥʳʡ 

ʘʥʘʣʠʟ ʬʘʟʦʚʳʭ ʧʨʝʚʨʘʱʝʥʠʡ ʚ ʩʠʩʪʝʤʘʭ TiBïCïSi ʠ TiCïCïSi ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ ʨʝʘʢʮʠʦʥʥʦʛʦ 

ʩʧʝʢʘʥʠʷ. ʆʙʨʘʟʮʳ ʧʦʣʫʯʘʣʠ ʤʝʪʦʜʦʤ ʦʜʥʦ-ʦʩʥʦʛʦ ʧʨʝʩʩʦʚʘʥʠʷ ʩʤʝʩʝʡ ʤʝʣʢʦʜʠʩʧʝʨʩʥʳʭ 

ʧʦʨʦʰʢʦʚ TiB  (ʩʨʝʜʥʠʡ ʨʘʟʤʝʨ ʯʘʩʪʠʮ 1ï2 ʤʢʤ) ʠ TiC (0.5ï1 ʤʢʤ) ʩ ʜʦʙʘʚʣʝʥʠʝʤ ʪʝʭʥʠʯʝʩʢʦʛʦ 

ʫʛʣʝʨʦʜʘ (15 ʤʘʩ. %) ʩ ʧʦʩʣʝʜʫʶʱʝʡ ʧʨʦʧʠʪʢʦʡ ʨʘʩʧʣʘʚʦʤ ʢʨʝʤʥʠʷ ʧʨʠ 1550 Áʉ ʚ ʚʘʢʫʫʤʝ. ʌʘʟʦʚʳʡ 

ʩʦʩʪʘʚ ʩʧʝʯʝʥʥʳʭ ʤʘʪʝʨʠʘ-ʣʦʚ ʠʩʩʣʝʜʦʚʘʣʠ ʤʝʪʦʜʦʤ ʨʝʥʪʛʝʥʦʬʘʟʦʚʦʛʦ ʘʥʘʣʠʟʘ (ʈʌɸ), 

ʤʠʢʨʦʩʪʨʫʢʪʫʨʫ ʠ ʵʣʝʤʝʥʪʥʦʝ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ð ʤʝʪʦʜʘʤʠ ʩʢʘʥʠʨʫʶʱʝʡ ʵʣʝʢʪʨʦʥʥʦʡ ʤʠʢʨʦʩʢʦʧʠʠ 

ʩ ʵʥʝʨʛʦʜʠʩʧʝʨʩʠʦʥ-ʥʳʤ ʤʠʢʨʦʘʥʘʣʠʟʦʤ. ʋʩʪʘʥʦʚʣʝʥʦ ʧʨʠʥʮʠʧʠʘʣʴʥʦʝ ʨʘʟʣʠʯʠʝ ʚ ʧʦʚʝʜʝʥʠʠ 

ʤʦʜʠʬʠʢʘʪʦʨʦʚ. ɼʠʙʦʨʠʜ ʪʠʪʘʥʘ ʧʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʣ ʚʳʩʦʢʫʶ ʭʠʤʠʯʝʩʢʫʶ ʫʩʪʦʡʯʠʚʦʩʪʴ ʚ 

ʨʘʩʧʣʘʚʝ ʢʨʝʤ-ʥʠʷ: ʝʛʦ ʯʘʩʪʠʮʳ ʩʦʭʨʘʥʷʶʪ ʠʩʭʦʜʥʫʶ ʤʦʨʬʦʣʦʛʠʶ ʠ ʯʝʪʢʠʝ ʛʨʘʥʠʮʳ, ʘ ʩʚʷʟʳʚʘʥʠʝ 

ʤʘʪʨʠ-ʮʳ ʧʨʦʠʩʭʦʜʠʪ ʟʘ ʩʯʝʪ ʦʙʨʘʟʦʚʘʥʠʷ ʚʪʦʨʠʯʥʦʛʦ ʢʘʨʙʠʜʘ ʢʨʝʤʥʠʷ ʠʟ ʫʛʣʝʨʦʜʘ ʰʠʭʪʳ. ʈʌɸ 

ʧʦʜʪʚʝʨʞʜʘʝʪ ʥʘʣʠʯʠʝ ʪʦʣʴʢʦ ʨʘʚʥʦʚʝʩʥʳʭ ʬʘʟ SiC, TiB  ʠ ʥʝʟʥʘʯʠʪʝʣʴʥʦʛʦ ʢʦʣʠʯʝʩʪʚʘ ʦʩʪʘʪʦʯʥʦʛʦ 

ʢʨʝʤʥʠʷ. ʅʘʧʨʦʪʠʚ, ʢʘʨʙʠʜ ʪʠʪʘʥʘ ʘʢʪʠʚʥʦ ʚʟʘʠʤʦʜʝʡʩʪʚʫʝʪ ʩ ʨʘʩʧʣʘʚʦʤ, ʯʘ-ʩʪʠʯʥʦ ʨʘʩʧʘʜʘʷʩʴ ʩ 

ʦʙʨʘʟʦʚʘʥʠʝʤ ʦʭʨʫʧʯʠʚʘʶʱʠʭ ʩʠʣʠʮʠʜʦʚ ʪʠʪʘʥʘ (TiSi , TiSi), ʯʪʦ ʧʦʜ-ʪʚʝʨʞʜʘʝʪʩʷ ʢʘʢ 

ʜʠʬʨʘʢʪʦʛʨʘʤʤʘʤʠ, ʪʘʢ ʠ ʧʦʷʚʣʝʥʠʝʤ ʭʘʨʘʢʪʝʨʥʳʭ ʩʚʝʪʣʳʭ ʤʝʞʟʝʨʝʥʥʳʭ ʧʨʦʩʣʦʝʢ ʥʘ 

ʤʠʢʨʦʬʦʪʦʛʨʘʬʠʷʭ. ɺʳʩʚʦʙʦʞʜʘʶʱʠʡʩʷ ʧʨʠ ʨʘʩʧʘʜʝ TiC ʫʛʣʝʨʦʜ ʜʦʧʦʣʥʠ-ʪʝʣʴʥʦ ʫʯʘʩʪʚʫʝʪ ʚ 

ʬʦʨʤʠʨʦʚʘʥʠʠ ʚʪʦʨʠʯʥʦʛʦ ʢʘʨʙʠʜʘ ʢʨʝʤʥʠʷ, ʦʜʥʘʢʦ ʦʙʱʘʷ ʜʝʛʨʘʜʘʮʠʷ ʫʧʨʦʯʥʷʶʱʝʡ ʬʘʟʳ 

ʧʨʠʚʦʜʠʪ ʢ ʩʥʠʞʝʥʠʶ ʤʝʭʘʥʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ. ʊʝʨʤʦʜʠʥʘʤʠʯʝʩʢʠʡ ʘʥʘ-ʣʠʟ ʩ ʨʘʩʯʝʪʦʤ ʵʥʝʨʛʠʡ 

ɻʠʙʙʩʘ ʧʦʢʘʟʘʣ, ʯʪʦ ʩʪʘʙʠʣʴʥʦʩʪʴ TiB  ʚ ʩʠʩʪʝʤʝ SiïC (ȹG = ï280 ʢɼʞ/ʤʦʣʴ ʧʨʠ 1600 Áʉ) 

ʟʥʘʯʠʪʝʣʴʥʦ ʧʨʝʚʦʩʭʦʜʠʪ ʩʪʘʙʠʣʴʥʦʩʪʴ TiC (ȹG = ï175 ʢɼʞ/ʤʦʣʴ), ʯʪʦ ʜʝʣʘʝʪ ʜʠʙʦʨʠʜ ʪʠʪʘʥʘ 

ʧʨʝʜʧʦʯʪʠʪʝʣʴʥʦʡ ʫʧʨʦʯʥʷʶʱʝʡ ʬʘʟʦʡ ʜʣʷ ʨʝʘʢʮʠʦʥʥʦ-ʩʧʝʯʝʥʥʳʭ ʢʦʤʧʦʟʠʪʦʚ ʥʘ ʦʩʥʦʚʝ ʢʘʨʙʠʜʘ 

ʢʨʝʤʥʠʷ. ʇʦʣʫʯʝʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʩʣʫʞʘʪ ʦʩʥʦʚʦʡ ʜʣʷ ʧʨʦʛʥʦʟʠʨʦʚʘʥʠʷ ʧʦʚʝʜʝʥʠʷ ʜʨʫʛʠʭ 

ʪʫʛʦʧʣʘʚʢʠʭ ʩʦʝʜʠʥʝʥʠʡ ʤʝʪʘʣʣʦʚ IV ʠ V ʛʨʫʧʧ ʚ ʫʩʣʦʚʠʷʭ ʩʠʣʠʮʠʨʦʚʘʥʠʷ ʠ ʦʪʢʨʳʚʘʶʪ ʧʫʪʴ ʢ 

ʮʝʣʝʥʘʧʨʘʚʣʝʥʥʦʤʫ ʧʨʦʝʢʪʠʨʦʚʘʥʠʶ ʢʝʨʘʤʠ-ʯʝʩʢʠʭ ʤʘʪʝʨʠʘʣʦʚ ʩ ʧʦʚʳʰʝʥʥʦʡ 

ʪʨʝʱʠʥʦʩʪʦʡʢʦʩʪʴʶ. 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʬʠʥʘʥʩʦʚʦʡ ʧʦʜʜʝʨʞʢʝ ʈʅʌ (ʧʨʦʝʢʪ ˉ 21-73-30019-ʇ). 
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ʉʪʨʫʢʪʫʨʳ ʥʘ ʦʩʥʦʚʝ ʪʦʥʢʠʭ ʧʣʝʥʦʢ ʦʢʩʠʜʘ ʠ ʥʠʪʨʠʜʘ ʢʨʝʤʥʠʷ ʠʤʝʶʪ ʰʠʨʦʢʦʝ ʧʨʠʤʝʥʝʥʠʝ 

ʚ ʦʧʪʦ- ʠ ʤʠʢʨʦʵʣʝʢʪʨʦʥʠʢʝ. ʂʘʯʝʩʪʚʦ ʧʦʣʫʯʘʝʤʳʭ ʧʣʝʥʦʢ ʩʠʣʴʥʦ ʚʣʠʷʝʪ ʥʘ ʵʣʝʢʪʨʦʬʠʟʠʯʝʩʢʠʝ, 

ʬʦʪʦʣʶʤʠʥʠʩʮʝʥʪʥʳʝ ʩʚʦʡʩʪʚʘ ʪʘʢʠʭ ʩʪʨʫʢʪʫʨ ï ʪʝʤ ʩʠʣʴʥʝʝ, ʯʝʤ ʪʦʥʴʰʝ ʧʣʸʥʢʘ. ʅʝʦʜʥʦʨʦʜʥʦʩʪʴ 

ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʳ ʠ ʩʦʩʪʘʚʘ ʦʪʜʝʣʴʥʦʡ ʧʣʝʥʢʠ ʤʦʞʝʪ ʩʠʣʴʥʦ ʠʟʤʝʥʷʪʴ ʩʚʦʡʩʪʚʘ 

ʛʝʪʝʨʦʩʪʨʫʢʪʫʨʳ ʚ ʮʝʣʦʤ. ʇʨʠ ʪʦʣʱʠʥʝ ʧʦʨʷʜʢʘ 10 ʥʤ ʠ ʤʝʥʝʝ ʩʫʱʝʩʪʚʝʥʥʦ ʚʦʟʨʘʩʪʘʝʪ ʚʣʠʷʥʠʝ 

ʧʝʨʝʭʦʜʥʳʭ ʩʣʦʝʚ ʥʘ ʛʨʘʥʠʮʝ ʨʘʟʜʝʣʘ ʧʣʝʥʦʢ. ʇʦʵʪʦʤʫ ʦʯʝʥʴ ʚʘʞʥʦ ʢʦʥʪʨʦʣʠʨʦʚʘʪʴ ʩʦʩʪʘʚ ʠ 

ʩʪʨʫʢʪʫʨʫ ʥʝ ʪʦʣʴʢʦ ʧʣʝʥʢʠ, ʥʦ ʠ ʧʝʨʝʭʦʜʥʳʭ ʩʣʦʝʚ ʥʘ ʛʨʘʥʠʮʘʭ ʨʘʟʜʝʣʘ ʧʣʝʥʦʢ ʩ ʩʦʩʝʜʥʠʤʠ 

ʩʣʦʷʤʠ. 

ɼʣʷ ʠʩʩʣʝʜʦʚʘʥʠʷ ʛʝʪʝʨʦʩʪʨʫʢʪʫʨ ʥʘ ʦʩʥʦʚʝ ʪʦʥʢʠʭ ʠ ʫʣʴʪʨʘʪʦʥʢʠʭ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʭ ʧʣʝʥʦʢ 

ʩ ʚʳʩʦʢʠʤ ʨʘʟʨʝʰʝʥʠʝʤ ʧʦ ʛʣʫʙʠʥʝ ʥʝʦʙʭʦʜʠʤʦ ʨʘʟʨʘʙʦʪʘʪʴ ʩʧʝʮʠʘʣʠʟʠʨʦʚʘʥʥʳʝ ʤʝʪʦʜʠʢʠ 

ʘʥʘʣʠʟʘ ʵʣʝʢʪʨʦʥʥʦ-ʟʦʥʜʦʚʳʤʠ ʠ ʠʦʥʥʦ-ʟʦʥʜʦʚʳʤʠ ʤʝʪʦʜʘʤʠ, ʧʦʟʚʦʣʷʶʱʠʤʠ ʠʩʩʣʝʜʦʚʘʪʴ ʪʘʢʞʝ ʠ 

ʛʨʘʥʠʮʳ ʨʘʟʜʝʣʘ ʤʝʞʜʫ ʩʣʦʷʤʠ. 

ɺ ʨʘʙʦʪʝ ʧʨʝʜʩʪʘʚʣʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʧʨʦʬʠʣʴʥʦʛʦ ʵʣʝʤʝʥʪʥʦʛʦ ʠ ʭʠʤʠʯʝʩʢʦʛʦ ʘʥʘʣʠʟʘ 

ʛʝʪʝʨʦʩʪʨʫʢʪʫʨ (SiNx/SiO2)n/Si, ʧʦʣʫʯʝʥʳ ʦʞʝ-ʩʧʝʢʪʨʳ ʩʨʘʚʥʝʥʠʷ ʨʘʟʣʠʯʥʳʭ ʭʠʤʠʯʝʩʢʠʭ 

ʩʦʝʜʠʥʝʥʠʡ ʢʨʝʤʥʠʷ, ʦʪʨʘʙʦʪʘʥʳ ʫʩʣʦʚʠʷ ʦʞʝ-ʘʥʘʣʠʟʘ ʩ ʫʯʸʪʦʤ ʘʨʪʝʬʘʢʪʦʚ ʚʦʟʜʝʡʩʪʚʠʷ 

ʵʣʝʢʪʨʦʥʥʦʛʦ ʠ ʠʦʥʥʦʛʦ ʧʫʯʢʦʚ. ʆʧʨʝʜʝʣʝʥʥʳʝ ʧʦ ʦʙʨʘʟʮʘʤ ʩʨʘʚʥʝʥʠʷ ʢʦʵʬʬʠʮʠʝʥʪʳ 

ʦʪʥʦʩʠʪʝʣʴʥʦʡ ʵʣʝʤʝʥʪʥʦʡ ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʠ ʧʦʟʚʦʣʠʣʠ ʧʦʣʫʯʠʪʴ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʢʦʥʮʝʥʪʨʘʮʠʡ 

ʭʠʤʠʯʝʩʢʠʭ ʩʦʝʜʠʥʝʥʠʡ ʧʦ ʪʦʣʱʠʥʝ ʠʩʩʣʝʜʫʝʤʳʭ ʛʝʪʝʨʦʩʪʨʫʢʪʫʨ. ʅʘʠʣʫʯʰʝʝ ʨʘʟʨʝʰʝʥʠʝ ʧʦ 

ʛʣʫʙʠʥʝ ʧʨʠ ʢʦʣʠʯʝʩʪʚʝʥʥʦʤ ʵʣʝʤʝʥʪʥʦʤ ʠ ʭʠʤʠʯʝʩʢʦʤ ʘʥʘʣʠʟʝ ʦʙʝʩʧʝʯʠʚʘʝʪʩʷ ʢʦʤʙʠʥʘʮʠʝʡ 

ʤʝʪʦʜʦʚ ʵʣʝʢʪʨʦʥʥʦʡ ʦʞʝ-ʩʧʝʢʪʨʦʩʢʦʧʠʠ ʠ ʚʨʝʤʷʧʨʦʣʝʪʥʦʡ ʚʪʦʨʠʯʥʦ-ʠʦʥʥʦʡ ʤʘʩʩ-ʩʧʝʢʪʨʦʤʝʪʨʠʠ, 

ʘ ʘʥʘʣʠʟ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʳ ï ʤʝʪʦʜʦʤ ʧʨʦʩʚʝʯʠʚʘʶʱʝʡ ʵʣʝʢʪʨʦʥʥʦʡ ʤʠʢʨʦʩʢʦʧʠʠ 

(ʇʕʄ). 

  
ʈʠʩʫʥʦʢ 3 ï ʀʟʦʙʨʘʞʝʥʠʷ ʧʣʸʥʢʠ SiNx, (ʩʣʝʚʘ) ʠ ʩʪʨʫʢʪʫʨʳ SiNx/SiO2/Si (ʩʧʨʘʚʘ) ʧʦʣʫʯʝʥʥʳʝ ʤʝʪʦʜʦʤ ʇʕʄ. 

ʅʘ ʚʩʪʘʚʢʘʭ ʧʦʢʘʟʘʥʳ ʬʫʨʴʝ ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ ʦʪ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʨʝʰʝʪʢʠ, ʧʦʣʫʯʝʥʥʳʝ ʚ ʫʢʘʟʘʥʥʳʭ ʥʘ 

ʠʟʦʙʨʘʞʝʥʠʷʭ ʦʙʣʘʩʪʷʭ. 
 










