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ɸʅʆʊɸʎɯʗ 

 ʄʘʢʘʨ ʊ.ʈ. ɽʣʝʢʪʨʦʥʥʽ ʪʘ ʩʪʨʫʢʪʫʨʥʽ ʚʣʘʩʪʠʚʦʩʪʽ ʧʦʚʝʨʭʦʥʴ ʢʨʠʩʪʘʣʽʯʥʠʭ 

ʭʘʣʴʢʦʛʝʥʽʜʽʚ ʽʥʜʽʶ. ï ʂʚʘʣʽʬʽʢʘʮʽʡʥʘ ʥʘʫʢʦʚʘ ʧʨʘʮʷ ʥʘ ʧʨʘʚʘʭ ʨʫʢʦʧʠʩʫ. 

 ɼʠʩʝʨʪʘʮʽʷ ʥʘ ʟʜʦʙʫʪʪʷ ʩʪʫʧʝʥʷ ʜʦʢʪʦʨʘ ʬʽʣʦʩʦʬʽʾ ʟʘ ʩʧʝʮʽʘʣʴʥʽʩʪʶ 

105 çʇʨʠʢʣʘʜʥʘ ʬʽʟʠʢʘ ʪʘ ʥʘʥʦʤʘʪʝʨʽʘʣʠè (10 - ʇʨʠʨʦʜʥʠʯi ʥʘʫʢʠ). ï ʃʴʚʽʚʩʴʢʠʡ 

ʥʘʮʽʦʥʘʣʴʥʠʡ ʫʥʽʚʝʨʩʠʪʝʪ ʽʤʝʥʽ ɯʚʘʥʘ ʌʨʘʥʢʘ, ʃʴʚʽʚ, 2025. 

 ɼʠʩʝʨʪʘʮʽʡʥʘ ʨʦʙʦʪʘ ʧʨʠʩʚʷʯʝʥʘ ʜʦʩʣʽʜʞʝʥʥʶ ʧʨʠʜʘʪʥʦʩʪʽ ʚʠʢʦʨʠʩʪʘʥʥʷ 

ʧʦʚʝʨʭʦʥʴ ʩʢʦʣʶʚʘʥʥʷ (100) In4Se3 ʪʘ (001) InTe ʜʣʷ ʬʦʨʤʫʚʘʥʥʷ ʥʘʥʦʩʠʩʪʝʤ 

In0/(100) In4Se3, In
0/(001) InTe ʥʘ ʦʩʥʦʚʽ ʭʘʣʴʢʦʛʝʥʽʜʥʠʭ ʥʘʧʽʚʧʨʦʚʽʜʥʠʢʽʚ ʟ 

ʧʨʠʨʦʜʥʠʤʠ ʥʘʥʦʩʪʨʫʢʪʫʨʦʚʘʥʠʤʠ ʤʘʪʨʠʮʷʤʠ ʪʘ ʚʠʚʯʝʥʥʶ ʤʝʭʘʥʽʟʤʽʚ 

ʬʦʨʤʫʚʘʥʥʷ ʽʥʜʽʻʚʠʭ ʥʘʥʦʩʪʨʫʢʪʫʨ ʥʘ ʾʭ ʧʦʚʝʨʭʥʷʭ.  

 ʍʘʣʴʢʦʛʝʥʽʜʥʽ ʰʘʨʫʚʘʪʽ ʥʘʧʽʚʧʨʦʚʽʜʥʠʢʠ ʪʘʢʽ ʷʢ In4Se3 ʪʘ InTe ʥʘʣʝʞʘʪʴ ʜʦ 

ʢʣʘʩʫ ʤʘʪʝʨʽʘʣʽʚ, ʷʢʽ ʤʦʞʫʪʴ ʚʽʜʢʨʠʪʠ ʧʝʨʩʧʝʢʪʠʚʠ ʜʣʷ ʝʣʝʢʪʨʦʥʽʢʠ ʥʦʚʦʛʦ 

ʧʦʢʦʣʽʥʥʷ. ʎʽ ʩʧʦʣʫʢʠ ʢʨʠʩʪʘʣʽʟʫʶʪʴʩʷ ʫ ʰʘʨʫʚʘʪʽ ʩʪʨʫʢʪʫʨʠ, ʦʢʨʝʤʽ ʰʘʨʠ-ʧʘʢʝʪʠ, 

ʷʢʽ ʚʦʣʦʜʽʶʪʴ ʚʠʩʦʢʠʤ ʩʪʫʧʝʥʝʤ ʽʥʜʠʚʽʜʫʘʣʴʥʦʩʪʽ. ʎʝ ʟʫʤʦʚʣʶʻ ʥʝ ʪʽʣʴʢʠ ʘʥʽʟʦʪʨʦʧʽʶ 

ʝʣʝʢʪʨʦʥʥʠʭ ʩʧʝʢʪʨʽʚ ʾʭʥʽʭ ʧʦʚʝʨʭʦʥʴ, ʙʘʛʘʪʴʦʭ ʬʽʟʠʯʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ, ʘʣʝ ʪʘʢʦʞ 

ʧʦʨʦʜʞʫʻ ʧʝʚʥʽ ʦʩʦʙʣʠʚʦʩʪʽ ʫ ʩʪʨʫʢʪʫʨʽ ʧʦʚʝʨʭʥʽ ï ʙʦʨʦʟʥʠʩʪʽʩʪʴ ʟ ʣʘʥʮʶʞʢʦʚʦ-

ʧʦʜʽʙʥʠʤʠ ʩʪʨʫʢʪʫʨʘʤʠ ʜʣʷ (100) In4Se3. ʉʪʘʙʽʣʴʥʽʩʪʴ ʤʽʞʰʘʨʦʚʠʭ ʧʦʚʝʨʭʦʥʴ 

ʩʢʦʣʶʚʘʥʥʷ ʪʘ ʧʝʨʩʧʝʢʪʠʚʥʽʩʪʴ ʚʠʢʦʨʠʩʪʘʥʥʷ ʙʦʨʦʟʥʠʩʪʠʭ ʘʥʽʟʦʪʨʦʧʥʠʭ ʩʢʦʣʽʚ ʚ 

ʷʢʦʩʪʽ ʤʘʪʨʠʮʴ, ʜʣʷ ʬʦʨʤʫʚʘʥʥʷ ʧʦʚʝʨʭʥʝʚʠʭ ʥʘʥʦʜʨʦʪʽʚ ʪʘ ʥʘʥʦʩʪʨʫʢʪʫʨ, ʪʘʢʦʞ 

ʚʠʢʣʠʢʘʻ ʟʘʮʽʢʘʚʣʝʥʥʷ. ɺʠʨʽʰʝʥʥʷ ʮʠʭ ʟʘʜʘʯ ʚʠʤʘʛʘʻ ʜʦʩʣʽʜʞʝʥʥʷ ʩʪʨʫʢʪʫʨʠ 

ʧʦʚʝʨʭʦʥʴ ʰʘʨʫʚʘʪʠʭ ʢʨʠʩʪʘʣʽʚ, ʾʭʥʽʭ ʝʣʝʢʪʨʦʥʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ, ʢʦʥʪʨʦʣʶ 

ʤʽʞʬʘʟʥʠʭ ʚʟʘʻʤʦʜʽʡ ʟ ʤʦʞʣʠʚʠʤ ʬʦʨʤʫʚʘʥʥʷʤ ʽʥʪʝʨʬʝʡʩʽʚ. 

 ʊʘʢʠʤ ʯʠʥʦʤ, ʟ ʪʦʯʢʠ ʟʦʨʫ ʧʦʜʘʣʴʰʦʛʦ ʨʦʟʚʠʪʢʫ ʥʘʥʦʨʦʟʤʽʨʥʠʭ ʝʣʝʢʪʨʦʥʥʠʭ 

ʧʨʠʩʪʨʦʾʚ ʥʝʦʙʭʽʜʥʦ ʜʦʩʣʽʜʠʪʠ ʤʦʞʣʠʚʦʩʪʽ ʬʦʨʤʫʚʘʥʥʷ ʧʨʦʩʪʦʨʦʚʦ 

ʚʧʦʨʷʜʢʦʚʘʥʠʭ ʤʘʩʠʚʽʚ ʤʝʪʘʣʝʚʠʭ ʥʘʥʦʩʪʨʫʢʪʫʨ ʥʘ ʾʭʥʽʭ ʧʦʚʝʨʭʥʷʭ, ʘ ʪʘʢʦʞ 

ʟʜʽʡʩʥʠʪʠ ʨʦʟʨʦʙʢʫ ʪʘ ʘʧʨʦʙʘʮʽʶ ʥʦʚʠʭ ʪʝʭʥʦʣʦʛʽʡ ʬʦʨʤʫʚʘʥʥʷ 

ʥʘʥʦʛʝʪʝʨʦʩʪʨʫʢʪʫʨ ʥʘ ʾʭ ʧʦʚʝʨʭʥʷʭ.  
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 ʇʨʦʚʝʜʝʥʦ ʜʦʩʣʽʜʞʝʥʥʷ ʝʣʝʢʪʨʦʥʥʦʾ ʩʪʨʫʢʪʫʨʠ ʪʘ ʝʣʝʤʝʥʪʥʦ-ʬʘʟʦʚʦʛʦ 

ʩʢʣʘʜʫ ʧʦʚʝʨʭʦʥʴ ʩʢʦʣʶʚʘʥʥʷ ʢʨʠʩʪʘʣʽʚ (100) In4Se3 ʪʘ (001) InTe ʤʝʪʦʜʘʤʠ 

ʫʣʴʪʨʘʬʽʦʣʝʪʦʚʦʾ ʪʘ X-ʧʨʦʤʝʥʝʚʦʾ ʬʦʪʦʝʣʝʢʪʨʦʥʥʦʾ ʩʧʝʢʪʨʦʩʢʦʧʽʡ (ʋʌɽʉ ʽ 

ʍʌɽʉ), ʘ ʪʘʢʦʞ ʤʝʪʦʜʦʤ ʤʦʜʝʣʶʚʘʥʥʷ ʚ ʨʘʤʢʘʭ ʪʝʦʨʽʾ ʬʫʥʢʮʽʦʥʘʣʘ ʛʫʩʪʠʥʠ ʟ 

ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʫʟʘʛʘʣʴʥʝʥʦʛʦ ʛʨʘʜʽʻʥʪʥʦʛʦ ʥʘʙʣʠʞʝʥʥʷ (DFT-GGA). ʋʚʘʛʘ 

ʧʨʠʜʽʣʝʥʘ ʚʧʣʠʚʫ ʦʙʨʦʙʢʠ ʧʦʚʝʨʭʦʥʴ ʽʦʥʥʠʤ ʨʦʟʧʠʣʝʥʥʷʤ ʪʘ ʧʦʜʘʣʴʰʠʭ ʟʤʽʥ, ʱʦ 

ʚʠʥʠʢʘʶʪʴ ʧʽʜ ʯʘʩ ʟʙʝʨʽʛʘʥʥʷ ʟʨʘʟʢʽʚ ʥʘʚʽʪʴ ʫ ʥʘʜʚʠʩʦʢʦʤʫ ʚʘʢʫʫʤʽ (ʅɺɺ). 

 ʋ ʨʘʤʢʘʭ ʜʦʩʣʽʜʞʝʥʥʷ ʙʫʣʦ ʧʨʦʚʝʜʝʥʦ ʨʦʟʨʘʭʫʥʦʢ ʝʣʝʢʪʨʦʥʥʦ-ʝʥʝʨʛʝʪʠʯʥʦʾ 

ʩʪʨʫʢʪʫʨʠ  ʢʨʠʩʪʘʣʫ In4Se3, ʚʠʭʦʜʷʯʠ ʟʽ ʩʪʨʫʢʪʫʨʥʦʾ ʽʥʬʦʨʤʘʮʽʾ, ʤʝʪʦʜʦʤ 

ʬʫʥʢʮʽʦʥʘʣʘ ʝʣʝʢʪʨʦʥʥʦʾ ʛʫʩʪʠʥʠ ʟ ʫʟʘʛʘʣʴʥʝʥʠʤ ʛʨʘʜʽʻʥʪʥʠʤ ʥʘʙʣʠʞʝʥʥʷʤ (DFT-

GGA) ʽʟ ʟʘʩʪʦʩʫʚʘʥʥʷʤ ʬʫʥʢʮʽʦʥʘʣʘ ʦʙʤʽʥʫ-ʢʦʨʝʣʷʮʽʾ ʇʝʨʜʴʶ-ɹʝʨʢʘ-ɽʥʮʝʨʛʦʬʘ. 

ʆʜʝʨʞʘʥʽ ʨʝʟʫʣʴʪʘʪʠ, ʜʦʟʚʦʣʠʣʠ ʟôʷʩʫʚʘʪʠ ʷʢʽ ʝʥʝʨʛʝʪʠʯʥʽ ʩʪʘʥʠ ʽ ʷʢʠʭ ʘʪʦʤʽʚ 

ʚʠʟʥʘʯʘʶʪʴ ʝʣʝʢʪʨʦʥʥʽ ʚʣʘʩʪʠʚʦʩʪʽ ʧʦʚʝʨʭʥʽ ʩʢʦʣʶʚʘʥʥʷ (100) In4Se3 ̔  ʜʘʶʪʴ 

ʦʩʥʦʚʥʠʡ ʚʥʝʩʦʢ ʚ ʘʜʩʦʨʙʮʽʡʥʽ ʝʣʝʢʪʨʦʥʥʽ ʧʨʦʮʝʩʠ ʡ ʬʦʨʤʫʚʘʥʥʷ ʽʥʪʝʨʬʝʡʩʥʦʛʦ 

ʧʦʢʨʠʪʪʷ. ɿʛʽʜʥʦ ʮʠʭ ʨʝʟʫʣʴʪʘʪʽʚ ʟʦʥʘ ʧʨʦʚʽʜʥʦʩʪʽ In4Se3 ʬʦʨʤʫʻʪʴʩʷ ʧʝʨʝʚʘʞʥʦ In-

p- ʪʘ Se-p-ʦʨʙʽʪʘʣʷʤʠ, ʟʙʽʣʴʰʠʤ ʚʥʝʩʢʦʤ In-p, ʘ ʚʘʣʝʥʪʥʘ ʟʦʥʘ ʚ ʜʽʘʧʘʟʦʥʽ ʝʥʝʨʛʽʡ 

ʟʚôʷʟʢʫ ʚʽʜ -2,5 ʜʦ -4,5 ʝɺ ʬʦʨʤʫʻʪʴʩʷ ʧʝʨʝʚʘʞʥʦ In-5p ʪʘ Se-4p ʩʪʘʥʘʤʠ, ʟ ʙʽʣʴʰʠʤ 

ʚʥʝʩʢʦʤ Se-p-ʦʨʙʽʪʘʣʽ. 

 ɺʩʪʘʥʦʚʣʝʥʦ, ʱʦ ʋʌɽʉ-ʩʧʝʢʪʨʠ ʜʣʷ ʧʦʚʝʨʭʦʥʴ ʩʢʦʣʫ (100) ʢʨʠʩʪʘʣʽʚ In4Se3, 

ʦʯʠʱʝʥʠʭ ʽʦʥʥʠʤ ʙʦʤʙʘʨʜʫʚʘʥʥʷ Ar, ʩʫʪʪʻʚʦ ʚʽʜʨʽʟʥʷʶʪʴʩʷ ʚʽʜ ʩʧʝʢʪʨʽʚ ʘʪʦʤʘʨʥʦ 

ʯʠʩʪʠʭ ʧʦʚʝʨʭʦʥʴ. ɯʦʥʥʝ ʨʦʟʧʠʣʝʥʥʷ ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʟʙʘʛʘʯʝʥʥʷ ʧʦʚʝʨʭʥʽ ʘʪʦʤʘʤʠ 

ʽʥʜʽʶ, ʱʦ ʚʠʢʣʠʢʘʻ ʟʤʽʱʝʥʥʷ ʨʽʚʥʷ ʌʝʨʤʽ, ʟʤʽʥʫ ʨʦʙʦʪʠ ʚʠʭʦʜʫ, ʘ ʪʘʢʦʞ 

ʤʦʜʠʬʽʢʘʮʽʶ ʛʫʩʪʠʥʠ ʝʣʝʢʪʨʦʥʥʠʭ ʩʪʘʥʽʚ ʚʘʣʝʥʪʥʦʾ ʟʦʥʠ. ʇʨʦʜʝʤʦʥʩʪʨʦʚʘʥʦ, ʱʦ 

ʧʦʚʥʘ ʛʫʩʪʠʥʘ ʩʪʘʥʽʚ  In4Se3 ʨʦʟʨʘʭʦʚʘʥʘ ʤʝʪʦʜʦʤ DFT-GGA ʚ ʮʽʣʦʤʫ ʩʧʽʚʧʘʜʘʻ ʟ 

ʋʌɽʉ ʩʧʝʢʪʨʦʤ ʜʣʷ ʘʪʦʤʘʨʥʦ ʯʠʩʪʦʾ ʧʦʚʝʨʭʥʽ. ʊʦʤʫ ʚʠʚʯʝʥʥʷ ʟʦʥʥʦʾ ʩʪʨʫʢʪʫʨʠ 

ʧʦʚʝʨʭʥʽ ʩʢʦʣʫ (100) In4Se3 ʧʽʩʣʷ ʽʦʥʥʦʛʦ ʨʦʟʧʠʣʝʥʥʷ ʯʠ ʧʝʨʝʙʫʚʘʥʥʷ ʫ ʅɺɺ 

ʙʽʣʴʰʝ, ʥʽʞ ʜʝʢʽʣʴʢʘ ʛʦʜʠʥ, ʩʣʽʜ ʚʚʘʞʘʪʠ ʥʝʽʥʬʦʨʤʘʪʠʚʥʠʤ, ʽ ʪʘʢʠʭ ʚʧʣʠʚʽʚ ʥʘ 

ʟʨʘʟʦʢ ʩʣʽʜ ʫʥʠʢʘʪʠ. 

 ɽʢʩʧʝʨʠʤʝʥʪʘʣʴʥʽ ʜʦʩʣʽʜʞʝʥʥʷ ʜʠʩʧʝʨʩʽʾ ὉὯȾȾ  ʥʘ ʧʦʚʝʨʭʥʽ ʩʢʦʣʫ 

(100) In4Se3 ʚʟʜʦʚʞ ʥʘʧʨʷʤʢʽʚ <001> ʪʘ <010> ʧʦʢʘʟʘʣʠ ʘʥʽʟʦʪʨʦʧʽʶ ʝʣʝʢʪʨʦʥʥʠʭ 
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ʚʣʘʩʪʠʚʦʩʪʝʡ. ʈʦʟʨʘʭʦʚʘʥʦ ʝʬʝʢʪʠʚʥʽ ʤʘʩʠ ʝʣʝʢʪʨʦʥʽʚ ʧʦʙʣʠʟʫ  ːʪʦʯʢʠ, ʱʦ 

ʩʪʘʥʦʚʣʷʪʴ 1,62me ʪʘ 0,43me ʚʽʜʧʦʚʽʜʥʦ ʜʣʷ ʥʘʧʨʷʤʢʽʚ ïːs ʪʘ ïːὣ. 

 X-ʧʨʦʤʝʥʝʚʘ ʬʦʪʦʝʣʝʢʪʨʦʥʥʘ ʩʧʝʢʪʨʦʩʢʦʧʽʷ ʧʦʚʝʨʭʦʥʴ ʩʢʦʣʶʚʘʥʥʷ (001) 

ʢʨʠʩʪʘʣʽʚ InTe ʚʠʷʚʠʣʘ ʥʘʷʚʥʽʩʪʴ ʟʥʘʯʥʦʾ ʢʽʣʴʢʦʩʪʽ ʟʘʙʨʫʜʥʶʶʯʠʭ ʢʦʤʧʦʥʝʥʪʽʚ, 

ʟʦʢʨʝʤʘ ʚʫʛʣʝʮʶ ʪʘ ʢʠʩʥʶ ʜʣʷ ʢʨʠʩʪʘʣʽʚ ʩʢʦʣʝʥʠʭ ex situ. ɺʠʷʚʣʝʥʦ ʧʦʷʚʫ ʬʘʟʠ 

TeO2 ʥʘ ʥʝʦʯʠʱʝʥʽʡ ʧʦʚʝʨʭʥʽ. ɼʦʩʣʽʜʞʝʥʦ ʝʬʝʢʪʠʚʥʽʩʪʴ ʤʝʪʦʜʽʚ ʦʯʠʱʝʥʥʷ 

ʧʦʚʝʨʭʥʽ: ʪʝʨʤʽʯʥʘ ʦʙʨʦʙʢʘ ʧʨʠ 400  ʧʨʦʪʷʛʦʤ ʜʝʩʷʪʠ ʭʚʠʣʠʥ ʟʘʙʝʟʧʝʯʫʻ 

ʜʝʩʦʨʙʮʽʶ ʢʠʩʥʶ ʪʘ ʟʥʠʢʥʝʥʥʷ ʦʢʠʩʥʦʾ ʬʘʟʠ ʪʝʣʫʨʫ, ʘʣʝ ʥʝ ʫʩʫʚʘʻ ʚʫʛʣʝʮʝʚʽ 

ʟʘʙʨʫʜʥʝʥʥʷ. ɽʬʝʢʪʠʚʥʝ ʦʯʠʱʝʥʥʷ ʜʦʩʷʛʘʻʪʴʩʷ ʣʠʰʝ ʟʘ ʫʤʦʚ ʽʦʥʥʦʛʦ ʨʦʟʧʠʣʝʥʥʷ, 

ʱʦ, ʦʜʥʘʢ, ʩʫʧʨʦʚʦʜʞʫʻʪʴʩʷ ʟʤʽʥʦʶ ʩʪʝʭʽʦʤʝʪʨʽʾ ʧʦʚʝʨʭʥʽ ʩʢʦʣʶʚʘʥʥʷ ʚʥʘʩʣʽʜʦʢ 

ʨʽʟʥʠʭ ʢʦʝʬʽʮʽʻʥʪʽʚ ʨʦʟʧʠʣʝʥʥʷ ʦʩʥʦʚʥʠʭ ʢʦʤʧʦʥʝʥʪ In ʽ Te. 

 ɼʦʩʣʽʜʞʝʥʦ ʧʨʦʮʝʩʠ ʩʘʤʦʦʨʛʘʥʽʟʘʮʽʾ ʽʥʜʽʻʚʠʭ ʥʘʥʦʩʠʩʪʝʤ ʥʘ ʧʦʚʝʨʭʥʷʭ 

ʩʢʦʣʶʚʘʥʥʷ (100) In4Se3 ʪʘ (001) InTe, ɦ ʦ ʚʠʢʦʨʠʩʪʦʚʫʚʘʣʠʩʴ ʚ ʷʢʦʩʪʽ ʰʘʙʣʦʥʽʚ ʜʣʷ 

ʬʦʨʤʫʚʘʥʥʷ ʥʫʣʴʚʠʤʽʨʥʠʭ (0D) ʽ ʣʽʥʽʡʥʠʭ ʦʜʥʦʤʽʨʥʠʭ (1D) ʥʘʥʦʩʪʨʫʢʪʫʨ. 

ɿʘʧʨʦʧʦʥʦʚʘʥʦ ʪʘ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʨʝʘʣʽʟʦʚʘʥʦ ʜʚʘ ʧʽʜʭʦʜʠ ʜʣʷ ʬʦʨʤʫʚʘʥʥʷ 

ʥʘʥʦʩʠʩʪʝʤ In0/(100) In4Se3 ʪʘ In
0/(001) InTe, ̫ ʢʽ ʙʘʟʫʶʪʴʩʷ ʥʘ ʧʨʦʮʝʩʘʭ ʚʪʦʨʠʥʥʦʛʦ 

ʪʚʝʨʜʦʪʽʣʴʥʦʛʦ ʟʤʦʯʫʚʘʥʥʷ ʪʘ ʮʽʣʝʩʧʨʷʤʦʚʘʥʦʾ ʟʤʽʥʠ ʧʦʚʝʨʭʥʝʚʦʾ ʩʪʝʭʽʦʤʝʪʨʽʾ 

ʽʦʥʥʠʤ ʨʦʟʧʠʣʝʥʥʷʤ. 

 ɺʧʝʨʰʝ ʦʪʨʠʤʘʥʦ 0D ʥʘʥʦʩʠʩʪʝʤʫ In0/(001) InTe ʥʘ ʧʦʚʝʨʭʥʽ ʩʢʦʣʶʚʘʥʥʷ 

(001) ʰʘʨʫʚʘʪʦʛʦ ʢʨʠʩʪʘʣʫ InTe ʟʘ ʜʦʧʦʤʦʛʦʶ ʪʝʨʤʽʯʥʦ ʘʢʪʠʚʦʚʘʥʦʛʦ ʧʨʦʮʝʩʫ 

ʚʪʦʨʠʥʥʦʛʦ ʪʚʝʨʜʦʪʽʣʴʥʦʛʦ ʟʤʦʯʫʚʘʥʥʷ. ɺʩʪʘʥʦʚʣʝʥʦ, ʱʦ ʬʦʨʤʘ ʪʘ ʧʨʦʩʪʦʨʦʚʝ 

ʨʦʟʪʘʰʫʚʘʥʥʷ ʩʬʦʨʤʦʚʘʥʠʭ ʥʘʥʦʩʪʨʫʢʪʫʨ ʚʠʟʥʘʯʘʻʪʴʩʷ ʩʠʤʝʪʨʽʻʶ ʧʦʚʝʨʭʥʝʚʦʾ 

ˇʨʘʪʢʠ InTe.  

 ɸʥʘʣʽʟ ʩʧʝʢʪʨʽʚ ʛʫʩʪʠʥʠ ʝʣʝʢʪʨʦʥʥʠʭ ʩʪʘʥʽʚ ʥʘ ʧʦʚʝʨʭʥʽ ʥʘʥʦʩʠʩʪʝʤʠ 

In0/(001)InTe ʦʪʨʠʤʘʥʠʭ ʤʝʪʦʜʦʤ ʉʊʉ ʧʦʢʘʟʫʻ ʢʦʨʝʣʷʮʽʶ ʤʽʞ ʧʨʦʮʝʩʘʤʠ 

ʚʪʦʨʠʥʥʦʛʦ ʪʚʝʨʜʦʪʽʣʴʥʦʛʦ ʟʤʦʯʫʚʘʥʥʷ ʪʘ ʟʙʽʣʴʰʝʥʥʷʤ ʛʫʩʪʠʥʠ ʝʣʝʢʪʨʦʥʥʠʭ ʩʪʘʥʽʚ 

ʥʘʥʦʩʠʩʪʝʤʠ ʫ ʟʘʙʦʨʦʥʝʥʽʡ ʟʦʥʽ ʥʘʧʽʚʧʨʦʚʽʜʥʠʢʘ InTe, ʱʦ ʚʽʜʧʦʚʽʜʘʻ ʤʝʪʘʣʝʚʽʡ ʬʘʟʽ 

In0, ʧʨʠ ʟʙʽʣʴʰʝʥʥʽ ʩʪʫʧʝʥʷ ʧʦʢʨʠʪʪʷ ʽʥʜʽʻʤ. ɿʥʘʯʝʥʥʷ ʚʝʣʠʯʠʥʠ ʟʘʙʦʨʦʥʝʥʦʾ ʟʦʥʠ 

InTe, ʚʠʟʥʘʯʝʥʝ ʤʝʪʦʜʦʤ ʉʊʉ ʨʽʚʥʝ 1,16 ʝɺ. 
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 ɿʘʧʨʦʧʦʥʦʚʘʥʦ ʥʦʚʠʡ ʧʽʜʭʽʜ ʜʣʷ ʬʦʨʤʫʚʘʥʥʷ ʣʽʥʽʡʥʠʭ 1D ʥʘʥʦʩʠʩʪʝʤ 

In0/(100) In4Se3 ʟʤʽʥʦʶ ʩʪʝʭʽʦʤʝʪʨʽʾ ʧʦʚʝʨʭʥʽ ʩʢʦʣʶʚʘʥʥʷ (100) In4Se3 ʽʦʥʥʠʤ 

ʨʦʟʧʠʣʝʥʥʷʤ. ɺʩʪʘʥʦʚʣʝʥʦ, ʱʦ ʚʽʜʤʽʥʥʽʩʪʴ ʫ ʢʦʝʬʽʮʽʻʥʪʘʭ ʨʦʟʧʠʣʝʥʥʷ ʘʪʦʤʽʚ In ʽ 

Se ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʥʘʢʦʧʠʯʝʥʥʷ ʽʥʜʽʶ ʥʘ ʧʦʚʝʨʭʥʽ ʟ ʧʦʜʘʣʴʰʠʤ ʬʘʟʦʚʠʤ ʧʝʨʝʭʦʜʦʤ 

ʪʘ ʬʦʨʤʫʚʘʥʥʷʤ ʬʘʟʠ ʤʝʪʘʣʽʯʥʦʛʦ ʽʥʜʽʶ In0 ʥʘ ʧʦʚʝʨʭʥʽ (100) In4Se3. 

ɿʘʧʨʦʧʦʥʦʚʘʥʘ ʪʝʭʥʦʣʦʛʽʷ ʥʝ ʧʦʪʨʝʙʫʻ ʧʦʧʝʨʝʜʥʴʦʾ ʤʦʜʠʬʽʢʘʮʽʾ ʧʽʜʢʣʘʜʢʠ ʯʠ 

ʥʘʥʝʩʝʥʥʷ ʧʨʦʚʽʜʥʦʛʦ ʰʘʨʫ ʽ ʜʦʟʚʦʣʷʻ ʦʪʨʠʤʘʪʠ ʣʽʥʽʡʥʽ ʽʥʜʽʻʚʽ ʥʘʥʦʩʪʨʫʢʪʫʨʠ ʟ 

ʯʽʪʢʦ ʚʠʟʥʘʯʝʥʠʤʠ ʧʘʨʘʤʝʪʨʘʤʠ: ʥʘʧʨʷʤʦʤ, ʧʦʧʝʨʝʯʥʠʤ ʧʝʨʝʨʽʟʦʤ, ʧʝʨʽʦʜʦʤ ʽ 

ʜʦʚʞʠʥʦʶ. 

 ʇʨʦʚʝʜʝʥʦ ʜʦʩʣʽʜʞʝʥʥʷ ʢʽʥʝʪʠʢʠ ʨʦʩʪʫ ʽʥʜʽʻʚʠʭ ʥʘʥʦʩʪʨʫʢʪʫʨ ʥʘ ʧʦʚʝʨʭʥʷʭ 

ʩʢʦʣʶʚʘʥʥʷ ʰʘʨʫʚʘʪʠʭ ʢʨʠʩʪʘʣʽʚ A3B6, ʟʦʢʨʝʤʘ (001) InTe ʪʘ (100) In4Se3. 

ʈʝʟʫʣʴʪʘʪʠ ʘʥʘʣʽʟʫ ʧʘʨʘʤʝʪʨʽʚ ʰʦʨʩʪʢʦʩʪʽ ʧʦʚʝʨʭʥʽ: ʩʝʨʝʜʥʴʦʢʚʘʜʨʘʪʠʯʥʦʾ 

ʰʦʨʩʪʢʦʩʪʽ (RMS), ʘʩʠʤʝʪʨʽʾ (skewness) ʪʘ ʝʢʩʮʝʩʫ (kurtosis), ʚʢʘʟʫʶʪʴ ʥʘ 

ʧʦʜʽʙʥʽʩʪʴ ʢʽʥʝʪʠʯʥʠʭ ʟʘʢʦʥʦʤʽʨʥʦʩʪʝʡ ʬʦʨʤʫʚʘʥʥʷ  ʥʘʥʦʩʪʨʫʢʪʫʨ ʥʘ ʧʦʚʝʨʭʥʷʭ 

ʩʢʦʣʶʚʘʥʥʷ ʮʠʭ ʰʘʨʫʚʘʪʠʭ ʢʨʠʩʪʘʣʽʚ. ʇʦʢʘʟʘʥʦ, ʱʦ ʭʘʨʘʢʪʝʨ ʽ ʤʝʭʘʥʽʟʤʠ ʨʦʩʪʫ 

ʤʝʪʘʣʝʚʠʭ ʥʘʥʦʩʪʨʫʢʪʫʨ ʽʥʜʽʶ ʚʠʟʥʘʯʘʶʪʴʩʷ ʧʦʩʣʽʜʦʚʥʽʩʪʶ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʠʭ 

ʧʨʦʮʝʜʫʨ, ʘ ʩʘʤʝ: ʥʘʥʝʩʝʥʥʷʤ ʽʥʜʽʶ, ʥʘʛʨʽʚʘʥʥʷ ʥʘʥʝʩʝʥʦʛʦ ʰʘʨʫ ʪʘ ʢʽʣʴʢʽʩʪʶ 

ʥʘʥʝʩʝʥʦʛʦ ʤʘʪʝʨʽʘʣʫ ʥʘ ʧʦʚʝʨʭʥʶ. 

 ɿôʷʩʦʚʘʥʦ, ʱʦ ʜʣʷ ʧʦʚʝʨʭʥʽ ʩʢʦʣʶʚʘʥʥʷ (001) InTe ʟʨʦʩʪʘʥʥʷ ʧʘʨʘʤʝʪʨʘ 

ʩʝʨʝʜʥʴʦʢʚʘʜʨʘʪʠʯʥʦʾ ʰʦʨʩʪʢʦʩʪʽ ʪʘ ʟʤʽʥʠ ʫ PSD-ʩʧʝʢʪʨʘʭ, ʧʽʜ ʯʘʩ ʪʝʨʤʦʦʙʨʦʙʢʠ 

ʥʘʥʝʩʝʥʦʛʦ ʰʘʨʫ ʽʥʜʽʶ, ʟʫʤʦʚʣʝʥʽ ʘʢʪʠʚʘʮʽʻʶ ʧʨʦʮʝʩʫ ʚʪʦʨʠʥʥʦʛʦ ʪʚʝʨʜʦʪʽʣʴʥʦʛʦ 

ʟʤʦʯʫʚʘʥʥʷ ʪʘ ʬʦʨʤʫʚʘʥʥʷʤ ʥʘʥʦʩʪʨʫʢʪʫʨ ʟʘ ʪʝʨʤʽʯʥʦ ʘʢʪʠʚʦʚʘʥʠʤ ʤʝʭʘʥʽʟʤʦʤ 

ʌʦʣʴʤʝʨʘ-ɺʝʙʝʨʘ. ɼʣʷ ʧʦʚʝʨʭʥʽ ʩʢʦʣʶʚʘʥʥʷ (100) In4Se3 ʚ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʽʡ 

ʧʨʦʮʝʜʫʨʽ çʧʦʩʣʽʜʦʚʥʝ ʥʘʥʝʩʝʥʥʷ ʽʥʜʽʶ ï ʚʽʜʧʘʣ (ʊ>200 ÁC)è ʧʨʠ ʥʠʟʴʢʠʭ ʩʪʫʧʝʥʷʭ 

ʧʦʢʨʠʪʪʷ ʩʧʦʩʪʝʨʽʛʘʻʪʴʩʷ ʧʦʰʘʨʦʚʠʡ ʨʽʩʪ ʽʟ ʩʝʨʝʜʥʴʦʶ ʪʦʚʱʠʥʦʶ ʚ ʦʜʠʥ ʘʪʦʤʥʠʡ 

ʰʘʨ. ɸʢʪʠʚʘʮʽʷ ʧʨʦʮʝʩʫ ʚʪʦʨʠʥʥʦʛʦ ʪʚʝʨʜʦʪʽʣʴʥʦʛʦ ʟʤʦʯʫʚʘʥʥʷ ʘʢʪʠʚʽʟʫʻ ʨʽʩʪ 

ʦʩʪʨʽʚʮʝʚʠʭ ʥʘʥʦʩʪʨʫʢʪʫʨ ʽʟ ʩʝʨʝʜʥʴʦʶ ʚʠʩʦʪʦʶ ʜʦ 2-ʭ ʘʪʦʤʥʠʭ ʰʘʨʽʚ ʽʥʜʽʶ ʚʠʱʝ 

çʙʘʟʦʚʦʛʦè ʨʽʚʥʷ ʥʘʚʢʦʣʠʰʥʴʦʾ ʧʦʚʝʨʭʥʽ ʟʛʽʜʥʦ ʤʝʭʘʥʽʟʤʫ ʌʦʣʴʤʝʨʘ-ɺʝʙʝʨʘ. 

 ɼʦʩʷʛʥʫʪʦ ʬʦʨʤʫʚʘʥʥʷ ʣʽʥʽʡʥʠʭ 1D-ʽʥʜʽʻʚʠʭ ʥʘʥʦʩʠʩʪʝʤ ʥʘ ʧʦʚʝʨʭʥʽ 

(100) In4Se3, ʷʢʽ ʦʨʽʻʥʪʫʶʪʴʩʷ ʙʦʨʦʟʥʠʩʪʦʶ ʧʦʚʝʨʭʥʝʶ ʧʽʜʢʣʘʜʢʠ. ʊʘʢʠʡ ʨʽʩʪ 
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ʚʽʜʙʫʚʘʻʪʴʩʷ ʟʘ ʫʤʦʚ ʪʝʨʤʽʯʥʦ ʘʢʪʠʚʦʚʘʥʦʛʦ ʨʝʞʠʤʫ ʨʦʩʪʫ ʌʦʣʴʤʝʨʘ-ɺʝʙʝʨʘ, ʫ 

ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʠʭ ʧʨʦʮʝʜʫʨʘʭ çʧʦʩʣʽʜʦʚʥʝ ʥʘʥʝʩʝʥʥʷ ʽʥʜʽʶ ï ʚʽʜʧʘʣ (ʊ>200 ÁC)è ʪʘ  

çʙʘʛʘʪʦʨʘʟʦʚʝ ʥʘʥʝʩʝʥʥʷ ï ʚʽʜʧʘʣ (ʊ>200 ÁC)è. ʆʜʥʘʢ ʟ ʪʦʯʢʠ ʟʦʨʫ ʧʦʨʽʚʥʷʥʥʷ 

ʧʘʨʘʤʝʪʨʽʚ ʰʦʨʩʪʢʦʩʪʽ ʧʦʚʝʨʭʥʽ ʧʝʨʰʠʡ ʧʦʪʽʢ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʠʭ ʧʨʦʮʝʜʫʨ 

ʚʠʨʽʟʥʷʻʪʴʩʷ ʟʥʘʯʥʦ ʤʝʥʰʠʤʠ ʟʥʘʯʝʥʥʷʤʠ ʥʝʚʧʦʨʷʜʢʦʚʘʥʦʩʪʽ ʧʦʚʝʨʭʦʥʴ ʟʘ 

ʚʠʩʦʪʦʶ ʟʘ ʜʘʥʠʤʠ RMS, ʘʩʠʤʝʪʨʽʻʶ ʪʘ ʝʢʩʮʝʩʦʤ. 

 ʇʨʘʢʪʠʯʥʘ ʮʽʥʥʽʩʪʴ ʨʝʟʫʣʴʪʘʪʽʚ ʜʦʩʣʽʜʞʝʥʥʷ ʧʦʣʷʛʘʻ ʫ ʚʩʪʘʥʦʚʣʝʥʥʽ 

ʤʝʭʘʥʽʟʤʽʚ ʬʦʨʤʫʚʘʥʥʷ ʽʥʜʽʻʚʠʭ ʥʘʥʦʩʪʨʫʢʪʫʨ ʥʘ ʧʦʚʝʨʭʥʷʭ ʩʢʦʣʶʚʘʥʥʷ 

ʭʘʣʴʢʦʛʝʥʽʜʥʠʭ ʢʨʠʩʪʘʣʽʚ In4Se3 ʪʘ InTe, ʱʦ ʜʦʟʚʦʣʷʻ ʨʦʟʛʣʷʜʘʪʠ ʮʽ ʤʘʪʝʨʽʘʣʠ ʷʢ 

ʧʝʨʩʧʝʢʪʠʚʥʽ ʤʘʪʨʠʮʽ ʜʣʷ ʩʪʚʦʨʝʥʥʷ ʩʪʘʙʽʣʴʥʠʭ ʥʘʥʦʩʠʩʪʝʤ ʽ ʚʽʜʢʨʠʚʘʻ 

ʧʝʨʩʧʝʢʪʠʚʠ ʚʠʢʦʨʠʩʪʘʥʥʷ ʮʠʭ ʩʠʩʪʝʤ ʫ ʚʠʨʦʙʥʠʮʪʚʽ ʥʘʥʦʨʦʟʤʽʨʥʠʭ ʝʣʝʢʪʨʦʥʥʠʭ 

ʢʦʤʧʦʥʝʥʪʽʚ. ɿʦʢʨʝʤʘ, ʨʝʟʫʣʴʪʘʪʠ ʤʦʞʫʪʴ ʙʫʪʠ ʟʘʩʪʦʩʦʚʘʥʽ ʧʨʠ ʨʦʟʨʦʙʮʽ ʧʦʣʴʦʚʠʭ 

ʪʨʘʥʟʠʩʪʦʨʽʚ ʪʘ ʥʘʧʽʚʧʨʦʚʽʜʥʠʢʦʚʠʭ ʧʨʠʣʘʜʽʚ ʥʘ ʙʘʨ'ʻʨʽ ʐʦʪʪʢʽ, ʜʝ ʚʘʞʣʠʚʦʶ ʻ 

ʩʪʘʙʽʣʴʥʘ ʡ ʢʝʨʦʚʘʥʘ ʤʦʨʬʦʣʦʛʽʷ ʢʦʥʪʘʢʪʫ ʤʝʪʘʣ-ʥʘʧʽʚʧʨʦʚʽʜʥʠʢ. ʊʘʢʦʞ ʮʽ 

ʤʘʪʝʨʽʘʣʠ ʻ ʧʝʨʩʧʝʢʪʠʚʥʠʤʠ ʜʣʷ ʩʪʚʦʨʝʥʥʷ ʩʝʥʩʦʨʥʠʭ ʝʣʝʤʝʥʪʽʚ ʽ ʬʦʪʦʥʥʠʭ 

ʧʨʠʩʪʨʦʾʚ. 

 ʊʘʢʠʤ ʯʠʥʦʤ, ʦʜʝʨʞʘʥʽ ʨʝʟʫʣʴʪʘʪʠ ʤʘʶʪʴ ʚʘʞʣʠʚʝ ʟʥʘʯʝʥʥʷ ʜʣʷ ʨʦʟʚʠʪʢʫ 

ʧʨʠʢʣʘʜʥʠʭ ʥʘʧʨʷʤʽʚ ʤʽʢʨʦ- ʪʘ ʥʘʥʦʝʣʝʢʪʨʦʥʽʢʠ, ʚʽʜʢʨʠʚʘʶʯʠ ʥʦʚʽ ʤʦʞʣʠʚʦʩʪʽ ʚ 

ʽʥʞʝʥʝʨʽʾ ʬʫʥʢʮʽʦʥʘʣʴʥʠʭ ʥʘʥʦʩʠʩʪʝʤ. 

 

 ʂʣʶʯʦʚʽ ʩʣʦʚʘ: ʰʘʨʫʚʘʪʽ ʢʨʠʩʪʘʣʠ, ʭʘʣʴʢʦʛʝʥʽʜʠ ʽʥʜʽʶ, ʥʘʥʦʩʪʨʫʢʪʫʨʠ, 

ʥʘʥʦʩʠʩʪʝʤʠ, ʩʢʘʥʫʶʯʘ ʪʫʥʝʣʴʥʘ ʤʽʢʨʦʩʢʦʧʽʷ ʪʘ ʩʧʝʢʪʨʦʩʢʦʧʽʷ, ʍ-ʧʨʦʤʝʥʝʚʘ 

ʬʦʪʦʝʣʝʢʪʨʦʥʥʘ ʩʧʝʢʪʨʦʩʢʦʧʽʷ, ʫʣʴʪʨʘʬʽʦʣʝʪʦʚʘ ʬʦʪʦʝʣʝʢʪʨʦʥʥʘ ʩʧʝʢʪʨʦʩʢʦʧʽʷ ʪʘ 

ʩʧʝʢʪʨʦʩʢʦʧʽʷ ʟ ʢʫʪʦʚʠʤ ʨʦʟʜʽʣʝʥʥʷʤ, ʪʝʦʨʽʷ ʬʫʥʢʮʽʦʥʘʣʘ ʛʫʩʪʠʥʠ, ʚʪʦʨʠʥʥʝ 

ʪʚʝʨʜʦʪʽʣʴʥʝ ʟʤʦʯʫʚʘʥʥʷ, ʩʘʤʦʦʨʛʘʥʽʟʘʮʽʷ ʥʘʥʦʩʪʨʫʢʪʫʨ. 
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ABSTRACT 

 Makar T.R. Electronic and structural properties of surfaces of crystalline indium 

chalcogenides ï Manuscript. 

 Thesis for the Doctor of Philosophy degree, specialty 105 "Applied Physics and 

Nanomaterials" (10 - Natural Sciences). ï Ivan Franko National University of Lviv, Lviv, 

2025. 

 This work is devoted to the investigation of the suitability of the cleaved surfaces 

(100) In4Se3 and (001) InTe for the formation of nanosystems In0/(100) In4Se3 and 

In0/(001) InTe based on chalcogenide semiconductors with natural nanostructured 

matrices, and to the study of the mechanisms of indium nanostructure formation on their 

surfaces. 

 Chalcogenide layered semiconductors such as In4Se3 and InTe belong to a class of 

materials that hold promise for next-generation electronics. These compounds crystallize 

in layered structures, where individual layer packets exhibit a high degree of 

independence. This leads not only to the anisotropy of the electronic spectra and various 

physical properties of their surfaces, but also to specific surface features ï such as the 

grooved, chain-like structures observed on the (100) surface of In4Se3. The stability of 

interlayer cleavage surfaces and the potential use of grooved anisotropic cleavages as 

templates for the formation of surface nanowires and nanostructures also attract 

considerable interest. Addressing these challenges requires a thorough investigation of 

the surface structure of layered crystals, their electronic properties, and control over 

interfacial interactions, including the potential formation of interfaces. 

 Thus, in the context of further development of nanoscale electronic devices, it is 

essential to explore the possibilities of forming spatially ordered arrays of metallic 

nanostructures on these surfaces, as well as to develop and test new technologies for the 

fabrication of nanostructures and nanoheterostructures based on them. 

 The electronic structure and elemental-phase composition of the cleaved surfaces 

of (100) In4Se3 and (001) InTe crystals were investigated using ultraviolet and X-ray 

photoelectron spectroscopy (UPS and XPS), as well as density functional theory (DFT-
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GGA). Special attention was paid to the influence of ion sputtering and subsequent 

changes during storage of the samples, even under ultra-high vacuum (UHV) conditions. 

 As part of the study, the electronic band structure of the In4Se3 crystal was 

calculated based on structural information using the density functional theory (DFT) 

within the generalized gradient approximation (GGA), employing the PerdewïBurkeï

Ernzerhof (PBE) exchange-correlation functional. The obtained results made it possible 

to determine which atomic states contribute most significantly to the electronic properties 

of the (100) cleavage surface of In4Se3 and play a key role in adsorption-related electronic 

processes and interface formation. According to these findings, the conduction band of 

In4Se3 is mainly formed by In-p and Se-p orbitals, with a predominant contribution from 

In-p. The valence band, in the binding energy range from ï2.5 to ï4.5 eV, is primarily 

composed of In-5p and Se-4p states, with a stronger contribution from Se-p orbitals. 

 It was established that the UPS spectra of (100) In4Se3 surfaces cleaned by Ar ion 

bombardment significantly differ from the spectra of atomically clean cleaved surfaces. 

Ion sputtering leads to surface enrichment with indium atoms, resulting in a shift of the 

Fermi level, change in work function, and modification of the valence band density of 

states. It was shown that the total density of states of In4Se3 calculated using DFT-GGA 

generally corresponds to the UPS spectrum of the atomically clean surface. Therefore, 

studying the band structure of the (100) In4Se3 surface after ion bombardment or 

prolonged UHV exposure is uninformative and should be avoided. 

 Experimental studies of the ὉὯȾȾ dispersion on the (100) In4Se3 cleavage surface 

along the <001> and <010> directions revealed anisotropy in electronic properties. The 

effective electron masses near the  ːpoint were calculated to be 1.62me and 0.43me for the 

ïːs and ïːὣ directions, respectively. 

 XPS studies of the (001) InTe cleavage surface revealed a significant presence of 

contaminants, particularly carbon and oxygen, for ex situ cleaved crystals. The TeO2 

oxide phase was detected on uncleaned surfaces. The efficiency of surface cleaning 

methods was investigated: thermal treatment at 400  for ten minutes enabled oxygen 

desorption and the disappearance of the oxide phase, but did not eliminate carbon 
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contamination. Effective cleaning was achieved only under ion sputtering, which 

however altered the surface stoichiometry due to different sputtering rates of In and Te. 

 The self-organization processes of indium nanosystems on the cleaved surfaces of 

(100) In4Se3 and (001) InTe were studied, which served as templates for the formation of 

0D and linear 1D nanostructures. Two approaches for forming nanosystems 

In0/(100) In4Se3 and In
0/(001) InTe were proposed and experimentally implemented, 

based on solid-state dewetting and intentional changes in surface stoichiometry via ion 

sputtering. 

 For the first time, a 0D nanosystem In0/(001) InTe was obtained on the cleaved 

surface of the layered (001) InTe crystal using a thermally activated solid-state dewetting 

process. It was found that the shape and spatial arrangement of the resulting 

nanostructures are determined by the surface lattice symmetry of InTe. 

 Analysis of the density of states spectra of the In0/(001) InTe nanosystem surface 

obtained by STS showed a correlation between the solid-state dewetting process and the 

increase in the density of states in the bandgap of InTe, corresponding to the metallic In0 

phase, with increased indium coverage. The bandgap of InTe, determined by STS, was 

1.16 eV. 

 A new approach for forming linear 1D nanosystems In0/(100) In4Se3 was 

implemented by modifying the surface stoichiometry of the (100) In4Se3 cleavage plane 

via ion sputtering. It was found that differences in the sputtering rates of In and Se atoms 

led to indium accumulation on the surface, followed by a phase transition and the 

formation of metallic In0. The proposed technique does not require pre-modification of 

the substrate or deposition of a conductive layer and enables the formation of indium 

nanostructures with clearly defined direction, cross-section, spacing, and length. 

 The kinetics of indium nanostructure growth on the cleaved surfaces of layered 

A3B6 crystals, particularly (001) InTe and (100) In4Se3, were investigated. Surface 

roughness parameters (RMS), skewness, and kurtosis analysis indicated similar growth 

behavior on both surfaces. The growth mechanisms of metallic indium nanostructures 

were shown to depend on the experimental sequence: indium deposition, heating, and the 

amount of material. 
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 For the (001) InTe surface, increases in RMS and PSD spectrum changes during 

thermal treatment of the deposited indium layer were associated with the activation of 

solid-state dewetting and nanostructure formation via a thermally activated Volmerï

Weber mode. For (100) In4Se3, under the ñsequential depositionïannealing (T>200 ÁC)ò 

procedure at low coverage, layer-by-layer growth was observed with an average thickness 

of one atomic layer. Activation of dewetting initiated island growth of indium 

nanostructures with an average height of two atomic layers above the base surface. 

 Formation of linear 1D indium nanosystems was achieved on the (100) In4Se3 

surface, oriented by the grooved substrate pattern. Such growth followed a thermally 

activated VolmerïWeber mode under ñsequential deposition ï annealing (T>200 ÁC)ò and 

ñmultiple deposition ï final annealing (T>200 ÁC)ò procedures. However, the former 

showed significantly lower surface roughness and disorder based on RMS, skewness, and 

kurtosis. 

 The practical significance of the research results lies in the identification of the 

mechanisms of indium nanostructure formation on the cleavage surfaces of chalcogenide 

crystals In4Se3 and InTe. This enables considering these materials as promising templates 

for the creation of stable nanosystems and opens up prospects for their application in the 

production of nanoscale electronic components. In particular, the results can be applied 

in the development of field-effect transistors and semiconductor devices based on 

Schottky barriers, where stable and controllable metalïsemiconductor contact 

morphology is essential. These materials are also promising candidates for the 

development of sensor elements and photonic devices. 

Thus, the obtained results are of considerable importance for the advancement of applied 

research in micro- and nanoelectronics, offering new opportunities in the engineering of 

functional nanosystems. 

 

 Keywords: layered crystals, indium chalcogenides, nanostructures, nanosystems, 

scanning tunneling microscopy and spectroscopy, X-ray photoelectron spectroscopy, 

ultraviolet photoelectron spectroscopy and angle-resolved spectroscopy, density 

functional theory, solid-state dewetting, self-assembly of nanostructures. 
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ʉʇʀʉʆʂ ʇʋɹʃɯʂɸʎɯʁ ɿɼʆɹʋɺɸʏɸ ɿɸ ʊɽʄʆʖ ɼʀʉɽʈʊɸʎɯɰ 

ʅʘʫʢʦʚʽ ʧʨʘʮʽ, ʚ ʷʢʠʭ ʦʧʫʙʣʽʢʦʚʘʥʽ ʦʩʥʦʚʥʽ ʥʘʫʢʦʚʽ ʨʝʟʫʣʴʪʘʪʠ ʜʠʩʝʨʪʘʮʽʾ 
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Electronic energy structure of the (100) In4Se3 surfaces at different preparation and 

treatment in ultraviolet photoelectron spectroscopy study. Physics and Chemistry 

of Solid State, 25(1), 114ï119. (Scopus, Q3). 
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5. Galiy, P. V., Nenchuk, T. M., Ciszewski, A., Mazur, P., Dzyuba, V. I., & 
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ʇʘʪʝʥʪʠ, ʷʢʽ ʟʘʩʚʽʜʯʫʶʪʴ ʘʧʨʦʙʘʮʽʶ ʤʘʪʝʨʽʘʣʽʚ ʜʠʩʝʨʪʘʮʽʾ 

6. ɻʘʣʽʡ, ʇ. ɺ., ʅʝʥʯʫʢ, ʊ. ʄ., ʄʘʢʘʨ, ʊ. ʈ., ɼʟʶʙʘ, ɺ. ɯ., & ʎʚʻʪʢʦʚʘ, ʆ. ɺ. 

(2024). ʉʧʦʩʽʙ ʦʜʝʨʞʫʚʘʥʥʷ ʣʽʥʽʡʥʠʭ (1D) ̔ʥʜʽʻʚʠʭ ʩʪʨʫʢʪʫʨ ʥʘ 

ʥʘʥʦʩʪʨʫʢʪʫʨʦʚʘʥʽʡ ʧʦʚʝʨʭʥʽ In Se (ʇʘʪʝʥʪ ʥʘ ʢʦʨʠʩʥʫ ʤʦʜʝʣʴ ˉ 155721). 

ʋʢʨʘʾʥʘ. ɿʘʷʚʣ. 25.05.2023; ʦʧʫʙʣ. 03.04.2024, ɹʶʣ. ˉ 14. 

ʇʫʙʣʽʢʘʮʽʾ, ʱʦ ʟʘʩʚʽʜʯʫʶʪʴ ʘʧʨʦʙʘʮʽʶ ʤʘʪʝʨʽʘʣʽʚ ʜʠʩʝʨʪʘʮʽʾ 

7. Makar, T. R., Galiy, P. V., Nenchuk, T. M., Mazur, P., & Dzyuba, V. I. (2021, 

October 11ï16). Solid state dewetting application in formation of In0/InTe 

nanosystems. XVIII International Freik Conference on Physics and technology of 

Thin Films and Nanosystems, Ivano-Frankivsk, Ukraine, 121. [ɼʠʩʪʘʥʮʽʡʥʘ 

ʫʯʘʩʪʴ, ʩʪʝʥʜʦʚʘ ʜʦʧʦʚʽʜʴ] 

8. ʄʘʢʘʨ, ʊ. ʈ., ɻʘʣʽʡ, ʇ. ɺ., ʅʝʥʯʫʢ, ʊ. ʄ., & ɼʟʶʙʘ, ɺ. ɯ. (2022, 4 ʣʶʪʦʛʦ). 

ɽʣʝʤʝʥʪʥʦ-ʬʘʟʦʚʠʡ ʩʢʣʘʜ ʪʘ ʢʨʠʩʪʘʣʦʛʨʘʬʽʷ ʧʦʚʝʨʭʦʥʴ ʩʢʦʣʶʚʘʥʥʷ (0001) 

InTe ʫ ʷʢʦʩʪʽ ʤʘʪʨʠʮʴ ʜʣʷ ʬʦʨʤʫʚʘʥʥʷ ʥʠʟʴʢʦʚʠʤʽʨʥʠʭ ʩʠʩʪʝʤ In0/InTe(0001) 

ʤʝʪʦʜʘʤʠ ʝʣʝʢʪʨʦʥʥʠʭ ʩʧʝʢʪʨʦʩʢʦʧʽʡ. ɿʚʽʪʥʘ ʥʘʫʢʦʚʘ ʢʦʥʬʝʨʝʥʮʽʷ 

ʫʥʽʚʝʨʩʠʪʝʪʫ ʟʘ 2021 ʨʽʢ, ʃʴʚʽʚ, ʋʢʨʘʾʥʘ, 121. [ʆʯʥʘ ʫʯʘʩʪʴ, ʫʩʥʘ ʜʦʧʦʚʽʜʴ] 

9. ʄʘʢʘʨ, ʊ. ʈ., ɻʘʣʽʡ, ʇ. ɺ., ʅʝʥʯʫʢ, ʅ. ʄ., & ɼʟʶʙʘ, ɺ. ɯ. (2022, 24ï25 ʙʝʨʝʟʥʷ). 

ʆʜʝʨʞʘʥʥʷ ʥʘʥʦʩʠʩʪʝʤ In0/In4Se3 ʥʘ ʧʦʚʝʨʭʥʽ ʢʨʠʩʪʘʣʽʯʥʦʛʦ In4Se3 ʧʨʠ ʟʤʽʥʽ 

ʾʾ ʩʪʝʭʽʦʤʝʪʨʽʾ ʤʝʪʦʜʦʤ ʽʦʥʥʦʛʦ ʪʨʘʚʣʝʥʥʷ. ʄʽʞʥʘʨʦʜʥʘ ʥʘʫʢʦʚʦ-ʧʨʘʢʪʠʯʥʘ 

ʽʥʪʝʨʥʝʪ-ʢʦʥʬʝʨʝʥʮʽʷ ʟ ʝʢʦʥʦʤʽʢʠ, ʽʥʬʦʨʤʘʮʽʡʥʠʭ ʩʠʩʪʝʤ ʽ ʪʝʭʥʦʣʦʛʽʡ, 

ʧʩʠʭʦʣʦʛʽʾ ʪʘ ʧʝʜʘʛʦʛʽʢʠ çʉʚʽʪ ʥʘʫʢʦʚʠʭ ʜʦʩʣʽʜʞʝʥʴè, ʊʝʨʥʦʧʽʣʴ, ʋʢʨʘʾʥʘ, 65ï
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ʇɽʈɽʃɯʂ ʋʄʆɺʅʀʍ ʉʂʆʈʆʏɽʅʔ 

ɸʉʄ ½ ʘʪʦʤʥʦ-ʩʠʣʦʚʘ ʤʽʢʨʦʩʢʦʧʽʷ 

ʇʉ ½ ʧʦʚʝʨʭʥʷ ʩʢʦʣʶʚʘʥʥʷ 

ɼʇɽ ½ ʜʠʬʨʘʢʮʽʷ ʧʦʚʽʣʴʥʠʭ ʝʣʝʢʪʨʦʥʽʚ 

ʅɺɺ ½ ʥʘʜʚʠʩʦʢʠʡ ʚʘʢʫʫʤ 

ʇɽʉ ½ ʧʦʚʝʨʭʥʝʚʽ ʝʣʝʢʪʨʦʥʥʽ ʩʪʘʥʠ 

ʇɿɹ ½ ʧʦʚʝʨʭʥʝʚʘ ʟʦʥʘ ɹʨʽʣʶʝʥʘ  

ʉʊʄ/ʉʊʉ ½ ʩʢʘʥʫʶʯʘ ʪʫʥʝʣʴʥʘ ʤʽʢʨʦʩʢʦʧʽʷ/ʩʧʝʢʪʨʦʩʢʦʧʽʷ 

ʍʌɽʉ ½ ʍ-ʧʨʦʤʝʥʝʚʘ ʬʦʪʦʝʣʝʢʪʨʦʥʥʘ ʩʧʝʢʪʨʦʩʢʦʧʽʷ 

ʋʌɽʉ ½ ʋʣʴʪʨʘʬʽʦʣʝʪʦʚʘ ʬʦʪʦʝʣʝʢʪʨʦʥʥʘ ʩʧʝʢʪʨʦʩʢʦʧʽʷ 

ʋʌɽʉʂʈ ½ ʋʣʴʪʨʘʬʽʦʣʝʪʦʚʘ ʬʦʪʦʝʣʝʢʪʨʦʥʥʘ ʩʧʝʢʪʨʦʩʢʦʧʽʷ ʟ 

ʢʫʪʦʚʠʤ ʨʦʟʜʽʣʝʥʥʷʤ 

ʐʂ ½ ʰʘʨʫʚʘʪʠʡ ʢʨʠʩʪʘʣ 

PSD ½ power spectral density 

ɺɿ ½ ʚʘʣʝʥʪʥʘ ʟʦʥʘ 

ɿʇ ½ ʟʦʥʘ ʧʨʦʚʽʜʥʦʩʪʽ 

me ½ ʤʘʩʘ ʚʽʣʴʥʦʛʦ ʝʣʝʢʪʨʦʥʘ ʫ ʚʘʢʫʫʤʽ  
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ɺʉʊʋʇ 

 ɸʢʪʫʘʣʴʥʽʩʪʴ ʪʝʤʠ. ʉʫʯʘʩʥʘ ʤʽʢʨʦ- ʪʘ ʥʘʥʦʝʣʝʢʪʨʦʥʽʢʘ ʧʦʪʨʽʙʫʻ ʛʣʠʙʦʢʠʭ 

ʟʥʘʥʴ ʬʽʟʠʯʥʠʭ ʧʨʦʮʝʩʽʚ, ʱʦ ʚʽʜʙʫʚʘʶʪʴʩʷ ʚ ʤʘʪʝʨʽʘʣʘʭ ʪʘ ʥʘ ʾʭ ʧʦʚʝʨʭʥʽ, 

ʚʢʣʶʯʘʶʯʠ ʦʩʦʙʣʠʚʦʩʪʽ ʬʦʨʤʫʚʘʥʥʷ ʨʽʟʥʦʤʘʥʽʪʥʠʭ ʦʙôʻʢʪʽʚ ʧʦʥʠʞʝʥʦʾ ʚʠʤʽʨʥʦʩʪʽ 

ʪʘ ʥʘʥʦʩʪʨʫʢʪʫʨ. ʆʩʦʙʣʠʚʝ ʟʥʘʯʝʥʥʷ ʤʘʻ ʨʦʟʫʤʽʥʥʷ ʤʝʭʘʥʽʟʤʽʚ ʫʪʚʦʨʝʥʥʷ ʥʘ 

ʧʦʚʝʨʭʥʷʭ ʥʘʥʦʦʙ'ʻʢʪʽʚ (ʥʘʥʦʪʦʯʦʢ (0D) ʪʘ ʥʘʥʦʜʨʦʪʽʚ (1D)), ʘ ʪʘʢʦʞ ʫʤʽʥʥʷ 

ʢʝʨʫʚʘʪʠ ʾʭ ʛʝʦʤʝʪʨʽʻʶ ʪʘ ʚʠʤʽʨʥʽʩʪʶ, ʱʦ ʚʘʞʣʠʚʦ, ʜʣʷ ʩʪʚʦʨʝʥʥʷ ʧʨʠʩʪʨʦʾʚ 

ʥʘʥʦʝʣʝʢʪʨʦʥʽʢʠ ʽʟ ʟʘʜʘʥʠʤʠ ʝʣʝʢʪʨʦʥʥʦ-ʝʥʝʨʛʝʪʠʯʥʠʤʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ.  

 ɺʘʞʣʠʚʠʤʠ ʻ ʟʥʘʥʥʷ ʱʦʜʦ ʚʣʘʩʪʠʚʦʩʪʝʡ ʥʦʚʠʭ ʤʘʪʝʨʽʘʣʽʚ, ʷʢʽ ʜʦʟʚʦʣʷʶʪʴ 

ʧʦʢʨʘʱʠʪʠ ʝʣʝʢʪʨʦʥʥʽ, ʦʧʪʠʯʥʽ ʡ ʭʽʤʽʯʥʽ ʧʘʨʘʤʝʪʨʠ ʥʘʥʦʩʪʨʫʢʪʫʨ. ʊʘʢʦʞ ʥʝʦʙʭʽʜʥʽ 

ʟʥʘʥʥʷ ʱʦʜʦ ʩʪʘʙʽʣʴʥʦʩʪʽ ʦʜʝʨʞʫʚʘʥʠʭ ʧʦʚʝʨʭʦʥʴ, ʷʢ ʧʽʜʢʣʘʜʦʢ, ʜʣʷ ʦʜʝʨʞʫʚʘʥʠʭ 

ʥʠʟʴʢʦʚʠʤʽʨʥʠʭ ʥʘʥʦʦʙʻʢʪʽʚ ʷʢ ʽ ʩʘʤʠʭ ʥʘʥʦʩʪʨʫʢʪʫʨ. ɺʟʘʻʤʦʜʽʾ ʦʜʝʨʞʫʚʘʥʠʭ 

ʥʘʥʦʩʪʨʫʢʪʫʨ ʽʟ ʟʦʚʥʽʰʥʽʤ ʩʝʨʝʜʦʚʠʱʝʤ, ʟʦʢʨʝʤʘ ʾʭʥʶ ʩʪʘʙʽʣʴʥʽʩʪʴ, ʯʫʪʣʠʚʽʩʪʴ ʜʦ 

ʘʜʩʦʨʙʮʽʾ ʨʝʯʦʚʠʥ ʪʘ ʟʤʽʥʫ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʧʽʜ ʚʧʣʠʚʦʤ ʥʘʚʢʦʣʠʰʥʽʭ ʫʤʦʚ. 

ɺʠʨʽʰʝʥʥʷ ʚʢʘʟʘʥʠʭ ʟʘʚʜʘʥʴ ʜʘʻ ʤʦʞʣʠʚʽʩʪʴ ʨʦʟʨʦʙʣʷʪʠ ʥʦʚʝ ʧʦʢʦʣʽʥʥʷ 

ʚʠʩʦʢʦʝʬʝʢʪʠʚʥʠʭ ʥʘʥʦʧʨʠʩʪʨʦʾʚ ï ʥʘʥʦʜʽʦʜʽʚ, ʥʘʥʦʬʦʪʦ ʪʘ ʧʦʣʴʦʚʠʭ 

ʥʘʥʦʪʨʘʥʟʠʩʪʦʨʽʚ. 

 ʍʘʣʴʢʦʛʝʥʽʜʥʽ ʰʘʨʫʚʘʪʽ ʥʘʧʽʚʧʨʦʚʽʜʥʠʢʠ ʪʘʢʽ ʷʢ In4Se3 ʪʘ InTe ʥʘʣʝʞʘʪʴ ʜʦ 

ʢʣʘʩʫ ʤʘʪʝʨʽʘʣʽʚ, ʷʢʽ ʤʦʞʫʪʴ ʚʽʜʢʨʠʪʠ ʧʝʨʩʧʝʢʪʠʚʠ ʜʣʷ ʝʣʝʢʪʨʦʥʽʢʠ ʥʦʚʦʛʦ 

ʧʦʢʦʣʽʥʥʷ. ɰʭ ʧʦʚʝʨʭʥʽ ʧʨʦʜʦʚʞʫʶʪʴ ʧʨʠʚʝʨʪʘʪʠ ʫʚʘʛʫ ʜʦʩʣʽʜʥʠʢʽʚ ʟʘʚʜʷʢʠ ʩʚʦʾʤ 

ʥʝʪʨʠʚʽʘʣʴʥʠʤ ʘʥʽʟʦʪʨʦʧʥʠʤ ʚʣʘʩʪʠʚʦʩʪʷʤ. ʎʽ ʩʧʦʣʫʢʠ ʢʨʠʩʪʘʣʽʟʫʶʪʴʩʷ ʫ ʰʘʨʫʚʘʪʽ 

ʩʪʨʫʢʪʫʨʠ, ʦʢʨʝʤʽ ʰʘʨʠ-ʧʘʢʝʪʠ, ʷʢʽ ʚʦʣʦʜʽʶʪʴ ʚʠʩʦʢʠʤ ʩʪʫʧʝʥʝʤ ʽʥʜʠʚʽʜʫʘʣʴʥʦʩʪʽ. ʎʝ 

ʟʫʤʦʚʣʶʻ ʥʝ ʪʽʣʴʢʠ ʘʥʽʟʦʪʨʦʧʽʶ ʝʣʝʢʪʨʦʥʥʠʭ ʩʧʝʢʪʨʽʚ ʾʭʥʽʭ ʧʦʚʝʨʭʦʥʴ, ʙʘʛʘʪʴʦʭ 

ʬʽʟʠʯʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ, ʘʣʝ ʪʘʢʦʞ ʧʦʨʦʜʞʫʻ ʧʝʚʥʽ ʦʩʦʙʣʠʚʦʩʪʽ ʫ ʩʪʨʫʢʪʫʨʽ 

ʧʦʚʝʨʭʥʽ ï ʙʦʨʦʟʥʠʩʪʽʩʪʴ ʟ ʣʘʥʮʶʞʢʦʚʦ-ʧʦʜʽʙʥʠʤʠ ʩʪʨʫʢʪʫʨʘʤʠ ʜʣʷ (100) In4Se3. 

ʉʪʘʙʽʣʴʥʽʩʪʴ ʤʽʞʰʘʨʦʚʠʭ ʧʦʚʝʨʭʦʥʴ ʩʢʦʣʶʚʘʥʥʷ ʪʘ ʧʝʨʩʧʝʢʪʠʚʥʽʩʪʴ ʚʠʢʦʨʠʩʪʘʥʥʷ 

ʙʦʨʦʟʥʠʩʪʠʭ ʘʥʽʟʦʪʨʦʧʥʠʭ ʩʢʦʣʽʚ ʚ ʷʢʦʩʪʽ ʤʘʪʨʠʮʴ, ʜʣʷ ʬʦʨʤʫʚʘʥʥʷ ʧʦʚʝʨʭʥʝʚʠʭ 

ʥʘʥʦʜʨʦʪʽʚ ʪʘ ʥʘʥʦʩʪʨʫʢʪʫʨ, ʪʘʢʦʞ ʚʠʢʣʠʢʘʻ ʟʘʮʽʢʘʚʣʝʥʥʷ. ɺʠʨʽʰʝʥʥʷ ʮʠʭ ʟʘʜʘʯ 
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ʚʠʤʘʛʘʻ ʜʦʩʣʽʜʞʝʥʥʷ ʩʪʨʫʢʪʫʨʠ ʧʦʚʝʨʭʦʥʴ ʰʘʨʫʚʘʪʠʭ ʢʨʠʩʪʘʣʽʚ, ʾʭʥʽʭ ʝʣʝʢʪʨʦʥʥʠʭ 

ʚʣʘʩʪʠʚʦʩʪʝʡ, ʢʦʥʪʨʦʣʶ ʤʽʞʬʘʟʥʠʭ ʚʟʘʻʤʦʜʽʡ ʟ ʤʦʞʣʠʚʠʤ ʬʦʨʤʫʚʘʥʥʷʤ ʽʥʪʝʨʬʝʡʩʽʚ. 

ɸʥʽʟʦʪʨʦʧʽʷ ʮʠʭ ʤʘʪʝʨʽʘʣʽʚ ʟʽ ʩʣʘʙʢʠʤʠ ʤʽʞʰʘʨʦʚʠʤʠ ʟʚôʷʟʢʘʤʠ ɺʘʥ-ʜʝʨ- 

ɺʘʘʣʴʩʘ ʚʽʜʽʛʨʘʻ ʥʘʜʟʚʠʯʘʡʥʦ ʚʘʞʣʠʚʫ ʨʦʣʴ. ɿ ʪʦʯʢʠ ʟʦʨʫ ʦʜʝʨʞʘʥʥʷ 

ʥʘʥʦʨʦʟʤʽʨʥʠʭ ʝʣʝʢʪʨʦʥʥʠʭ ʧʨʠʩʪʨʦʾʚ ʮʝ ʜʘʻ ʟʤʦʛʫ ʦʪʨʠʤʫʚʘʪʠ ʪʦʥʢʽ ʰʘʨʠ-ʧʘʢʝʪʠ 

ʪʘʢʠʭ ʤʘʪʝʨʽʘʣʽʚ, ʪʘʢ ʟʚʘʥʽ çʧʣʘʩʪʽʚʮʽè, ʘ ʪʘʢʦʞ ʜʦʟʚʦʣʷʻ ʣʝʛʢʦ ʦʪʨʠʤʫʚʘʪʠ 

ʘʪʦʤʘʨʥʦ ʯʠʩʪʽ ʧʦʚʝʨʭʥʽ ʤʝʪʦʜʦʤ ʤʝʭʘʥʽʯʥʦʛʦ ʩʢʦʣʶʚʘʥʥʷ ʥʘʚʽʪʴ ʫ ʥʘʜʚʠʩʦʢʦʤʫ 

ʚʘʢʫʫʤʽ. ʅʘʧʽʚʧʨʦʚʽʜʥʠʢʦʚʽ ʰʘʨʫʚʘʪʽ ʢʨʠʩʪʘʣʠ ʩʝʣʝʥʽʜʽʚ ʪʘ ʪʝʣʫʨʠʜʽʚ ʽʥʜʽʶ, 

ʟʘʚʜʷʢʠ ʩʪʨʫʢʪʫʨʥʽʡ ʩʪʘʙʽʣʴʥʦʩʪʽ ʧʦʚʝʨʭʦʥʴ, ʚʠʨʘʞʝʥʠʤʠ ʘʥʽʟʦʪʨʦʧʥʠʤʠ 

ʚʣʘʩʪʠʚʦʩʪʷʤʠ ʻ ʧʝʨʩʧʝʢʪʠʚʥʠʤʠ ʜʣʷ ʚʠʢʦʨʠʩʪʘʥʥʷ ʷʢ ʰʘʙʣʦʥʠ ʯʠ ʤʘʪʨʠʮʽ ʜʣʷ 

ʩʪʚʦʨʝʥʥʷ ʥʠʟʴʢʦʨʦʟʤʽʨʥʠʭ ʥʘʥʦʛʝʪʝʨʦʩʠʩʪʝʤ (ʥʘʥʦʪʦʯʦʢ ʽ ʥʘʥʦʜʨʦʪʽʚ). 

 ʅʝʟʚʘʞʘʶʯʠ ʥʘ ʟʥʘʯʥʫ ʢʽʣʴʢʽʩʪʴ ʨʦʙʽʪ, ʧʨʠʩʚʷʯʝʥʠʭ ʚʠʚʯʝʥʥʶ ʚʣʘʩʪʠʚʦʩʪʝʡ 

ʭʘʣʴʢʦʛʝʥʽʜʽʚ ʽʥʜʽʶ, ʚ ʣʽʪʝʨʘʪʫʨʽ ʙʨʘʢʫʻ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʠʭ ʜʘʥʠʭ ʱʦʜʦ ʤʦʞʣʠʚʦʩʪʽ 

ʚʠʢʦʨʠʩʪʘʥʥʷ ʧʦʚʝʨʭʦʥʴ ʩʢʦʣʫ ʥʘʧʽʚʧʨʦʚʽʜʥʠʢʽʚ (100) In4Se3 ʪʘ (001) InTe ʚ ʷʢʦʩʪʽ 

ʧʨʠʨʦʜʥʠʭ ʰʘʙʣʦʥʽʚ ʜʣʷ ʩʪʚʦʨʝʥʥʷ ʥʠʟʴʢʦʨʦʟʤʽʨʥʠʭ ʥʘʥʦʛʝʪʝʨʦʩʠʩʪʝʤ, ʟʦʢʨʝʤʘ 

ʦʪʨʠʤʘʥʠʭ ʫ ʥʘʜʚʠʩʦʢʦʤʫ ʚʘʢʫʫʤʽ ʪʘ ʜʦʩʣʽʜʞʝʥʠʭ ʘʜʝʢʚʘʪʥʠʤʠ ʪʘ 

ʚʟʘʻʤʦʜʦʧʦʚʥʶʶʯʠʤʠ ʤʝʪʦʜʘʤʠ ï ʜʠʬʨʘʢʮʽʷ ʧʦʚʽʣʴʥʠʭ ʝʣʝʢʪʨʦʥʽʚ (ʢʨʠʩʪʘʣʦʛʨʘʬʽʷ 

ʧʦʚʝʨʭʦʥʴ); ʍ-ʧʨʦʤʝʥʝʚʘ ʬʦʪʦʝʣʝʢʪʨʦʥʥʘ ʩʧʝʢʪʨʦʩʢʦʧʽʷ (ʝʣʝʤʝʥʪʥʦ-ʬʘʟʦʚʠʡ ʩʢʣʘʜ 

ʧʦʚʝʨʭʦʥʴ); ʫʣʴʪʨʘʬʽʦʣʝʪʦʚʘ ʝʣʝʢʪʨʦʥʥʘ ʩʧʝʢʪʨʦʩʢʦʧʽʷ (ʝʣʝʢʪʨʦʥʥʽ ʩʧʝʢʪʨʠ 

ʧʦʚʝʨʭʦʥʴ); ʟʦʥʜʦʚʘ ʤʽʢʨʦʩʢʦʧʽ/̫ʩʧʝʢʪʨʦʩʢʦʧʽʷ  (ʛʝʪʝʨʦʥʘʥʦʩʪʨʫʢʪʫʨʠ ʪʘ ʝʣʝʢʪʨʦʥʥʦ-

ʝʥʝʨʛʝʪʠʯʥʘ ʩʪʨʫʢʪʫʨʘ ʧʦʚʝʨʭʦʥʴ) in situ. ʊʘʢʦʞ ʚʠʢʦʨʠʩʪʘʥʽ ʤʝʪʦʜ ʍ-ʧʨʦʤʝʥʝʚʦʛʦ 

ʩʪʨʫʢʪʫʨʥʦʛʦ ʪʘ ʬʘʟʦʚʦʛʦ ʘʥʘʣʽʟʫ ʪʘ ʤʝʪʦʜʠ ʪʝʦʨʝʪʠʯʥʠʭ ʜʦʩʣʽʜʞʝʥʴ (ʪʝʦʨʽʷ 

ʬʫʥʢʮʽʦʥʘʣʘ ʛʫʩʪʠʥʠ). 

ʊʘʢʠʤ ʯʠʥʦʤ, ʟ ʪʦʯʢʠ ʟʦʨʫ ʧʦʜʘʣʴʰʦʛʦ ʨʦʟʚʠʪʢʫ ʥʘʥʦʨʦʟʤʽʨʥʠʭ ʝʣʝʢʪʨʦʥʥʠʭ 

ʧʨʠʩʪʨʦʾʚ ʥʝʦʙʭʽʜʥʦ ʜʦʩʣʽʜʠʪʠ ʤʦʞʣʠʚʦʩʪʽ ʬʦʨʤʫʚʘʥʥʷ ʧʨʦʩʪʦʨʦʚʦ 

ʚʧʦʨʷʜʢʦʚʘʥʠʭ ʤʘʩʠʚʽʚ ʤʝʪʘʣʝʚʠʭ ʥʘʥʦʩʪʨʫʢʪʫʨ ʥʘ ʾʭʥʽʭ ʧʦʚʝʨʭʥʷʭ, ʘ ʪʘʢʦʞ 

ʟʜʽʡʩʥʠʪʠ ʨʦʟʨʦʙʢʫ ʪʘ ʘʧʨʦʙʘʮʽʶ ʥʦʚʠʭ ʪʝʭʥʦʣʦʛʽʡ ʬʦʨʤʫʚʘʥʥʷ 

ʥʘʥʦʛʝʪʝʨʦʩʪʨʫʢʪʫʨ ʥʘ ʾʭ ʧʦʚʝʨʭʥʷʭ. 

 ɸʢʪʫʘʣʴʥʽʩʪʴ ʪʘʢʠʭ ʜʦʩʣʽʜʞʝʥ ɹʟʫʤʦʚʣʝʥʘ ʧʦʪʨʝʙʦʶ ʦʜʝʨʞʘʥʥʷ ʧʨʦʩʪʦʨʦʚʦ 

ʚʧʦʨʷʜʢʦʚʘʥʠʭ ʤʘʩʠʚʽʚ ʤʝʪʘʣʝʚʠʭ ʥʘʥʦʩʪʨʫʢʪʫʨ ʥʘ ʧʦʚʝʨʭʥʷʭ ʩʢʦʣʶʚʘʥʥʷ 
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ʭʘʣʴʢʦʛʝʥʽʜʥʠʭ ʢʨʠʩʪʘʣʽʚ A3B6 ʚʠʢʦʨʠʩʪʘʥʠʭ ʚ ʷʢʦʩʪʽ ʧʨʠʨʦʜʥʦʛʦ ʰʘʙʣʦʥʫ, ʟ ʤʝʪʦʶ 

ʩʪʚʦʨʝʥʥʷ ʥʘ ʾʭ ʦʩʥʦʚʽ  ʧʨʠʣʘʜʽʚ ʬʫʥʢʮʽʦʥʘʣʴʥʦʾ ʥʘʥʦʝʣʝʢʪʨʦʥʽʢʠ. 

ɿʚôʷʟʦʢ ʨʦʙʦʪʠ ʟ ʥʘʫʢʦʚʠʤʠ ʧʨʦʛʨʘʤʘʤʠ, ʧʣʘʥʘʤʠ, ʪʝʤʘʤʠ. ɼʠʩʝʨʪʘʮʽʡʥʫ 

ʨʦʙʦʪʫ ʚʠʢʦʥʘʥʦ ʟʛʽʜʥʦ ʟ ʦʩʥʦʚʥʠʤ ʥʘʧʨʷʤʦʤ ʜʦʩʣʽʜʞʝʥʴ ʢʘʬʝʜʨʠ ʩʝʥʩʦʨʥʦʾ ʪʘ 

ʥʘʧʽʚʧʨʦʚʽʜʥʠʢʦʚʦʾ ʝʣʝʢʪʨʦʥʽʢʠ ʃʴʚʽʚʩʴʢʦʛʦ ʥʘʮʽʦʥʘʣʴʥʦʛʦ ʫʥʽʚʝʨʩʠʪʝʪʫ ʽʤʝʥʽ 

ɯʚʘʥʘ ʌʨʘʥʢʘ, ʘ ʪʘʢʦʞ ʫ ʨʘʤʢʘʭ ʩʧʽʣʴʥʠʭ ʧʨʦʝʢʪʽʚ ʟ ʎʝʥʪʨʦʤ ʧʝʨʝʜʦʚʠʭ 

ʤʽʢʨʦʩʪʨʫʢʪʫʨ ʽ ʧʨʠʣʘʜʽʚ (Center for Advanced Microstructures and Devices) 

ʋʥʽʚʝʨʩʠʪʝʪʫ ʰʪʘʪʫ ʃʫʾʟʽʘʥʠ (Louisiana State University) (ʉʐɸ): LU-PG1207 (2023) 

ñThe Anisotropy of Surface Structure and Electron Spectra the Cleavage Surface of 

Chalcogenides Semiconductor Crystals ï In4Se3ò ʪʘ cʧʽʣʴʥʠʭ ʜʦʩʣʽʜʞʝʥʴ ʫ ʨʘʤʢʘʭ 

ʥʘʫʢʦʚʦʾ ʩʧʽʚʧʨʘʮʽ ʤʽʞ ʃʴʚʽʚʩʴʢʠʤ ʥʘʮʽʦʥʘʣʴʥʠʤ ʫʥʽʚʝʨʩʠʪʝʪʦʤ ʽʤʝʥʽ ɯʚʘʥʘ ʌʨʘʥʢʘ 

ʪʘ ɯʥʩʪʠʪʫʪʦʤ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʾ ʬʽʟʠʢʠ ɺʨʦʮʣʘʚʩʴʢʦʛʦ ʫʥʽʚʝʨʩʠʪʝʪʫ (ʇʦʣʴʱʘ) ʟʘ 

ʪʝʤʦʶ ʜʦʩʣʽʜʞʝʥʴ ñʄʽʢʨʦ- ʪʘ ʥʘʥʦʩʪʨʫʢʪʫʨʘ ʧʦʚʝʨʭʦʥʴ ʫ ʙʘʛʘʪʦʬʘʟʥʠʭ 

ʥʘʧʽʚʧʨʦʚʽʜʥʠʢʦʚʠʭ ʭʘʣʴʢʦʛʝʥʽʜʥʠʭ ʩʠʩʪʝʤʘʭò. ʏʘʩʪʠʥʫ ʨʝʟʫʣʴʪʘʪʽʚ ʦʪʨʠʤʘʥʦ ʚ 

ʨʘʤʢʘʭ ʥʘʫʢʦʚʠʭ ʜʦʩʣʽʜʞʝʥʴ ʟʘ ʪʝʤʘʪʠʢʦʶ: "ʉʠʩʪʝʤʥʠʡ ʘʥʘʣʽʟ ʜʘʥʠʭ ʟʘʩʦʙʘʤʠ 

ʰʪʫʯʥʦʛʦ ʽʥʪʝʣʝʢʪʫ ʪʘ ʤʘʰʠʥʥʦʛʦ ʥʘʚʯʘʥʥʷ" (ʥʦʤʝʨ ʜʝʨʞʘʚʥʦʾ ʨʝʻʩʪʨʘʮʽʾ 

 ̄0122U200688, 2022ï2024 ʨʨ.) 

 ʄʝʪʘ ʽ ʟʘʚʜʘʥʥʷ ʜʦʩʣʽʜʞʝʥʥʷ. ʄʝʪʘ ʨʦʙʦʪʠ ʧʦʣʷʛʘʻ ʫ ʦʪʨʠʤʘʥʥʽ, ʜʦʩʣʽʜʞʝʥʥʽ ʪʘ 

ʚʩʪʘʥʦʚʣʝʥʥʽ ʦʩʦʙʣʠʚʦʩʪʝʡ ʥʘʥʦʩʠʩʪʝʤ In0/(100) In4Se3, In
0/(001) InTe ʥʘ ʦʩʥʦʚʽ 

ʭʘʣʴʢʦʛʝʥʽʜʥʠʭ ʥʘʧʽʚʧʨʦʚʽʜʥʠʢʽʚ ʟ ʧʨʠʨʦʜʥʠʤʠ ʥʘʥʦʩʪʨʫʢʪʫʨʦʚʘʥʠʤʠ ʤʘʪʨʠʮʷʤʠ (ɯn4Se3, 

InTe). 

 ɼʣʷ ʜʦʩʷʛʥʝʥʥʷ ʤʝʪʠ ʫ ʨʦʙʦʪʽ ʙʫʣʦ ʧʦʩʪʘʚʣʝʥʦ ʪʘ ʚʠʢʦʥʘʥʦ ʥʘʩʪʫʧʥʽ ʟʘʚʜʘʥʥʷ: 

1. ɼʦʩʣʽʜʠʪʠ ʪʦʧʦʛʨʘʬʽʶ, ʘʪʦʤʥʫ ʪʘ ʟʦʥʥʦ-ʝʥʝʨʛʝʪʠʯʥʫ ʩʪʨʫʢʪʫʨʫ ʧʦʚʝʨʭʥʽ 

ʩʢʦʣʫ (100) In4Se3. ɿ ʨʝʟʫʣʴʪʘʪʽʚ ʜʦʩʣʽʜʞʝʥʥʷ ʟʦʥʥʦ-ʝʥʝʨʛʝʪʠʯʥʦʾ ʩʪʨʫʢʪʫʨʠ ʨʦʟʨʘʭʫʚʘʪʠ 

ʝʬʝʢʪʠʚʥʫ ʤʘʩʫ ʥʦʩʽʾʚ ʟʘʨʷʜʫ ʪʘ ʦʮʽʥʠʪʠ ʾʾ ʘʥʽʟʦʪʨʦʧʽʶ; 

2. ʇʨʦʚʝʩʪʠ ʩʪʨʫʢʪʫʨʥʠʡ ʪʘ ʬʘʟʦʚʠʡ ʘʥʘʣʽʟ ʩʢʣʘʜʫ ʢʨʠʩʪʘʣʫ InTe, ʜʦʩʣʽʜʠʪʠ 

ʝʣʝʤʝʥʪʥʦ-ʬʘʟʦʚʠʡ ʩʢʣʘʜ ʧʦʚʝʨʭʦʥʴ ʩʢʦʣʶʚʘʥʥʷ (001) InTe;  

3. ʆʪʨʠʤʘʪʠ ʥʘʥʦʛʝʪʝʨʦʩʠʩʪʝʤʠ In0/(100) In4Se3 ʪʘ In
0/(001) InTe ʤʝʪʦʜʦʤ 

ʥʘʥʝʩʝʥʥʷ ʽʥʜʽʶ ʥʘ ʧʦʚʝʨʭʥʶ ʩʢʦʣʶʚʘʥʥʷ ʪʘ ʟʘʧʫʩʢʦʤ ʧʨʦʮʝʩʫ ʚʪʦʨʠʥʥʦʛʦ 
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ʪʚʝʨʜʦʪʽʣʴʥʦʛʦ ʟʤʦʯʫʚʘʥʥʷ; 

4. ʈʦʟʨʘʭʫʚʘʪʠ ʚʪʨʘʪʠ ʢʦʤʧʦʥʝʥʪ ʩʧʦʣʫʢʠ In4Se3 ʧʨʠ ʽʦʥʥʦʤʫ ʨʦʟʧʠʣʝʥʥʽ 

ʘʪʦʤʘʤʠ ʘʨʛʦʥʫ. ʆʪʨʠʤʘʪʠ ʥʘʥʦʩʠʩʪʝʤʫ In0/(100) In4Se3 ʟʤʽʥʦ  ʁʩʪʝʭʽʦʤʝʪʨʽʾ ʧʦʚʝʨʭʥ ̔

ʩʢʦʣʶʚʘʥʥʷ  ʽʦʥʥʠʤ ʨʦʟʧʠʣʝʥʥʷʤ. 

5. ɼʦʩʣʽʜʠʪʠ ʤʝʭʘʥʽʟʤʠ ʬʦʨʤʫʚʘʥʥʷ, ʦʩʦʙʣʠʚʦʩʪʽ ʨʦʩʪʫ ʪʘ ʤʦʨʬʦʣʦʛʽʯʥʽ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʥʠʟʴʢʦʨʦʟʤʽʨʥʠʭ ʥʘʥʦʩʪʨʫʢʪʫʨ ʽʥʜʽʶ, ʦʪʨʠʤʘʥʠʭ ʧʨʠ ʥʘʥʝʩʝʥʽ ʽʥʜʽʶ ʥʘ 

ʇʉ (100) In4Se3 ʪʘ (001) InTe. 

 ʆʙôʻʢʪʦʤ ʜʦʩʣʽʜʞʝʥʥʷ ʻ ʧʨʦʮʝʩ ʬʦʨʤʫʚʘʥʥʷ ʥʘʥʦʛʝʪʝʨʦʩʠʩʪʝʤ In0/(100) In4Se3 ʪʘ 

In0/(001) InTe  ʥʘ ʧʦʚʝʨʭʥʷʭ ʩʢʦʣʶʚʘʥʥʷ ʰʘʨʫʚʘʪʠʭ ʢʨʠʩʪʘʣʽʚ ɸ3ɺ6 ʚʠʢʦʨʠʩʪʘʥʠʭ ʫ ʷʢʦʩʪʽ 

ʰʘʙʣʦʥʫ. 

 ʇʨʝʜʤʝʪʦʤ ʜʦʩʣʽʜʞʝʥʥʷ ʻ ʬʽʟʠʯʥʽ ʟʘʢʦʥʦʤʽʨʥʦʩʪʽ ʨʦʩʪʫ ʤʝʪʘʣʝʚʠʭ ʥʘʥʦʩʪʨʫʢʪʫʨ 

ʥʘ ʧʦʚʝʨʭʥʷʭ ʩʢʦʣʫ (100) In4Se3 ʪʘ (001) InTe, ʾʭ ʪʦʧʦʛʨʘʬʽʷ, ʤʦʨʬʦʣʦʛʽʷ, ʝʣʝʤʝʥʪʥʠʡ ʽ 

ʬʘʟʦʚʠʡ ʩʢʣʘʜ, ʘ ʪʘʢʦʞ ʦʩʦʙʣʠʚʦʩʪʽ ʟʦʥʥʦ-ʝʥʝʨʛʝʪʠʯʥʦʾ ʩʪʨʫʢʪʫʨʠ ʧʦʚʝʨʭʦʥʴ ʢʨʠʩʪʘʣʽʚ 

(100) In4Se3. 

 ʄʝʪʦʜʠ ʜʦʩʣʽʜʞʝʥʥʷ. ɼʣʷ ʧʨʦʚʝʜʝʥʥʷ ʜʦʩʣʽʜʞʝʥʴ ʚʠʢʦʨʠʩʪʘʥʽ ʭʘʣʴʢʦʛʝʥʽʜʽʚ 

ʽʥʜʽʶ (In4Se3 ʪʘ InTe), ʚʠʨʦʱʝʥʠʭ ʤʝʪʦʜʘʤʠ ʏʦʭʨʘʣʴʩʴʢʦʛʦ ʪʘ ɹʨʽʜʞʤʝʥʘ ʚʽʜʧʦʚʽʜʥʦ. 

ʉʪʨʫʢʪʫʨʘ ʢʨʠʩʪʘʣʽʚ ʪʘ ʾʭ ʬʘʟʦʚʠʡ ʩʢʣʘʜ ʜʦʩʣʽʜʞʫʚʘʣʠʩʴ ʤʝʪʦʜʘʤʠ ʍ-ʧʨʦʤʝʥʝʚʦʛʦ 

ʩʪʨʫʢʪʫʨʥʦʛʦ ʪʘ ʬʘʟʦʚʦʛʦ ʘʥʘʣʽʟʫ (ʍʉɸ/ʍʌɸ). ɼʣʷ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʠʭ ʜʦʩʣʽʜʞʝʥʴ 

ʝʣʝʤʝʥʪʥʦ-ʬʘʟʦʚʦʛʦ ʩʢʣʘʜʫ ʧʦʚʝʨʭʦʥʴ ʩʢʦʣʫ ʚʠʭʽʜʥʠʭ ʩʧʦʣʫʢ, ʚʠʢʦʨʠʩʪʘʥʠʭ ʚ ʷʢʦʩʪʽ 

ʰʘʙʣʦʥʫ, ʚʠʢʦʨʠʩʪʘʥʦ ʍ-ʧʨʦʤʝʥʝʚʫ ʬʦʪʦʝʣʝʢʪʨʦʥʥʫ ʩʧʝʢʪʨʦʩʢʦʧʽʶ (ʍʌɽʉ). 

ɼʦʩʣʽʜʞʝʥʥʷ ʟʦʥʥʦ-ʝʥʝʨʛʝʪʠʯʥʦʾ ʩʪʨʫʢʪʫʨʠ ʙʫʣʦ ʧʨʦʚʝʜʝʥʦ ʽʟ ʟʘʩʪʦʩʫʚʘʥʥʷʤ 

ʫʣʴʪʨʘʬʽʦʣʝʪʦʚʦʾ ʬʦʪʦʝʣʝʢʪʨʦʥʥʦʾ ʩʧʝʢʪʨʦʩʢʦʧʽʾ (ʋʌɽʉ), ʫʣʴʪʨʘʬʽʦʣʝʪʦʚʦʾ 

ʬʦʪʦʝʣʝʢʪʨʦʥʥʦʾ ʩʧʝʢʪʨʦʩʢʦʧʽʾ ʟ ʢʫʪʦʚʠʤ ʨʦʟʜʽʣʝʥʥʷʤ(ʋʌɽʉʂʈ) ʪʘ ʩʢʘʥʫʶʯʦʾ 

ʪʫʥʝʣʴʥʦʾ ʩʧʝʢʪʨʦʩʢʦʧʽʾ (ʉʊʉ) ʪʘ ʪʝʦʨʝʪʠʯʥʠʭ ʜʦʩʣʽʜʞʝʥʴ ʤʝʪʦʜʦʤ ʬʫʥʢʮʽʦʥʘʣʘ 

ʝʣʝʢʪʨʦʥʥʦʾ ʛʫʩʪʠʥʠ. ɼʦʩʣʽʜʞʝʥʥʷ ʧʨʦʮʝʩʫ ʬʦʨʤʫʚʘʥʥʷ ʥʘʥʦʛʝʪʝʨʦʩʠʩʪʝʤ, ʘ ʪʘʢʦʞ 

ʚʠʚʯʝʥʥʷ, ʤʽʢʨʦ- ʽ ʥʘʥʦʩʪʨʫʢʪʫʨʠ ʧʦʚʝʨʭʦʥʴ ʚʠʢʦʥʫʚʘʣʦʩʴ ʤʝʪʦʜʦʤ ʩʢʘʥʫʶʯʦʾ 

ʪʫʥʝʣʴʥʦʾ ʤʽʢʨʦʩʢʦʧʽʾ (ʉʊʄ). 
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 ʅʘʫʢʦʚʘ ʥʦʚʠʟʥʘ ʦʜʝʨʞʘʥʠʭ ʨʝʟʫʣʴʪʘʪʽʚ ʧʦʣʷʛʘʻ ʫ ʪʦʤʫ, ʱʦ ʫ ʨʦʙʦʪʽ ʚʧʝʨʰʝ: 

1. ʆʪʨʠʤʘʥʦ ʥʘʥʦʛʝʪʝʨʦʩʠʩʪʝʤʫ In0/(001) InTe ʥʘ ʧʦʚʝʨʭʥʽ ʩʢʦʣʶʚʘʥʥʷ 

(001) ʰʘʨʫʚʘʪʦʛʦ ʢʨʠʩʪʘʣʫ InTe ʪʘ ʜʦʩʣʽʜʞʝʥʦ ʧʨʦʮʝʩʠ ʨʦʩʪʫ ʥʠʟʴʢʦʨʦʟʤʽʨʥʠʭ 0D 

ʥʘʥʦʩʠʩʪʝʤ ʪʘ ʥʘʥʦʩʪʨʫʢʪʫʨ  ʥʘ ʧʦʚʝʨʭʥʽ ʩʢʦʣʶʚʘʥʥʷ (001) InTe. 

2.  ɿʘʧʨʦʧʦʥʦʚʘʥʦ ʥʦʚʠʡ ʧʽʜʭʽʜ ʜʣʷ ʦʜʝʨʞʘʥʥʷ ʥʠʟʴʢʦʨʦʟʤʽʨʥʠʭ ʣʽʥʽʡʥʠʭ 

ʽʥʜʽʻʚʠʭ 1D ʩʪʨʫʢʪʫʨ ʥʘ ʧʦʚʝʨʭʥʽ ʩʢʦʣʶʚʘʥʥʷ (100) ʰʘʨʫʚʘʪʦʛʦ ʢʨʠʩʪʘʣʘ In4Se3 

ʚʠʢʦʨʠʩʪʘʥʦʾ ʚ ʷʢʦʩʪʽ ʰʘʙʣʦʥʫ, ʰʣʷʭʦʤ ʟʤʽʥʠ ʾʾ ʩʪʝʭʽʦʤʝʪʨʽʾ ̔ ʦʥʥʠʤ ʨʦʟʧʠʣʝʥʥʷʤ. 

ɿʘʧʨʦʧʦʥʦʚʘʥʠʡ ʤʝʪʦʜ ʜʘʻ ʟʤʦʛʫ ʦʜʝʨʞʘʥʥʷ, ʙʝʟ ʥʝʦʙʭʽʜʥʦʩʪʽ ʧʨʦʚʝʜʝʥʥʷ 

ʩʧʝʮʽʘʣʴʥʠʭ ʧʦʧʝʨʝʜʥʽʭ ʧʨʦʮʝʜʫʨ ʤʦʜʠʬʽʢʘʮʽʾ ʧʽʜʢʣʘʜʢʠ-h ʘʙʣʦʥʫ ʪʘ ʪʝʨʤʽʯʥʦʛʦ 

ʥʘʥʝʩʝʥʥʷ ʚʽʜʧʦʚʽʜʥʦʛʦ ʧʨʦʚʽʜʥʦʛʦ ʤʘʪʝʨʽʘʣʫ. 

3. ɼʦʩʣʽʜʞʝʥʦ ʢʽʥʝʪʠʢʫ ʨʦʩʪʫ ʥʘʥʦʩʠʩʪʝʤ ʪʘ ʥʘʥʦʩʪʨʫʢʪʫʨ ʽʥʜʽʶ ʥʘ 

ʧʦʚʝʨʭʥʷʭ ʩʢʦʣʶʚʘʥʥʷ ʰʘʨʫʚʘʪʠʭ ʢʨʠʩʪʘʣʽʚ A3B6 ʪʘʢʠʭ ʷʢ (001) InTe ʪʘ (100) In4Se3 

ʦʪʨʠʤʘʥʠʭ ʤʝʪʦʜʦʤ ʚʪʦʨʠʥʥʦʛʦ ʪʚʝʨʜʦʪʽʣʴʥʦʛʦ ʟʤʦʯʫʚʘʥʥʷ. ɺʩʪʘʥʦʚʣʝʥʦ, ʱʦ 

ʤʦʜʝʣʽ ʨʦʩʪʫ ʪʝʨʤʽʯʥʦ ʥʘʥʝʩʝʥʠʭ ʰʘʨʽʚ ʽʥʜʽʶ ʪʘ  ʫʪʚʦʨʝʥʥʷ ʤʝʪʘʣʝʚʠʭ 

ʥʘʥʦʩʪʨʫʢʪʫʨ ʚʠʟʥʘʯʘʶʪʴʩʷ ʧʦʩʣʽʜʦʚʥʽʩʪʶ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʠʭ ʧʨʦʮʝʜʫʨ. 

4. ɺʩʪʘʥʦʚʣʝʥʦ ʚʧʣʠʚ ʤʝʪʦʜʽʚ ʦʯʠʱʝʥʥʷ ʪʘ ʫʤʦʚ ʟʙʝʨʽʛʘʥʥʷ ʫ ʅɺɺ ʥʘ 

ʝʣʝʢʪʨʦʥʥʦ-ʝʥʝʨʛʝʪʠʯʥʫ ʩʪʨʫʢʪʫʨʫ ʪʘ ʝʣʝʢʪʨʦʥʥʽ ʩʧʝʢʪʨʠ ʧʦʚʝʨʭʦʥʴ ʩʢʦʣʶʚʘʥʥʷ 

(100) In4Se3. ʆʪʨʠʤʘʥʽ ʨʝʟʫʣʴʪʘʪʠ ʜʦʟʚʦʣʷʶʪʴ ʩʪʚʝʨʜʞʫʚʘʪʠ, ʱʦ ʬʦʨʤʫʚʘʥʥʷ 

ʥʠʟʴʢʦʨʦʟʤʽʨʥʠʭ ʩʪʨʫʢʪʫʨ ʥʘ ʪʘʢʠʭ ʧʦʚʝʨʭʥʷʭ ʥʝʦʙʭʽʜʥʦ ʚʠʢʦʥʫʚʘʪʠ ʦʜʨʘʟʫ ʧʽʩʣʷ 

ʩʢʦʣʶʚʘʥʥʷ in situ, ʪʘʢ ʷʢ ʟʘ ʪʘʢʠʭ ʫʤʦʚ ʧʦʚʝʨʭʥʷ ʻ ʥʘʡʙʽʣʴʰ ʧʨʠʜʘʪʥʦʶ ʜʣʷ 

ʚʠʢʦʨʠʩʪʘʥʥʷ ʚ ʷʢʦʩʪʽ ʧʨʠʨʦʜʥʦʛʦ ʰʘʙʣʦʥʫ ʱʦʜʦ ʦʜʝʨʞʘʥʥʷ ʥʠʟʴʢʦʚʠʤʽʨʥʠʭ 

ʩʠʩʪʝʤ ʪʘ ʥʘʥʦʩʪʨʫʢʪʫʨ. 

5. ɺʩʪʘʥʦʚʣʝʥʦ ʟʘʣʝʞʥʽʩʪʴ ʢʽʥʝʪʠʢʠ ʨʦʩʪʫ ʧʝʨʽʦʜʠʯʥʦʩʪʽ ʩʬʦʨʤʦʚʘʥʠʭ 

ʥʘʥʦʩʪʨʫʢʪʫʨ ʥʘ ʧʦʚʝʨʭʥʽ ʰʘʙʣʦʥʫ (001) InTe ʚʽʜ ʩʪʫʧʝʥʷ ʧʦʢʨʠʪʪʷ ʽʥʜʽʻʤ ʟ 

ʧʦʜʘʣʴʰʠʤ ʚʧʣʠʚʦʤ ʧʨʦʮʝʩʫ ʟʤʦʯʫʚʘʥʥʷ.  

6. ɸʥʘʣʽʟʦʤ ʩʧʝʢʪʨʽʚ ʛʫʩʪʠʥʠ ʩʪʘʥʽʚ ʥʘ ʧʦʚʝʨʭʥʽ ʥʘʥʦʩʠʩʪʝʤʠ 

In0/(001)InTe, ʦʪʨʠʤʘʥʠʭ ʤʝʪʦʜʦʤ ʉʊʉ, ʚʩʪʘʥʦʚʣʝʥʦ ʢʦʨʝʣʷʮʽʶ ʤʽʞ ʧʨʦʮʝʩʘʤʠ 

ʚʪʦʨʠʥʥʦʛʦ ʪʚʝʨʜʦʪʽʣʴʥʦʛʦ ʟʤʦʯʫʚʘʥʥʷ ʪʘ ʟʙʽʣʴʰʝʥʥʷʤ ʛʫʩʪʠʥʠ ʝʣʝʢʪʨʦʥʥʠʭ ʩʪʘʥʽʚ 
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ʥʘʥʦʩʠʩʪʝʤʠ ʫ ʟʘʙʦʨʦʥʝʥʽʡ ʟʦʥʽ ʥʘʧʽʚʧʨʦʚʽʜʥʠʢʘ InTe, ʱʦ ʚʽʜʧʦʚʽʜʘʻ ʤʝʪʘʣʝʚʽʡ ʬʘʟʽ 

In0, ʧʨʠ ʟʙʽʣʴʰʝʥʥʽ ʩʪʫʧʝʥʷ ʧʦʢʨʠʪʪʷ ʽʥʜʽʻʤ. 

 ʇʨʘʢʪʠʯʥʝ ʟʥʘʯʝʥʥʷ ʦʜʝʨʞʘʥʠʭ ʨʝʟʫʣʴʪʘʪʽʚ.  

ʇʨʘʢʪʠʯʥʘ ʮʽʥʥʽʩʪʴ ʨʝʟʫʣʴʪʘʪʽʚ ʜʦʩʣʽʜʞʝʥʥʷ ʧʦʣʷʛʘʻ ʫ ʚʩʪʘʥʦʚʣʝʥʥʽ 

ʤʝʭʘʥʽʟʤʽʚ ʬʦʨʤʫʚʘʥʥʷ ʽʥʜʽʻʚʠʭ ʥʘʥʦʩʪʨʫʢʪʫʨ ʥʘ ʧʦʚʝʨʭʥʷʭ ʩʢʦʣʶʚʘʥʥʷ 

ʭʘʣʴʢʦʛʝʥʽʜʥʠʭ ʢʨʠʩʪʘʣʽʚ In4Se3 ʪʘ InTe, ʱʦ ʜʦʟʚʦʣʷʻ ʨʦʟʛʣʷʜʘʪʠ ʮʽ ʤʘʪʝʨʽʘʣʠ ʷʢ 

ʧʝʨʩʧʝʢʪʠʚʥʽ ʤʘʪʨʠʮʽ ʜʣʷ ʩʪʚʦʨʝʥʥʷ ʩʪʘʙʽʣʴʥʠʭ ʥʘʥʦʩʠʩʪʝʤ ʽ ʚʽʜʢʨʠʚʘʻ 

ʧʝʨʩʧʝʢʪʠʚʠ ʚʠʢʦʨʠʩʪʘʥʥʷ ʮʠʭ ʩʠʩʪʝʤ ʫ ʚʠʨʦʙʥʠʮʪʚʽ ʥʘʥʦʨʦʟʤʽʨʥʠʭ ʝʣʝʢʪʨʦʥʥʠʭ 

ʢʦʤʧʦʥʝʥʪʽʚ. ɿʦʢʨʝʤʘ, ʨʝʟʫʣʴʪʘʪʠ ʤʦʞʫʪʴ ʙʫʪʠ ʟʘʩʪʦʩʦʚʘʥʽ ʧʨʠ ʨʦʟʨʦʙʮʽ ʧʦʣʴʦʚʠʭ 

ʪʨʘʥʟʠʩʪʦʨʽʚ ʪʘ ʥʘʧʽʚʧʨʦʚʽʜʥʠʢʦʚʠʭ ʧʨʠʣʘʜʽʚ ʥʘ ʙʘʨ'ʻʨʽ ʐʦʪʪʢʽ, ʜʝ ʚʘʞʣʠʚʦʶ ̒  

ʩʪʘʙʽʣʴʥʘ ʡ ʢʝʨʦʚʘʥʘ ʤʦʨʬʦʣʦʛʽʷ ʢʦʥʪʘʢʪʫ ʤʝʪʘʣ-ʥʘʧʽʚʧʨʦʚʽʜʥʠʢ. ʊʘʢʦʞ ʮʽ 

ʤʘʪʝʨʽʘʣʠ ʻ ʧʝʨʩʧʝʢʪʠʚʥʠʤʠ ʜʣʷ ʩʪʚʦʨʝʥʥʷ ʩʝʥʩʦʨʥʠʭ ʝʣʝʤʝʥʪʽʚ ʽ ʬʦʪʦʥʥʠʭ 

ʧʨʠʩʪʨʦʾʚ. 

ʊʘʢʠʤ ʯʠʥʦʤ, ʦʜʝʨʞʘʥʽ ʨʝʟʫʣʴʪʘʪʠ ʤʘʶʪʴ ʚʘʞʣʠʚʝ ʟʥʘʯʝʥʥʷ ʜʣʷ ʨʦʟʚʠʪʢʫ 

ʧʨʠʢʣʘʜʥʠʭ ʥʘʧʨʷʤʽʚ ʤʽʢʨʦ- ʪʘ ʥʘʥʦʝʣʝʢʪʨʦʥʽʢʠ, ʚʽʜʢʨʠʚʘʶʯʠ ʥʦʚʽ ʤʦʞʣʠʚʦʩʪʽ ʚ 

ʽʥʞʝʥʝʨʽʾ ʬʫʥʢʮʽʦʥʘʣʴʥʠʭ ʥʘʥʦʩʠʩʪʝʤ. 

 ʆʩʦʙʠʩʪʠʡ ʚʥʝʩʦʢ ʟʜʦʙʫʚʘʯʘ. ʇʦʩʪʘʥʦʚʢʘ ʤʝʪʠ ʽ ʟʘʜʘʯʽ ʜʦʩʣʽʜʞʝʥʥʷ, 

ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʽ ʜʦʩʣʽʜʞʝʥʥʷ ʪʘ ʦʙʛʦʚʦʨʝʥʥʷ ʦʜʝʨʞʘʥʠʭ ʨʝʟʫʣʴʪʘʪʽʚ ʧʨʦʚʦʜʠʣʠʩʷ 

ʩʧʽʣʴʥʦ ʟ ʥʘʫʢʦʚʠʤ ʢʝʨʽʚʥʠʢʦʤ ʜ.ʬ.-ʤ.ʥ., ʧʨʦʬʝʩʦʨʦʤ ɻʘʣʽʻʤ ʇ.ɺ. ʉʧʽʣʴʥʦ ʽʟ ʢ.ʬ.-ʤ.ʥ., 

ʜʦʮʝʥʪʦʤ ʊ. ʄ. ʅʝʥʯʫʢʦʤ ʚʠʢʦʥʘʥʘ ʯʘʩʪʠʥʘ ʨʦʟʨʘʭʫʥʢʽʚ ʪʘ ʦʙʨʦʙʢʘ ʨʝʟʫʣʴʪʘʪʽʚ. ɸʚʪʦʨ 

ʙʨʘʚ ʫʯʘʩʪʴ ʫ ʧʣʘʥʫʚʘʥʥʽ ʜʦʩʣʽʜʞʝʥʥʷ ʪʘ ʚʠʙʦʨʽ ʡʦʛʦ ʤʝʪʦʜʽʚ. ɺʽʥ ʩʘʤʦʩʪʽʡʥʦ 

ʦʧʨʘʮʶʚʘʚ ʽ ʟʘʡʤʘʚʩʷ ʩʠʩʪʝʤʘʪʠʟʘʮʽʻʶ ʥʘʫʢʦʚʠʭ ʣʽʪʝʨʘʪʫʨʥʠʭ ʜʘʥʠʭ; ʟʜʽʡʩʥʠʚ 

ʦʙʨʦʙʢʫ ʽ ʽʥʪʝʨʧʨʝʪʘʮʽʶ ʨʝʟʫʣʴʪʘʪʽʚ ʍ-ʧʨʦʤʝʥʝʚʦʾ ʬʦʪʦʝʣʝʢʪʨʦʥʥʦʾ ʩʧʝʢʪʨʦʩʢʦʧʽʾ 

ʜʣʷ ʩʧʦʣʫʢʠ InTe; ʧʨʦʚʽʚ ʤʦʜʝʣʴʥʽ ʨʦʟʨʘʭʫʥʢʠ ʚʪʨʘʪʠ ʤʘʩʠ ʝʣʝʤʝʥʪʽʚ ʧʦʚʝʨʭʥʽ 

ʢʨʠʩʪʘʣʫ In4Se3 ʚʽʜ ʯʘʩʫ ʨʦʟʧʠʣʝʥʥʷ ʜʣʷ ʩʧʦʩʦʙʫ ʬʦʨʤʫʚʘʥʥʷ ʥʘʥʦʩʠʩʪʝʤʠ 

In0/(100) In4Se3 ʟʤʽʥʦʶ ʩʪʝʭʽʦʤʝʪʨʽʾ ʧʦʚʝʨʭʥʽ ʩʢʦʣʶʚʘʥʥʷ ʽʦʥʥʠʤ ʨʦʟʧʠʣʝʥʥʷʤ; ʟ 

ʦʪʨʠʤʘʥʠʭ ʤʝʪʦʜʦʤ ʋʌɽʉʂʈ ʜʘʥʠʭ ʜʣʷ ʧʦʚʝʨʭʦʥʴ ʩʢʦʣʶʚʘʥʥʷ In4Se3 ʨʦʟʨʘʭʫʚʘʚ 

ʝʬʝʢʪʠʚʥʽ ʤʘʩʠ ʥʦʩʽʾʚ ʟʘʨʷʜʫ; ʧʨʦʚʽʚ ʤʦʜʝʣʶʚʘʥʥʷ ʟʦʥʥʦ-ʝʥʝʨʛʝʪʠʯʥʦʾ ʩʪʨʫʢʪʫʨʠ 

ʜʣʷ In4Se3 ʤʝʪʦʜʦʤ ʪʝʦʨʽʾ ʬʫʥʢʮʽʦʥʘʣʘ ʛʫʩʪʠʥʠ; ʽʥʪʝʨʧʨʝʪʫʚʘʚ ʨʝʟʫʣʴʪʘʪʠ 
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ʜʦʩʣʽʜʞʝʥʥʷ ʤʦʨʬʦʣʦʛʽʾ ʪʘ ʝʣʝʢʪʨʦʥʥʦ-ʝʥʝʨʛʝʪʠʯʥʦʾ ʩʪʨʫʢʪʫʨʠ ʧʦʚʝʨʭʦʥʴ 

ʩʢʦʣʶʚʘʥʥʷ (100) In4Se3  ʪʘ (001) InTe ʦʪʨʠʤʘʥʠʭ ʤʝʪʦʜʦʤ ʩʢʘʥʫʶʯʦʾ ʪʫʥʝʣʴʥʦʾ 

ʤʽʢʨʦʩʢʦʧʽʾ/ʩʧʝʢʪʨʦʩʢʦʧʽʾ; ʩʬʦʨʤʫʣʶʚʘʚ ʚʠʩʥʦʚʢʠ. ʋʟʘʛʘʣʴʥʶʚʘʣʠ ʦʜʝʨʞʘʥʽ 

ʨʝʟʫʣʴʪʘʪʠ ʩʧʽʣʴʥʦ ʟ ʥʘʫʢʦʚʠʤ ʢʝʨʽʚʥʠʢʦʤ ʜ.ʬ.-ʤ.ʥ., ʧʨʦʬʝʩʦʨʦʤ ɻʘʣʽʻʤ ʇ.ɺ. ʪʘ 

ʢ.ʬ.-ʤ.ʥ., ʜʦʮʝʥʪʦʤ ʊ. ʄ. ʅʝʥʯʫʢʦʤ. 

 ɸʧʨʦʙʘʮʽʷ ʨʝʟʫʣʴʪʘʪʽʚ ʜʠʩʝʨʪʘʮʽʾ. ʆʩʥʦʚʥʽ ʨʝʟʫʣʴʪʘʪʠ ʜʠʩʝʨʪʘʮʽʡʥʦʾ ʨʦʙʦʪʠ 

ʜʦʧʦʚʽʜʘʣʠʩʴ ʪʘ ʦʙʛʦʚʦʨʶʚʘʣʠʩʴ ʥʘ ʪʘʢʠʭ ʄʽʞʥʘʨʦʜʥʠʭ ʪʘ ɺʽʪʯʠʟʥʷʥʠʭ ʥʘʫʢʦʚʠʭ 

ʢʦʥʬʝʨʝʥʮʽʷʭ, ʩʝʤʽʥʘʨʘʭ ʨʽʟʥʦʛʦ ʨʽʚʥʷ:  

1. ʍVɯIɯ ʄʽʞʥʘʨʦʜʥʘ ʌʨʝʾʢʽʚʩʴʢʘ ʢʦʥʬʝʨʝʥʮʽʷ ʟ ʬʽʟʠʢʠ ʽ ʪʝʭʥʦʣʦʛʽʾ ʪʦʥʢʠʭ 

ʧʣʽʚʦʢ ʪʘ ʥʘʥʦʩʠʩʪʝʤ (ɯʚʘʥʦ-ʌʨʘʥʢʽʚʩʴʢ, ʋʢʨʘʾʥʘ, 2021) 

2. ʄʽʞʥʘʨʦʜʥʘ ʥʘʫʢʦʚʦ-ʧʨʘʢʪʠʯʥʘ ʽʥʪʝʨʥʝʪ-ʢʦʥʬʝʨʝʥʮʽʷ ʟ ʝʢʦʥʦʤʽʢʠ, 

ʽʥʬʦʨʤʘʮʽʡʥʠʭ ʩʠʩʪʝʤ ʽ ʪʝʭʥʦʣʦʛʽʡ, ʧʩʠʭʦʣʦʛʽʾ ʪʘ ʧʝʜʘʛʦʛʽʢʠ çʉʚʽʪ ʥʘʫʢʦʚʠʭ 

ʜʦʩʣʽʜʞʝʥʴè (ʊʝʨʥʦʧʽʣʴ, ʋʢʨʘʾʥʘ, 2022); 

3. E-MRS 2022 - Spring Meeting (Strasbourg, France, 2022); 

4. 82nd Annual Physical Electronics Conference (Chicago, USA, 2022); 

5. 10th International Conference "Nanotechnologies and Nanomaterials" (Lviv, 

Ukraine, 2022); 

6. Ukrainian Conference with International Participation ñChemistry, Physics And 

Technology Of Surfaceò(Kyiv, Ukraine, 2022); 

7. ʄʽʞʥʘʨʦʜʥʘ ʤʫʣʴʪʠʜʠʩʮʠʧʣʽʥʘʨʥʘ ʥʘʫʢʦʚʘ ʽʥʪʝʨʥʝʪ-ʢʦʥʬʝʨʝʥʮʽʷ çʉʚʽʪ 

ʥʘʫʢʦʚʠʭ ʜʦʩʣʽʜʞʝʥʴè (ʊʝʨʥʦʧʽʣʴ, ʋʢʨʘʾʥʘ ï ʇʝʨʝʚʦʨʩʴʢ, ʇʦʣʴʱʘ, 2023); 

8. 11th International Conference "Nanotechnologies and Nanomaterials"(Bukovel, 

Ukraine, 2023); 

9. Ukrainian Conference with International Participation ñChemistry, Physics And 

Technology Of Surfaceò (Kyiv, Ukraine, 2023); 

10.  E-MRS 2023 - Fall Meeting (Warsaw, Poland, 2023); 

11.  ʍVɯX ʄʽʞʥʘʨʦʜʥʘ ʌʨʝʾʢʽʚʩʴʢʘ ʢʦʥʬʝʨʝʥʮʽʷ ʟ ʬʽʟʠʢʠ ʽ ʪʝʭʥʦʣʦʛʽʾ ʪʦʥʢʠʭ 

ʧʣʽʚʦʢ ʪʘ ʥʘʥʦʩʠʩʪʝʤ (ɯʚʘʥʦ-ʌʨʘʥʢʽʚʩʴʢ, ʋʢʨʘʾʥʘ, 2023); 

12. ʄʽʞʥʘʨʦʜʥʘ ʤʫʣʴʪʠʜʠʩʮʠʧʣʽʥʘʨʥʘ ʥʘʫʢʦʚʘ ʽʥʪʝʨʥʝʪ-ʢʦʥʬʝʨʝʥʮʽʷ çʉʚʽʪ 

ʥʘʫʢʦʚʠʭ ʜʦʩʣʽʜʞʝʥʴè (ʊʝʨʥʦʧʽʣʴ, ʋʢʨʘʾʥʘ ï ʆʧʦʣʝ, ʇʦʣʴʱʘ, 2024) 
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13. 12th International Conference "Nanotechnologies and Nanomaterials" 

(Uzhhorod , Ukraine, 2024); 

14.  ʑʦʨʽʯʥʽ ʟʚʽʪʥʽ ʥʘʫʢʦʚʽ ʢʦʥʬʝʨʝʥʮʽʾ ʃʴʚʽʚʩʴʢʦʛʦ ʥʘʮʽʦʥʘʣʴʥʦʛʦ ʫʥʽʚʝʨʩʠʪʝʪʫ 

ʽʤʝʥʽ ɯʚʘʥʘ ʌʨʘʥʢʘ (2022-2025 ʨp.). 

 ʇʫʙʣʽʢʘʮʽʾ. ʄʘʪʝʨʽʘʣʠ ʜʠʩʝʨʪʘʮʽʾ ʚʠʢʣʘʜʝʥʽ ʚ 22 ʥʘʫʢʦʚʠʭ ʧʫʙʣʽʢʘʮʽʷʭ, ʫ ʪʦʤʫ 

ʯʠʩʣʽ ʫ 5 ʩʪʘʪʪʷʭ, ʷʢ ̔ʦʧʫʙʣʽʢʦʚʘʥ ̔ʫ ʬʘʭʦʚʠʭ ʥʘʫʢʦʚʠʭ ʚʠʜʘʥʥʷʭ, ʚʥʝʩʝʥʠʭ ʜʦ ʨʝʻʩʪʨʫ 

ʤʽʞʥʘʨʦʜʥʠʭ ʥʘʫʢʦʤʝʪʨʠʯʥʠʭ ʙʘʟ ʜʘʥʠʭ ñScopusò ʘʙʦ ñWeb of Scienceò; 16 ʤʘʪʝʨʽʘʣʘʭ 

ʤʽʞʥʘʨʦʜʥʠʭ ʪʘ ʚʩʝʫʢʨʘʾʥʩʴʢʠʭ ʢʦʥʬʝʨʝʥʮʽʡ; ʦʪʨʠʤʘʥʦ ʦʜʠʥ ʧʘʪʝʥʪ ʥʘ ʢʦʨʠʩʥʫ ʤʦʜʝʣʴ. 

 ʉʪʨʫʢʪʫʨʘ ʽ ʦʙʩʷʛ ʨʦʙʦʪʠ. ɼʠʩʝʨʪʘʮʽʷ ʩʢʣʘʜʘʻʪʴʩʷ ʽʟ ʚʩʪʫʧʫ, ʧôʷʪʠ ʨʦʟʜʽʣʽʚ ʟ 

ʨʝʟʫʣʴʪʘʪʘʤʠ ʪʘ ʚʠʩʥʦʚʢʘʤʠ, ʟʘʛʘʣʴʥʠʭ ʚʠʩʥʦʚʢʽʚ, ʩʧʠʩʢʫ ʣʽʪʝʨʘʪʫʨʠ ̔  ʜʦʜʘʪʢʘ. 

ɿʘʛʘʣʴʥʠʡ ʦʙʩʷʛ ʨʦʙʦʪʠ ʩʪʘʥʦʚʠʪʴ 147 ʩʪʦʨʽʥʦʢ, 64 ʨʠʩʫʥʢʠ, 8 ʪʘʙʣʠʮʴ, ʩʧʠʩʦʢ 

ʣʽʪʝʨʘʪʫʨʠ ʟ 119 ʧʦʩʠʣʘʥʴ.  
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ʈʆɿɼɯʃ 1. ʉʊʈʋʂʊʋʈʅɯ ʊɸ ɽʃɽʂʊʈʆʅʅɯ ʆʉʆɹʆʃʀɺʆʉʊɯ ʐɸʈʋɺɸʊʀʍ 

ʂʈʀʉʊɸʃɯɺ 

1.1. ʉʪʨʫʢʪʫʨʥʽ ʦʩʦʙʣʠʚʦʩʪʽ ʰʘʨʫʚʘʪʠʭ ʢʨʠʩʪʘʣʽʚ 

 ʅʘʧʽʚʧʨʦʚʽʜʥʠʢʦʚʽ ʰʘʨʫʚʘʪʽ ʢʨʠʩʪʘʣʠ ʥʘ ʦʩʥʦʚʽ ʭʘʣʴʢʦʛʝʥʽʜʥʠʭ ʩʧʦʣʫʢ 

ʥʘʣʝʞʘʪʴ ʜʦ ʢʚʘʟʽʜʚʦʚʠʤʽʨʥʠʭ ʤʘʪʝʨʽʘʣʽʚ, ʦʩʦʙʣʠʚʦʩʪʽ ʝʣʝʢʪʨʦʥʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ 

ʷʢʠʭ ʚʠʟʥʘʯʘʶʪʴʩʷ ʾʭ ʢʨʠʩʪʘʣʽʯʥʦʶ ʙʫʜʦʚʦʶ, ʟʦʢʨʝʤʘ, ʝʣʝʢʪʨʦʥʥʠʤʠ ʚʟʘʻʤʦʜʽʷʤʠ 

ʚ ʦʢʨʝʤʦʤʫ ʰʘʨʽ-ʧʘʢʝʪʽ ʷʢ ʢʚʘʟʽʥʝʟʘʣʝʞʥʽʡ ʩʪʨʫʢʪʫʨʥʽʡ ʦʜʠʥʠʮʽ. 

 ɺ ʨʦʙʦʪʽ [1] InTe ʦʧʠʩʫʻʪʴʩʷ ʷʢ ʢʨʠʭʢʘ, ʚʦʣʦʢʥʠʩʪʘ ʨʝʯʦʚʠʥʘ ʯʦʨʥʦʛʦ ʢʦʣʴʦʨʫ 

ʟ ʤʝʪʘʣʝʚʠʤ ʚʽʜʙʣʠʩʢʦʤ. ʂʨʠʩʪʘʣʽʟʘʮʽʷ ʩʧʦʣʫʢʠ (ʨʠʩ. 1.1) ʚʽʜʙʫʚʘʻʪʴʩʷ ʧʦ ʪʠʧʫ 

TlSe; ʧʘʨʘʤʝʪʨʠ ʛʨʘʪʢʠ ʘ=8,42 ,̱ ʩ=7,12 ;̱ ʢʦʦʨʜʠʥʘʮʽʡʥʝ ʯʠʩʣʦ 8; ʧʨʦʩʪʦʨʦʚʘ 

ʛʨʫʧʘ I4/mcm. ɺ ʨʦʙʦʪʽ [2] ʚʢʘʟʫʻʪʴʩʷ, ʱʦ ʽʦʥʠ In3+ ʪʝʪʨʘʝʜʨʠʯʥʦ ʩʢʦʦʨʜʠʥʦʚʘʥʽ ʜʦ 

ʽʦʥʽʚ ʊʝ2+ ʬʦʨʤʫʶʯʠ ʣʘʥʮʶʞʢʠ InTe4/2 ʪʠʧʫ SiS (ʨʠʩ. 1.1), ʪʦʜʽ ʷʢ ʽʦʥʠ In+ 

ʫʪʚʦʨʶʶʪʴ ʚʦʩʴʤʠʢʨʘʪʥʫ ʪʝʪʨʘʛʦʥʘʣʴʥʫ ʘʥʪʠʧʨʠʟʤʘʪʠʯʥʫ ʢʦʦʨʜʠʥʘʮʽʶ ʜʦ ʽʦʥʽʚ 

ʊʝ2-. ʍʽʤʽʯʥʦ ʚʽʜʤʽʥʥʽ ʽʦʥʠ In3+ ʪʘ In+ ʟʘʡʤʘʶʪʴ ʜʚʘ ʨʽʟʥʠʭ ʢʨʠʩʪʘʣʦʛʨʘʬʽʯʥʠʭ 

ʧʦʣʦʞʝʥʥʷ ʪʘ ʟʘʧʦʙʽʛʘʶʪʴ ʚʽʣʴʥʽʡ ʧʝʨʝʜʘʯʽ ʝʣʝʢʪʨʦʥʽʚ ʚʽʜ In+ ʜʦ In3+. 

 ʆʪʨʠʤʫʻʪʴʩʷ ʪʝʣʫʨʠʜ ʽʥʜʽʶ ʩʧʣʘʚʣʝʥʥʷʤ ʢʦʤʧʦʥʝʥʪʽʚ ʧʨʠ 1000 . ʆʯʠʩʪʢʘ 

ʽ ʚʠʨʦʱʫʚʘʥʥʷ ʤʦʥʦʢʨʠʩʪʘʣʽʚ ʤʦʞʝ ʙʫʪʠ ʧʨʦʚʝʜʝʥʘ ʤʝʪʦʜʦʤ ɹʨʽʜʞʤʝʥʘ. ʎʠʤ 

ʤʝʪʦʜʦʤ ʦʪʨʠʤʫʚʘʣʠʩʴ ʤʦʥʦʢʨʠʩʪʘʣʽʯʥʽ ʩʧʦʣʫʢʠ InTe ʚ [2] ʽʟ ʨʦʟʯʠʥʫ 

ʩʪʝʭʽʦʤʝʪʨʠʯʥʦʛʦ ʩʢʣʘʜʫ. ʉʪʝʭʽʦʤʝʪʨʽʷ ʦʪʨʠʤʘʥʠʭ ʢʨʠʩʪʘʣʽʚ, ʾʭ ʦʜʥʦʬʘʟʥʽʩʪʴ ʪʘ 

ʦʜʥʦʨʽʜʥʽʩʪʴ ʢʦʥʪʨʦʣʶʚʘʣʠʩʴ ʍ-ʧʨʦʤʝʥʝʚʠʤ ʬʘʟʦʚʠʤ ʤʝʪʦʜʦʤ. ʉʪʨʫʢʪʫʨʥʽ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʦʪʨʠʤʘʥʠʭ ʢʨʠʩʪʘʣʽʚ ʩʪʘʥʦʚʠʣʠ ʘ=8,455 ¡, ʩ=7,136 ¡ (ʧʨʦʩʪʦʨʦʚʘ 

ʛʨʫʧʘ I4/mcm) ʪʘ ʚʽʜʧʦʚʽʜʘʶʪʴ ʣʽʪʝʨʘʪʫʨʥʠʤ ʜʘʥʠʤ[2]. 

 

ʈʠʩ. 1.1. ʂʨʠʩʪʘʣʽʯʥʘ ʩʪʨʫʢʪʫʨʘ InTe. ʂʨʠʩʪʘʣʦʛʨʘʬʽʯʥʦ ʚʽʜʤʽʥʥʽ ʘʪʦʤʠ In+ ʪʘ In3+ 

ʟʦʙʨʘʞʝʥʽ ʚʽʜʧʦʚʽʜʥʦ ʟʝʣʝʥʠʤʠ ʪʘ ʩʠʥʽʤʠ ʩʬʝʨʘʤʠ. ɸʪʦʤʠ ʊʝ ï ʞʦʚʪʠʤ ʢʦʣʴʦʨʦʤ [2]. 
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 ʇʨʠ ʢʽʤʥʘʪʥʽʡ ʪʝʤʧʝʨʘʪʫʨʽ InTe ï ʜʽʨʢʦʚʠʡ ʥʘʧʽʚʧʨʦʚʽʜʥʠʢ, ʦʧʽʨ ʷʢʦʛʦ 

ʩʪʘʥʦʚʠʪʴ τ ρπ τ ρπ ̨̍ ̒  ̍ʽ ʢʦʥʮʝʥʪʨʘʮʽʷ ʥʦʩʽʾʚ ʟʘʨʷʜʫ ρπ̒̍. 

ʇʦʯʠʥʘʶʯʠ ʟ ʪʝʤʧʝʨʘʪʫʨʠ ʨʽʜʢʦʛʦ ʘʟʦʪʫ ʦʧʽʨ ʪʝʣʫʨʠʜʫ ʽʥʜʽʶ ʟʨʦʩʪʘʻ ʘʞ ʜʦʢʠ ʥʝ 

ʜʦʩʷʛʥʝ ʪʝʤʧʝʨʘʪʫʨʠ 440 ʂ, ʘ ʧʽʩʣʷ ʮʴʦʛʦ ʩʪʨʠʙʢʦʧʦʜʽʙʥʦ ʟʤʝʥʰʫʻʪʴʩʷ. ʇʨʠ 

ʪʝʤʧʝʨʘʪʫʨʽ 3.5 ʂ ʩʧʦʩʪʝʨʽʛʘʻʪʴʩʷ ʧʝʨʝʭʽʜ ʚ ʥʘʜʧʨʦʚʽʜʥʠʡ ʩʪʘʥ. 

 ʉʧʦʣʫʢʘ In2Te3 ʪʘʢʦʞ ʻ ʢʨʠʭʢʦʶ ʽ ʤʘʻ ʯʦʨʥʝ ʟʘʙʘʨʚʣʝʥʥʷ, ʟ ʜʝʬʝʢʪʥʦʶ 

ʩʪʨʫʢʪʫʨʦʶ ʩʬʘʣʝʨʠʪʫ; ʧʨʦʩʪʦʨʦʚʘ ʛʨʫʧʘ Td
2 ï Ὂτσά ʯʦʪʠʨʠ ʘʪʦʤʠ ʚ ʝʣʝʤʝʥʪʘʨʥʽʡ 

ʢʦʤʽʨʮʽ. ɯʩʥʫʻ ʜʘʥʘ ʩʧʦʣʫʢʘ ʚ ʜʚʦʭ ʤʦʜʠʬʽʢʘʮʽʷʭ (Ŭ ʽ ɓ). In2Te3  ï ʜʽʨʢʦʚʠʡ 

ʥʘʧʽʚʧʨʦʚʽʜʥʠʢ, ʚ ʽʥʪʝʨʚʘʣʽ ʚʽʜ -70  ʜʦ 400  ʭʘʨʘʢʪʝʨʥʘ ʚʣʘʩʥʘ ʧʨʦʚʽʜʥʽʩʪʴ ʚʽʜ 

ρπ ̅  ̏ρπ ̨̍ ̒̍. 

 ɺ ʧʨʘʮʽ [3] ʤʝʪʦʜʘʤʠ ʘʪʦʤʥʦ-ʩʠʣʦʚʦʾ ʤʽʢʨʦʩʢʦʧʽʾ (ɸʉʄ) ̔  ʍ-ʧʨʦʤʝʥʝʚʦʛʦ 

ʬʘʟʦʚʦʛʦ ʘʥʘʣʽʟʫ ʜʦʩʣʽʜʞʫʚʘʣʘʩʴ ʪʦʧʦʣʦʛʽʷ ʽ ʩʪʨʫʢʪʫʨʘ ʷʢ ʥʝʦʢʠʩʣʝʥʦʾ, ʪʘʢ ʽ 

ʦʢʠʩʣʝʥʦʾ ʧʦʚʝʨʭʥʽ ʰʘʨʫʚʘʪʦʛʦ ʢʨʠʩʪʘʣʘ InTe. ʅʘ ʨʠʩ. 1.2 ʧʦʢʘʟʘʥʠʡ ʟʘʛʘʣʴʥʠʡ 

ʚʠʛʣʷʜ ʪʨʠʚʠʤʽʨʥʦʛʦ ɸʉʄ-ʟʦʙʨʘʞʝʥʥʷ ʥʝʦʢʠʩʣʝʥʦʾ ʧʦʚʝʨʭʥʽ ʰʘʨʫʚʘʪʠʭ ʢʨʠʩʪʘʣʽʚ 

InTe ʟ ʧʨʠʨʦʜʥʦʶ ʛʨʘʥʥʶ. 

 

ʈʠʩ. 1.2. ʊʨʠʚʠʤʽʨʥʝ ɸʉʄ-ʟʦʙʨʘʞʝʥʥʷ ʧʦʚʝʨʭʥʽ ʥʝʦʢʠʩʣʝʥʠʭ ʤʦʥʦʢʨʠʩʪʘʣʽʚ InTe [3]. 

 ʋ ʤʘʩʰʪʘʙʽ 3x3 ʤʢʤ2 ɸʉʄ-ʟʦʙʨʘʞʝʥʥʷ ʚʠʜʥʦ, ʱʦ ʧʦʚʝʨʭʥʷ ʥʝ ʻ ʛʣʘʜʢʦʶ ʽ 

ʥʘʛʘʜʫʻ ʛʦʬʨ. ʇʦʧʝʨʝʯʥʠʡ ʘʥʘʣʽʟ (ʨʠʩ. 1.3) ʚʢʘʟʫʻ ʥʘ ʚʽʜʭʠʣʝʥʥʷ ʚʠʩʦʪʠ ʚʽʜ 

ʜʦʚʽʣʴʥʦ ʚʠʙʨʘʥʦʛʦ ʧʝʨʝʨʽʟʫ ʧʦʚʝʨʭʥʽ. ʅʘʡʙʽʣʴʰʘ ʛʣʠʙʠʥʘ ʟʘʧʘʜʠʥ ʽ ʚʠʩʦʪʘ 

ʧʽʜʚʠʱʝʥʴ ʟʥʘʭʦʜʠʪʴʩʷ ʚ ʤʝʞʘʭ Ñ 2 ʥʤ, ʱʦ ʩʚʽʜʯʠʪʴ ʧʨʦ ʚʠʩʦʢʫ ʷʢʽʩʪʴ ʽ 

ʜʦʩʢʦʥʘʣʽʩʪʴ ʧʦʚʝʨʭʥʽ InTe, ʘ ʥʝʟʥʘʯʥʽ ʢʦʣʠʚʘʥʥʷ ʧʨʦʬʽʣʶ ʤʘʶʪʴ ʚʝʣʠʯʠʥʫ ʧʦʨʷʜʢʫ 

ʘʪʦʤʥʠʭ ʨʦʟʤʽʨʽʚ. 
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ʈʠʩ. 1.3. ʇʦʧʝʨʝʯʥʠʡ ʘʥʘʣʽʟ ʧʦʚʝʨʭʥʽ ʥʝʦʢʠʩʣʝʥʠʭ ʟʨʘʟʢʽʚ InTe [3]. 

 ɺ ʨʝʟʫʣʴʪʘʪʽ ʦʢʠʩʣʝʥʥʷ ʟʨʘʟʢʽʚ ʚʠʷʚʣʝʥʦ ʚ [3], ʱʦ ʧʣʽʚʢʘ ʚʣʘʩʥʦʛʦ ʦʢʩʠʜʫ 

ʬʦʨʤʫʻʪʴʩʷ ʥʝʦʜʥʦʨʽʜʥʦʶ. ʉʧʦʩʪʝʨʽʛʘʶʪʴʩʷ ʜʽʣʷʥʢʠ ʧʦʚʝʨʭʥʽ ʟ ʚʝʣʠʢʠʤ 

ʩʢʫʧʯʝʥʥʷʤ ʢʨʠʩʪʘʣʽʪʽʚ ʦʢʩʠʜʫ, ʷʢʽ ʧʨʠʟʚʦʜʷʪʴ ʜʦ ʫʪʚʦʨʝʥʥʷ ʤʘʩʠʚʥʠʭ ʥʘʥʦʛʦʣʦʢ 

ʚʠʩʦʪʦʶ ~ 50 ʥʤ. ɿʙʽʣʴʰʝʥʥʷ ʪʝʤʧʝʨʘʪʫʨʠ ʽ ʯʘʩʫ ʦʢʠʩʣʝʥʥʷ ʩʧʨʠʷʻ ʚʠʨʽʚʥʶʚʘʥʥʶ 

ʪʦʚʱʠʥʠ ʦʢʩʠʜʫ ʽ ʫʪʚʦʨʝʥʥʶ ʤʦʟʘʾʯʥʦʾ ʩʪʨʫʢʪʫʨʠ, ʚʠʢʣʠʢʘʥʦʾ ʨʦʟʪʨʽʩʢʫʚʘʥʥʷʤ 

ʚʠʨʦʱʝʥʦʾ ʧʣʽʚʢʠ. ʇʨʠ ʦʢʠʩʣʝʥʥʽ ʰʘʨʫʚʘʪʠʭ ʢʨʠʩʪʘʣʽʚ Inʊe ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʽ 650 Áʉ 

ʧʨʦʪʷʛʦʤ 5 ʛʦʜʠʥ ʥʘ ʾʭ ʧʦʚʝʨʭʥʽ ʫʪʚʦʨʶʶʪʴʩʷ ʬʘʟʠ In2O3 ̔ In2Te3 ʢʫʙʽʯʥʦʾ ʩʪʨʫʢʪʫʨʠ 

(ʨʠʩ. 1.4). 

 

ʈʠʩ. 1.4. ɼʠʬʨʘʢʪʦʛʨʘʤʠ ʥʝʦʢʠʩʣʝʥʠʭ ʽ ʦʢʠʩʣʝʥʠʭ ʟʨʘʟʢʽʚ ʪʝʣʫʨʠʜʫ ʽʥʜʽʶ[3]: 

ʘ ï ʥʝʦʢʠʩʣʝʥʽ ʟʨʘʟʢʠ; ʙ ï ʦʢʠʩʣʝʥʥʷ ʧʨʦʚʦʜʠʣʦʩʷ ʧʨʠ ʊ = 400 Áʉ; ʚ ï ʦʢʠʩʣʝʥʥʷ 

ʧʨʦʚʦʜʠʣʦʩʷ ʧʨʠ ʊ = 650 Áʉ . 
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 ɺ ʨʦʙʦʪʽ [4] ʧʨʦʚʝʜʝʥʦ ʰʠʨʦʢʠʡ ʩʧʝʢʪʨ ʜʦʩʣʽʜʞʝʥʴ ʬʫʥʜʘʤʝʥʪʘʣʴʥʠʭ 

ʝʣʝʢʪʨʦʭʽʤʽʯʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ ʤʦʥʦʭʘʣʴʢʦʛʝʥʽʜʽʚ ʽʥʜʽʶ ʪʘ ʤʦʨʬʦʣʦʛʽʾ ʧʦʚʝʨʭʦʥʴ. ɿ 

ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʩʢʘʥʫʶʯʦʾ ʝʣʝʢʪʨʦʥʥʦʾ ʤʽʢʨʦʩʢʦʧʽʾ (SEM) ʜʦʩʣʽʜʞʝʥʦ ʤʦʨʬʦʣʦʛʽʶ 

ʧʦʚʝʨʭʥʽ ʤʦʥʦʭʘʣʴʢʦʛʝʥʽʜʽʚ ʽʥʜʽʶ, ʟʦʢʨʝʤʘ ʽ ʜʣʷ ʩʧʦʣʫʢʠ InTe (ʨʠʩ. 1.5). ʅʘ SEM-

ʟʦʙʨʘʞʝʥʽ ʩʧʦʩʪʝʨʽʛʘʻʪʴʩʷ ʰʘʨʫʚʘʪʘ ʩʪʨʫʢʪʫʨʘ (ʰʘʨʠ ʩʢʣʘʜʝʥʽ ʤʽʞ ʩʦʙʦʶ). 

çElemental mappingè ʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʝʥʝʨʛʦʜʠʩʧʝʨʩʥʦʾ x-ʧʨʦʤʝʥʝʚʦʾ 

ʩʧʝʢʪʨʦʩʢʦʧʽʾ (EDS) ʧʨʦʜʝʤʦʥʩʪʨʫʚʘʣʦ ʦʜʥʦʨʽʜʥʠʡ ʨʦʟʧʦʜʽʣ In ʪʘ Te. 

ʉʧʽʚʚʽʜʥʦʰʝʥʥʷ ʭʘʣʴʢʦʛʝʥʫ ʜʦ ʤʝʪʘʣʫ, ʦʪʨʠʤʘʥʝ ʽʟ EDS, ʩʪʘʥʦʚʠʪʴ 0.91. ʎʝ 

ʟʥʘʯʝʥʥʷ ʻ ʙʣʠʟʴʢʠʤ ʜʦ ʪʝʦʨʝʪʠʯʥʦʛʦ ʭʽʤʽʯʥʦʛʦ ʩʧʽʚʚʽʜʥʦʰʝʥʥʷ 1, ʱʦ ʚʢʘʟʫʻ ʥʘ 

ʫʩʧʽʰʥʠʡ ʩʠʥʪʝʟ ʩʧʦʣʫʢʠ InTe. 

 

ʈʠʩ. 1.5. SEM-ʟʦʙʨʘʞʝʥʥʷ (ʟʣʽʚʘ) ʪʘ çelemental mappingsè ʦʜʝʨʞʘʥʠʡ ʟʘ ʜʦʧʦʤʦʛʦʶ 

EDS (ʩʧʨʘʚʘ)[4]. 

 ɿ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʭ-ʧʨʦʤʝʥʝʚʦʾ ʬʦʪʦʝʣʝʢʪʨʦʥʥʦʾ ʩʧʝʢʪʨʦʩʢʦʧʽʾ ʚʩʪʘʥʦʚʣʝʥʦ 

ʝʣʝʤʝʥʪʥʦ-ʬʘʟʦʚʠʡ ʩʢʣʘʜ ʧʦʚʝʨʭʦʥʴ ʭʘʣʴʢʦʛʝʥʽʜʽʚ ʽʥʜʽʶ (ʨʠʩ. 1.6). ʆʪʨʠʤʘʥʽ 

ʩʧʝʢʪʨʠ ʧʽʜʪʚʝʨʜʞʫʶʪʴ ʚʠʩʥʦʚʢʠ ʨʝʟʫʣʴʪʘʪʽʚ EDS ï ʚʜʘʣʠʡ ʩʠʥʪʝʟ InTe. ʊʘʢʦʞ 

ʚʠʷʚʣʝʥʦ ʥʝʚʝʣʠʢʫ ʧʨʠʩʫʪʥʽʩʪʴ ʦʢʠʩʣʝʥʠʭ ʬʘʟ ʚʽʜʧʦʚʽʜʥʠʭ ʢʦʤʧʦʥʝʥʪ.  

 

ʈʠʩ. 1.6. ʍʌɽʉ ʩʧʝʢʪʨʠ InTe: ʘ) cʠʥʽʡ ʢʦʣʽʨ ï ʬʘʟʘ InTe, ʬʽʦʣʝʪʦʚʠʡ ï ʤʝʪʘʣʽʯʥʘ 

ʬʘʟʘ ʽʥʜʽʶ; ʙ) cʠʥʽʡ ʢʦʣʽʨ ï ʬʘʟʘ InTe, ʬʽʦʣʝʪʦʚʠʡ ï ʬʘʟʘ TeO2. ʉʧʝʢʪʨʠ ʢʘʣʽʙʨʦʚʘʥʽ 

ʥʘ C 1s (284.5 ʝɺ) [4]. 
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 ʊʘʢ ʷʢ ʬʦʨʤʘ ʨʝʧʝʨʥʠʭ ʤʘʢʩʠʤʫʤʽʚ ʙʫʣʘ ʩʢʣʘʜʥʦʶ, ʘʚʪʦʨʠ ʨʦʙʦʪʠ [4] ʧʨʦʚʝʣʠ 

ʾʭ ʨʦʟʢʣʘʜ ʥʘ ʝʣʝʤʝʥʪʘʨʥʽ ʛʘʫʩʽʘʥʠ. ɽʥʝʨʛʝʪʠʯʥʽ ʧʦʣʦʞʝʥʥʷ ʤʘʢʩʠʤʫʤʽʚ ʜʣʷ In 3d5/2 

(ʨʠʩ. 1.6ʘ) ʧʽʩʣʷ ʨʦʟʢʣʘʜʘʥʥʷ ʩʪʘʥʦʚʠʪʴ 443.8 ʝɺ ʪʘ 444.8 ʝɺ. ɸʥʘʣʦʛʽʯʥʽ 

ʤʘʥʽʧʫʣʷʮʽʾ ʙʫʣʠ ʧʨʦʚʝʜʝʥʽ ʟ ʊʝ 3d5/2. ɼʣʷ ʮʴʦʛʦ ʝʣʝʤʝʥʪʘ ʧʦʣʦʞʝʥʥʷ ʤʘʢʩʠʤʫʤʽʚ 

ʨʽʚʥʽ 572.3 ʝɺ ʪʘ 576.4 ʝɺ ( ʨʠʩ1.6ʙ). ʉʣʽʜ ʟʘʟʥʘʯʠʪʠ, ʱʦ ʚʠʷʚʣʝʥʘ ʧʨʠʩʫʪʥʽʩʪʴ 

ʨʝʧʝʨʥʠʭ ʤʘʢʩʠʤʫʤʽʚ ʥʝ ʣʠʰʝ ʽʥʜʽʶ ʪʘ ʪʝʣʫʨʫ, ʘʣʝ ʡ ʪʘʢʠʭ ʢʦʤʧʦʥʝʥʪ ʷʢ ʢʠʩʝʥʴ 

O 1s(531.1 ʝɺ) ʽ ʚʫʛʣʝʮʶ C 1s (284.5 ʝɺ), ʚʥʘʩʣʽʜʦʢ ʚʟʘʻʤʦʜʽʾ ʧʦʚʝʨʭʥʽ ʟ 

ʘʪʤʦʩʬʝʨʦʶ. 

 ʋ ʜʦʩʣʽʜʞʝʥʥʽ [5] ʟʘʟʥʘʯʘʻʪʴʩʷ, ʱʦ ʰʘʨʫʚʘʪʽ ʢʨʠʩʪʘʣʠ ʪʠʧʫ A3B6 ʤʘʶʪʴ 

ʚʠʨʘʞʝʥʫ ʘʥʽʟʦʪʨʦʧʽʶ ʭʽʤʽʯʥʠʭ ʟʚ'ʷʟʢʽʚ: ʚʩʝʨʝʜʠʥʽ ʰʘʨʽʚ ʧʝʨʝʚʘʞʘʻ ʩʠʣʴʥʠʡ 

ʢʦʚʘʣʝʥʪʥʠʡ ʟʚ'ʷʟʦʢ, ʪʦʜʽ ʷʢ ʤʽʞ ʰʘʨʘʤʠ ʜʽʻ ʩʣʘʙʢʠʡ ɺʘʥ ʜʝʨ ɺʘʘʣʴʩʽʚʩʴʢʠʡ ʟʚ'ʷʟʦʢ. 

ɼʣʷ ʢʨʠʩʪʘʣʽʚ InSe ʪʘʢʘ ʦʩʦʙʣʠʚʽʩʪʴ ʩʪʨʫʢʪʫʨʠ ʟʫʤʦʚʣʶʻ ʜʚʦʚʠʤʽʨʥʫ (2D) 

ʝʣʝʢʪʨʦʥʥʫ ʧʨʦʚʽʜʥʽʩʪʴ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ ʥʠʞʯʝ ʧʝʚʥʦʾ ʢʨʠʪʠʯʥʦʾ ʤʝʞʽ. ʂʨʽʤ ʪʦʛʦ, 

InSe ʻ ʻʜʠʥʠʤ ʧʨʝʜʩʪʘʚʥʠʢʦʤ ʩʝʨʝʜ ʢʨʠʩʪʘʣʽʚ A3B6, ʫ ʷʢʦʛʦ ʩʧʦʩʪʝʨʽʛʘʻʪʴʩʷ ʷʢ 

ʝʣʝʢʪʨʦʥʥʘ, ʪʘʢ ʽ ʜʽʨʢʦʚʘ ʧʨʦʚʽʜʥʽʩʪʴ. 

ʋ ʨʦʙʦʪʽ [10] ʜʦʩʣʽʜʞʝʥʦ ʚʧʣʠʚ ʚʧʨʦʚʘʜʞʝʥʥʷ ʽʦʥʽʚ Ni2+ ʥʘ ʝʣʝʢʪʨʠʯʥʽ ʪʘ 

ʤʘʛʥʽʪʥʽ ʚʣʘʩʪʠʚʦʩʪʽ ʢʨʠʩʪʘʣʽʚ ʩʝʣʝʥʽʜʫ ʽʥʜʽʶ. ʇʦʢʘʟʘʥʦ, ʱʦ ʤʦʥʦʢʨʠʩʪʘʣʠ InSe, 

ʷʢʽ ʽʥʪʝʨʢʘʣʴʦʚʘʥʽ ʥʽʢʝʣʝʤ ʚ ʧʦʩʪʽʡʥʦʤʫ ʤʘʛʥʽʪʥʦʤʫ ʧʦʣʽ, ʚʦʣʦʜʽʶʪʴ ʬʝʨʦ-

ʤʘʛʥʽʪʥʠʤʠ ʚʣʘʩʪʠʚʦʩʪʷʤʠ ʧʨʠ ʢʽʤʥʘʪʥʽʡ ʪʝʤʧʝʨʘʪʫʨʽ. ɺ ʽʥʪʝʨʢʘʣʘʪʘʭ Ni0,15InSe ʧʽʜ 

ʜʽʻʶ ʤʘʛʥʽʪʥʦʛʦ ʧʦʣʷ ʚʽʜʙʫʚʘʻʪʴʩʷ ʬʦʨʤʫʚʘʥʥʷ ʚ ʤʽʞʰʘʨʦʚʦʤʫ ʧʨʦʩʪʦʨʽ ʤʘʛʥʽʪʥʠʭ 

ʢʣʘʩʪʝʨʽʚ ʜʦʤʽʰʢʠ ʟ ʜʦʤʝʥʥʦʶ ʩʪʨʫʢʪʫʨʦʶ (ʨʠʩ. 1.7 ʪʘ ʨʠʩ. 1.8). 

 

ʈʠʩ. 1.7. ɸʉʄ-ʟʦʙʨʘʞʝʥʥʷ ʇʉ InSe ʽʥʪʝʨʢʘʣʴʦʚʘʥʠʭ ʥʽʢʝʣʝʤ ʚ ʤʘʛʥʽʪʥʦʤʫ ʧʦʣʽ [6]. 
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 ʎʝʡ ʬʘʢʪ ʜʘʻ ʤʦʞʣʠʚʽʩʪʴ ʟ ʜʦʧʦʤʦʛʦʶ ʧʨʦʮʝʩʫ ʝʣʝʢʪʨʦʭʽʤʽʯʥʦʾ ʽʥʪʝʨʢʘʣʷʮʽʾ 

ʚ ʧʦʻʜʥʘʥʥʽ ʟ ʤʘʛʥʽʪʥʠʤ ʧʦʣʝʤ ʬʦʨʤʫʚʘʪʠ ʤʘʛʥʽʪʥʽ ʥʘʥʦʢʦʤʧʦʟʠʪʥʽ ʩʪʨʫʢʪʫʨʠ, ʷʢʽ 

ʩʢʣʘʜʘʶʪʴʩʷ ʟ ʥʘʧʽʚʧʨʦʚʽʜʥʠʢʦʚʦʾ ʤʘʪʨʠʮʽ ʽ ʧʨʦʰʘʨʢʽʚ ʤʘʛʥʽʪʥʦʾ ʨʝʯʦʚʠʥʠ, ʷʢʽ 

ʨʦʟʪʘʰʦʚʘʥʽ ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦ ʜʦ ʢʨʠʩʪʘʣʦʛʨʘʬʽʯʥʦʾ ʦʩʽ ʢʨʠʩʪʘʣʘ. 

 

ʈʠʩ. 1.8. ʊʨʠʚʠʤʽʨʥʝ ɸʉʄ-ʟʦʙʨʘʞʝʥʥʷ ʇʉ ʽʥʪʝʨʢʘʣʘʪʽʚ Ni0,15InSe, ʦʪʨʠʤʘʥʽ 

ʝʣʝʢʪʨʦʭʽʤʽʯʥʦʶ ʽʥʪʝʨʢʘʣʷʮʽʻʶ ʚ ʤʘʛʥʽʪʥʦʤʫ ʧʦʣʽ [6]. 

 ɺ ʧʨʘʮʽ [7] ʙʫʣʠ ʧʨʦʚʝʜʝʥʽ ʢʦʤʧʣʝʢʩʥʽ ʜʦʩʣʽʜʞʝʥʥʷ ʝʣʝʢʪʨʦʥʥʠʭ ʽ 

ʦʧʪʦʝʣʝʢʪʨʦʥʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ ʤʦʥʦʰʘʨʽʚ ʤʦʥʦʭʘʣʴʢʦʛʝʥʽʜʘ ʽʥʜʽʶ (InX ,ʜʝ X = S, 

Se, Te) ʟ ʜʝʬʦʨʤʘʮʽʻʶ ʽ ʙʝʟ. ʎʽ ʜʦʩʣʽʜʞʝʥʥʷ ʧʦʢʘʟʫʶʪʴ, ʱʦ ʤʦʥʦʰʘʨʠ InX ʻ 

ʥʝʧʨʷʤʦʟʦʥʥʠʤʠ ʥʘʧʽʚʧʨʦʚʽʜʥʠʢʘʤʠ. ʆʜʥʘʢ ʧʨʠ ʧʨʠʢʣʘʜʘʥʥʽ ʥʘʧʨʫʞʝʥʥʷ ʟʦʥʥʽ 

ʩʪʨʫʢʪʫʨʠ ʤʦʞʫʪʴ ʤʦʜʫʣʶʚʘʪʠʩʴ, ʽ ʚ InSe ʩʧʦʩʪʝʨʽʛʘʻʪʴʩʷ ʧʝʨʝʭʽʜ ʚʽʜ 

ʥʝʧʨʷʤʦʟʦʥʥʦʛʦ ʚ ʧʨʷʤʦʟʦʥʥʠʡ ʥʘʧʽʚʧʨʦʚʽʜʥʠʢ. ʇʨʠ ʦʩʚʽʪʣʝʥʥʽ ʩʠʩʪʝʤʠ ʥʘ ʦʩʥʦʚʽ 

InX ʧʨʦʷʚʣʷʶʪʴ ʚʠʩʦʢʫ ʩʚʽʪʣʦʯʫʪʣʠʚʽʩʪʴ (Rph = 0.18 A W
ī1) ̔ ʟʦʚʥʽʰʥʶ ʢʚʘʥʪʦʚʫ 

ʝʬʝʢʪʠʚʥʽʩʪʴ (EQE = 62.5%). ɿʘʚʜʷʢʠ ʭʦʨʦʰʠʤ ʦʧʪʦʝʣʝʢʪʨʦʥʥʠʤ ʚʣʘʩʪʠʚʦʩʪʷʤ 

ʤʦʥʦʰʘʨʠ InX ʤʦʞʫʪʴ ʙʫʪʠ ʧʝʨʩʧʝʢʪʠʚʥʠʤʠ ʧʨʠ ʩʪʚʦʨʝʥʥʽ ʥʘʜʪʦʥʢʠʭ ʪʘ ʛʥʫʯʢʠʭ 

ʝʣʝʢʪʨʦʥʥʠʭ ʪʘ ʦʧʪʦʝʣʝʢʪʨʦʥʥʠʭ ʧʨʠʩʪʨʦʾʚ ʥʘʩʪʫʧʥʦʛʦ ʧʦʢʦʣʽʥʥʷ. 

 ɺ ʨʦʙʦʪʽ [8] ʜʦʩʣʽʜʞʝʥʽ ʩʪʨʫʢʪʫʨʥʽ, ʤʦʨʬʦʣʦʛʽʯʥʽ, ʢʦʤʧʦʟʠʮʽʡʥʽ, ʝʣʝʢʪʨʠʯʥʽ 

ʪʘ ʦʧʪʠʯʥʽ ʚʣʘʩʪʠʚʦʩʪʽ ʧʣʽʚʦʢ InSe ʟʘ ʜʦʧʦʤʦʛʦʶ XRD, SEM, EDAX, ʪʘ ʋʌ- 

ʩʧʝʢʪʨʦʩʢʦʧʽʾ ʚʽʜʧʦʚʽʜʥʦ. ʍ-ʧʨʦʤʝʥʝʚʠʡ ʬʘʟʦʚʠʡ ʘʥʘʣʽʟ ʧʽʜʛʦʪʦʚʣʝʥʦʾ ʧʣʽʚʢʠ 

ʧʦʢʘʟʫʻ ʽʩʥʫʚʘʥʥʷ ʥʘʥʦʢʨʠʩʪʘʣʽʯʥʦʾ ʧʨʠʨʦʜʠ ʟ ʤʦʥʦʢʣʽʥʥʦʶ ʢʨʠʩʪʘʣʽʯʥʦʶ 
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ʩʪʨʫʢʪʫʨʦʶ InSe. ɿʦʙʨʘʞʝʥʥʷ SEM ʜʝʤʦʥʩʪʨʫʶʪʴ ʭʦʨʦʰʫ ʙʝʟʧʝʨʝʨʚʥʽʩʪʴ ʧʣʽʚʢʠ 

InSe. ʊʦʥʢʽ ʧʣʽʚʢʠ InSe ʤʘʶʪʴ n-ʪʠʧ ʧʨʦʚʽʜʥʦʩʪʽ ʽʟ ʰʠʨʠʥʦʶ ʟʘʙʦʨʦʥʝʥʦʾ ʟʦʥʠ 

1,8 ʝɺ, ʘ ʾʭ ʝʣʝʢʪʨʠʯʥʘ ʧʨʦʚʽʜʥʽʩʪʴ ʩʪʘʥʦʚʠʪʴ 10-10 ʉʤ/ʩʤ, ʱʦ ʨʦʙʠʪʴ ʾʭ ʧʨʠʜʘʪʥʠʤʠ 

ʜʣʷ ʚʠʢʦʨʠʩʪʘʥʥʷ ʚ ʷʢʦʩʪʽ ʧʦʛʣʠʥʘʣʴʥʦʛʦ ʰʘʨʫ ʚ ʩʦʥʷʯʥʽʡ ʙʘʪʘʨʝʾ. 

 

ʈʠʩ. 1.9. ɺɸʍ ʧʣʽʚʢʠ InSe ʚ ʪʝʤʥʦʪʽ, ʧʽʜ ʦʧʨʦʤʽʥʝʥʥʷʤ  çʙʽʣʦʛʦè ʽ ʞʦʚʪʦʛʦ ʩʚʽʪʣʘ 

ʚʽʜʧʦʚʽʜʥʦ [8]. 

 ɿʘʚʜʷʢʠ ʩʚʦʾʤ ʧʨʠʨʦʜʥʠʤ ʚʣʘʩʪʠʚʦʩʪʷʤ, ʷʢ ʧʨʘʚʠʣʦ, ʰʘʨʫʚʘʪʽ ʢʨʠʩʪʘʣʠ ʣʝʛʢʦ 

ʨʦʟʯʠʥʷʶʪʴ ʫ ʩʚʦʾʡ ʤʘʩʽ ʨʽʟʥʽ ʤʦʣʝʢʫʣʷʨʥʽ ʛʘʟʠ, ʧʦʯʠʥʘʶʯʠ ʚʽʜ ʚʦʜʥʶ ʽ ʤʝʪʘʥʫ ʜʦ 

ʩʢʣʘʜʥʠʭ ʦʨʛʘʥʽʯʥʠʭ ʤʦʣʝʢʫʣ. ʎʷ ʦʩʦʙʣʠʚʽʩʪʴ ʨʦʙʠʪʴ ʾʭ ʜʫʞʝ ʧʨʠʚʘʙʣʠʚʠʤʠ ʜʣʷ 

ʚʠʢʦʨʠʩʪʘʥʥʷ ʚ ʷʢʦʩʪʽ ʪʚʝʨʜʦʪʽʣʴʥʠʭ ʥʘʢʦʧʠʯʫʚʘʯʽʚ ʚʦʜʥʶ. ʊʦʤʫ ʚ ʨʦʙʦʪʽ [9] ʥʘ 

ʧʨʠʢʣʘʜʽ ʐʂ InSe ʽ GaSe ʙʫʣʦ ʜʦʩʣʽʜʞʝʥʦ ʬʽʟʠʢʦ-ʭʽʤʽʯʥʽ ʧʨʦʮʝʩʠ, ʷʢʽ ʧʨʦʪʽʢʘʶʪʴ 

ʧʽʜ ʯʘʩ ʽʥʪʝʨʢʘʣʷʮʽʾ ʪʘ ʜʝʽʥʪʝʨʢʘʣʷʮʽʾ ʰʘʨʫʚʘʪʠʭ ʢʨʠʩʪʘʣʽʚ ʚʦʜʥʝʤ. ɸʚʪʦʨʠ 

ʚʩʪʘʥʦʚʠʣʠ, ʱʦ ʫ ʧʨʦʮʝʩʽ ʽʥʪʝʨʢʘʣʷʮʽʾ ʘʪʦʤʘʨʥʠʡ ʚʦʜʝʥʴ ʨʝʢʦʤʙʽʥʫʻ ʜʦ 

ʤʦʣʝʢʫʣʷʨʥʦʛʦ ʩʪʘʥʫ, ʟʘʡʤʘʻ ʤʽʞʰʘʨʦʚʠʡ ʧʨʦʩʪʽʨ ʢʨʠʩʪʘʣʘ (ʜʠʚ. ʨʠʩ. 1.10), ʘ ʟʘ 

ʨʘʭʫʥʦʢ ʢʚʘʥʪʦʚʦ-ʨʦʟʤʽʨʥʠʭ ʝʬʝʢʪʽʚ ʽʟ ʟʙʽʣʴʰʝʥʥʷʤ ʢʦʥʮʝʥʪʨʘʮʽʾ ʚʦʜʥʶ ʥʘʜʭʦʜʠʪʴ 

ʫ ʤʽʞʚʫʟʣʦʚʠʡ ʧʨʦʩʪʽʨ, ʟʘʡʤʘʻ ʮʝʥʪʨʠ ʢʦʤʽʨʦʢ ʢʨʠʩʪʘʣʽʯʥʦʛʦ ʰʘʨʫ, ʜʝ ʚʽʜʙʫʚʘʻʪʴʩʷ 

ʡʦʛʦ ʨʝʢʦʤʙʽʥʘʮʽʷ ʜʦ ʤʦʣʝʢʫʣʷʨʥʦʛʦ ʩʪʘʥʫ. ʎʝ ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʣʦʢʘʣʽʟʘʮʽʾ ʤʦʣʝʢʫʣ 

ʚʦʜʥʶ, ʱʦ, ʫ ʩʚʦʶ ʯʝʨʛʫ, ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʟʙʽʣʴʰʝʥʥʷ ʧʘʨʘʤʝʪʨʽʚ ˇʨʘʪʢʠ ʘ0 ̔  ʩ0 . ʇʨʠ 

ʮʴʦʤʫ ʜʫʞʝ ʤʘʣʘ ʯʘʩʪʢʘ ʚʦʜʥʶ (0,001%) ʚ HʍInSe ʽ HʍGaSe ʽʥʪʝʨʢʘʣʶʻ, 

ʧʝʨʝʙʫʚʘʶʯʠ ʚ ʘʪʦʤʘʨʥʠʭ ʩʪʘʥʘʭ  
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ʈʠʩ. 1.10. ʉʭʝʤʘ ʽʥʪʝʨʢʘʣʷʮʽʾ ʪʘ ʜʝʽʥʪʝʨʢʘʣʷʮʽʾ ʚʦʜʥʶ ʚ ʰʘʨʫʚʘʪʠʭ ʢʨʠʩʪʘʣʘʭ 

InSe ʪʘ GaSe [9]. 

 ʆʪʨʠʤʘʥʽ ʨʝʟʫʣʴʪʘʪʠ ʧʦʢʘʟʘʣʠ, ʱʦ ʩʪʫʧʽʥʴ ʝʣʝʢʪʨʦʭʽʤʽʯʥʦʾ ʽʥʪʝʨʢʘʣʷʮʽʾ 

ʚʦʜʥʝʤ ʰʘʨʫʚʘʪʠʭ ʢʨʠʩʪʘʣʽʚ GaSe ʪʘ InSe ʤʦʞʝ ʜʦʩʷʛʘʪʠ ʢʦʥʮʝʥʪʨʘʮʽʾ ʭ = 5,0, ʜʝ 

ʭ ï ʢʽʣʴʢʽʩʪʴ ʘʪʦʤʽʚ ʚʦʜʥʶ, ʚʙʫʜʦʚʘʥʠʭ ʫ ʢʨʠʩʪʘʣ ʥʘ ʦʜʥʫ ʡʦʛʦ ʬʦʨʤʫʣʴʥʫ ʦʜʠʥʠʮʶ. 

ɼʝʽʥʪʝʨʢʘʣʷʮʽʷ ʤʦʣʝʢʫʣʷʨʥʦʛʦ ʚʦʜʥʶ ʟ ʢʨʠʩʪʘʣʽʚ HXInSe ʽ HXGaSe ʟʜʽʡʩʥʶʻʪʴʩʷ 

ʧʨʦʪʷʛʦʤ 3-9 ʛʦʜʠʥ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʽ T = 110 0ʉ ʽ ʙʝʟʧʝʨʝʨʚʥʽʡ ʚʽʜʢʘʯʮʽ. ʇʦʢʘʟʘʥʦ, 

ʱʦ ʉʪʫʧʽʥʴ ʜʝʽʥʪʝʨʢʘʣʷʮʽʾ ʟʨʦʩʪʘʻ ʧʨʘʢʪʠʯʥʦ ʣʽʥʽʡʥʦ ʚʽʜ 60 % ʧʨʠ x­0  ʜʦ 

80é85 % ʧʨʠ x­4. 

 ʇʨʦʚʝʜʝʥʽ ʚ [9] ʜʦʩʣʽʜʞʝʥʥʷ ʧʨʦʮʝʩʽʚ ʽʥʪʝʨʢʘʣʷʮʽʾ-ʜʝʽʥʪʝʨʢʘʣʷʮʽʾ ʚ ʧʦʨʦʰʢʘʭ 

ʮʠʭ ʢʨʠʩʪʘʣʽʚ ʽʟ ʨʦʟʤʽʨʘʤʠ ʛʨʘʥʝʡ 1é20 ʤʢʤ ʧʦʢʘʟʘʣʠ, ʱʦ ʢʦʥʮʝʥʪʨʘʮʽʷ ʚʦʜʥʶ 

ʤʦʞʝ ʜʦʩʷʛʘʪʠ ʟʥʘʯʝʥʴ x =6, ʘ ʩʪʫʧʽʥʴ ʜʝʽʥʪʝʨʢʘʣʷʮʽʾ ï 90 %. ʇʦʚʪʦʨʥʽ ʮʠʢʣʠ 

ʨʝʞʠʤʽʚ ʤôʷʢʦʾ ʽʥʪʝʨʢʘʣʷʮʽʾ-ʜʝʽʥʪʝʨʢʘʣʷʮʽʾ ʥʝ ʧʨʠʟʚʦʜʷʪʴ ʜʦ ʽʩʪʦʪʥʦʛʦ ʧʦʛʽʨʰʝʥʥʷ 

ʬʽʟʠʯʥʠʭ ʧʘʨʘʤʝʪʨʽʚ ʢʨʠʩʪʘʣʽʚ InSe ʪʘ GaSe. ʋ ʪʦʡ ʞʝ ʯʘʩ ʞʦʨʩʪʢʽ ʨʝʞʠʤʠ 

ʽʥʪʝʨʢʘʣʷʮʽʾ ʚʠʢʣʠʢʘʣʠ ʨʫʡʥʫʚʘʥʥʷ ʢʨʠʩʪʘʣʽʚ ʘʞ ʜʦ ʧʦʨʦʰʢʦʧʦʜʽʙʥʠʭ ʩʪʘʥʽʚ. 

ʆʪʨʠʤʘʥʽ ʨʝʟʫʣʴʪʘʪʠ ʚʢʘʟʫʶʪʴ ʥʘ ʪʝ ʱʦ ʮʽ ʐʂ ʪʘ ʾʭ ʧʦʨʦʰʢʠ ʟʜʘʪʥʽ ʫʪʨʠʤʫʚʘʪʠ ʽ 

ʚʽʜʜʘʚʘʪʠ ʚʦʜʝʥʴ ʫ ʡʦʛʦ ʤʦʣʝʢʫʣʷʨʥʽʡ ʬʦʨʤʽ, ʟʙʝʨʽʛʘʶʯʠ ʧʨʠ ʮʴʦʤʫ ʩʚʦʾ ʬʽʟʠʢʦ-

ʭʽʤʽʯʥʽ ʚʣʘʩʪʠʚʦʩʪʽ. 

 ʉʣʽʜ ʚʽʜʟʥʘʯʠʪʠ ʱʦ ʟʛʽʜʥʦ ʨʦʟʨʘʭʫʥʢʽʚ [10] ʪʠʩʢ ʤʦʣʝʢʫʣʷʨʥʦʛʦ ʚʦʜʥʶ 

ʚʩʝʨʝʜʠʥʽ ɺʘʥ ʜʝʨ ɺʘʘʣʴʩʦʚʦʛʦ ʧʨʦʤʽʞʢʫ ʧʨʠ ʢʽʤʥʘʪʥʽʡ ʪʝʤʧʝʨʘʪʫʨʽ ʜʣʷ ʭ = 2 

ʙʣʠʟʴʢʠʡ ʜʦ 35,4 ʄʈʘ (354 ʘʪʤ.), ʱʦ ʮʽʣʢʦʤ ʧʦʨʽʚʥʷʥʥʦ ʟ ʪʠʩʢʦʤ ʚʦʜʥʶ ʚ ʧʦʩʫʜʠʥʘʭ 
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ʚʠʩʦʢʦʛʦ ʪʠʩʢʫ (400é500 ʘʪʤ. ʧʨʠ -30é+40 0ʉ). ʂʨʽʤ ʪʦʛʦ, ʚʘʞʣʠʚʦʶ ʧʝʨʝʚʘʛʦʶ 

ʚʩʽʭ ʪʚʝʨʜʦʪʽʣʴʥʠʭ ʥʘʢʦʧʠʯʫʚʘʯʽʚ ʚʦʜʥʶ ʻ ʾʭ ʙʝʟʧʝʯʥʽʩʪʴ ʧʨʠ ʟʙʝʨʽʛʘʥʥʽ ʚ 

ʧʦʨʽʚʥʷʥʥʽ ʟ ʚʠʱʝʚʢʘʟʘʥʠʤʠ ʧʦʩʫʜʠʥʘʤʠ. ɺʤʽʩʪ ʚʦʜʥʶ ʚ ʰʘʨʫʚʘʪʠʭ ʽʥʪʝʨʢʘʣʘʪʘʭ 

ʢʨʠʩʪʘʣʽʚ InSe ʽ GaSe ʟʘ ʤʘʩʦʚʠʤʠ ʯʘʩʪʢʘʤʠ ʪʘʢʦʞ ʧʦʨʽʚʥʷʥʥʠʡ ʟ ʪʘʢʠʤ ʫ ʧʦʩʫʜʠʥʘʭ 

ʚʠʩʦʢʦʛʦ ʪʠʩʢʫ. ʅʘʧʨʠʢʣʘʜ, ʢʦʣʠ ʪʠʩʢ ʫ ʮʠʭ ʧʦʩʫʜʠʥʘʭ ʜʦʩʷʛʘʻ 500 ʘʪʤ., ʤʘʩʦʚʘ 

ʯʘʩʪʢʘ ʚʦʜʥʶ ʥʘʙʣʠʞʘʻʪʴʩʷ ʜʦ 11 %, ʘ ʚ H5.0GaSe ï 3.3 % ʽ ʚ H5.0InSe ï 2.6 % 

1.2. ɽʣʝʢʪʨʦʥʥʽ ʪʘ ʦʧʪʠʯʥʽ ʚʣʘʩʪʠʚʦʩʪʽ ʰʘʨʫʚʘʪʠʭ ʢʨʠʩʪʘʣʽʚ ʥʘ ʦʩʥʦʚʽ ʽʥʜʽʶ 

 ʅʘ ʩʴʦʛʦʜʥʽʰʥʽʡ ʜʝʥʴ ʩʦʥʷʯʥʘ ʝʥʝʨʛʝʪʠʢʘ ʨʦʟʚʠʚʘʻʪʴʩʷ ʰʚʠʜʢʠʤʠ ʪʝʤʧʘʤʠ ʽ 

ʻ ʥʘʡʙʽʣʴʰ ʨʦʟʧʦʚʩʶʜʞʝʥʠʤ ʽ çʯʠʩʪʠʤè ʜʞʝʨʝʣʦʤ ʚʽʜʥʦʚʣʶʚʘʥʦʾ ʝʥʝʨʛʽʾ. ʆʜʥʠʤʠ 

ʽʟ ʥʘʡʧʦʰʠʨʝʥʽʰʠʭ ʤʝʪʦʜʽʚ ʧʝʨʝʪʚʦʨʝʥʥʷ ʩʦʥʷʯʥʦʾ ʝʥʝʨʛʽʾ ʚ ʝʣʝʢʪʨʠʯʥʫ ʻ 

ʚʠʢʦʨʠʩʪʘʥʥʷ ʥʘʧʽʚʧʨʦʚʽʜʥʠʢʦʚʠʭ ʛʝʪʝʨʦʩʪʨʫʢʪʫʨ ʚ ʷʢʠʭ ʩʪʚʦʨʶʶʪʴʩʷ ʫʤʦʚʠ ʜʣʷ 

ʰʚʠʜʢʦʛʦ ʨʦʟʜʽʣʝʥʥʷ ʥʦʩʽʾʚ ʟʘʨʷʜʫ[11]. ʆʩʦʙʣʠʚʫ ʫʚʘʛʫ ʧʨʠʚʝʨʪʘʶʪʴ ʪʦʥʢʽ ʰʘʨʫʚʘʪʽ 

ʛʝʪʝʨʦʩʪʨʫʢʪʫʨʠ[12-14]. ɺʦʥʠ ʩʢʣʘʜʘʶʪʴʩʷ ʽʟ ʜʚʦʚʠʤʽʨʥʠʭ ʥʘʧʽʚʧʨʦʚʽʜʥʠʢʽʚ, ʷʢʽ 

ʟʚôʷʟʘʥʽ ɺʘʥ ʜʝʨ ɺʘʘʣʴʩʽʚʩʴʢʠʤʠ ʟʚôʷʟʢʘʤʠ. ʉʣʽʜ ʟʘʟʥʘʯʠʪʠ, ʱʦ ʚʦʥʠ ʤʘʶʪʴ 

ʧʦʪʝʥʮʽʘʣ ʟʘʩʪʦʩʫʚʘʥʥʷ ʥʝ ʣʠʰʝ ʫ ʩʦʥʷʯʥʽʡ ʝʥʝʨʛʝʪʠʮʽ ʚ ʷʢʦʩʪʽ ʬʦʪʦʝʣʝʢʪʨʠʯʥʠʭ 

ʢʦʤʽʨʦʢ[15], ʘʣʝ ʪʘʢʦʞ ʷʢ ʬʦʪʦʜʝʪʝʢʪʦʨʠ[16] ʪʘ ʚʠʧʨʦʤʽʥʶʚʘʯʽ ʩʚʽʪʣʘ[17]. 

 ʆʩʥʦʚʥʠʤ ʬʫʥʜʘʤʝʥʪʘʣʴʥʠʤ ʧʨʦʮʝʩʦʤ, ʷʢʠʡ ʢʦʥʪʨʦʣʶʻ ʝʣʝʢʪʨʦʥʥʦ-ʜʽʨʢʦʚʫ  

ʨʝʢʦʤʙʽʥʘʮʽʶ, ʘ ʦʪʞʝ, ʚʠʟʥʘʯʘʻ ʧʨʦʜʫʢʪʠʚʥʽʩʪʴ ʬʦʪʦʝʣʝʢʪʨʠʯʥʠʭ ʧʨʠʩʪʨʦʾʚ ʻ 

ʧʝʨʝʥʝʩʝʥʥʷ ʟʘʨʷʜʫ[18]. ɿʛʽʜʥʦ [19] ʤʦʞʥʘ ʚʠʜʽʣʠʪʠ ʜʚʽ ʩʭʝʤʠ ʧʝʨʝʥʝʩʝʥʥʷ ʟʘʨʷʜʫ: 

 

ʈʠʩ. 1.11. ʉʭʝʤʘʪʠʯʥʘ ʜʽʘʛʨʘʤʘ ʝʥʝʨʛʝʪʠʯʥʠʭ ʨʽʚʥʽʚ ʥʘ ʧʨʠʢʣʘʜʽ ʩʪʨʫʢʪʫʨʠ InSe ï 

ʽʥʪʝʨʬʝʡʩʥʠʡ h ʘʨ ï InTe, ʷʢʽ ʙʝʨʫʪʴ ʫʯʘʩʪʴ ʫ ʧʝʨʝʥʝʩʝʥʽ ʟʘʨʷʜʫ: (ʘ) R-ʩʭʝʤʘ 

ʧʝʨʝʥʝʩʝʥʥʷ ʟʘʨʷʜʫ; (b) Z-ʩʭʝʤʘ ʧʝʨʝʥʝʩʝʥʥʷ ʟʘʨʷʜʫ [19]. 
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 ɼʣʷ R-ʩʭʝʤʠ ʻ ʭʘʨʘʢʪʝʨʥʠʤ ʪʝ, ʱʦ ʧʽʩʣʷ ʫʪʚʦʨʝʥʥʷ ʛʝʪʝʨʦʧʝʨʝʭʦʜʫ ʝʣʝʢʪʨʦʥʠ 

ʧʝʨʝʪʽʢʘʶʪʴ ʽʟ ʟʦʥʠ ʧʨʦʚʽʜʥʦʩʪʽ ʟ ʚʠʱʠʤ ʝʥʝʨʛʝʪʠʯʥʠʤ ʨʽʚʥʝʤ (InTe) ʜʦ ʟʦʥʠ 

ʧʨʦʚʽʜʥʦʩʪʽ ʟ ʥʠʞʯʠʤ ʨʽʚʥʝʤ ʝʥʝʨʛʽʾ (InSe), ʪʦʜʽ ʷʢ ʜʽʨʢʠ ʧʝʨʝʭʦʜʷʪʴ ʽʟ ʚʘʣʝʥʪʥʦʾ 

ʟʦʥʠ ʟ ʥʠʞʯʠʤ ʨʽʚʥʝʤ ʝʥʝʨʛʽʾ ʫ ʚʘʣʝʥʪʥʫ ʟʦʥʫ ʟ ʚʠʱʠʤ ʨʽʚʥʝʤ ʝʥʝʨʛʽʾ; ʘ ʪʘʢʦʞ ʤʘʣʘ 

ʰʚʠʜʢʽʩʪʴ ʝʣʝʢʪʨʦʥʥʦ ʜʽʨʢʦʚʦʾ ʨʝʢʦʤʙʽʥʘʮʽʾ. 

 ʅʘ ʚʽʜʤʽʥʥʦ ʚʽʜ R-ʩʭʝʤʠ, ʜʣʷ Z-ʩʭʝʤʠ ʭʘʨʘʢʪʝʨʥʘ ʧʨʠʩʫʪʥʽʩʪʴ ʜʦʜʘʪʢʦʚʠʭ 

ʩʪʘʥʽʚ ʚ ʩʝʨʝʜʠʥʽ ɺʘʥ ʜʝʨ ɺʘʘʣʴʩʦʚʦʛʦ ʧʨʦʤʽʞʢʫ, ʷʢʽ ʤʦʞʫʪʴ ʩʣʫʛʫʚʘʪʠ ʷʢ ʧʨʦʤʽʞʥʽ 

ʩʪʘʥʠ ʜʣʷ ʧʝʨʝʥʝʩʝʥʥʷ ʟʘʨʷʜʫ ʤʽʞ ʜʚʦʤʘ ʥʘʧʽʚʧʨʦʚʽʜʥʠʢʘʤʠ. ʊʘʢʦʞ ʩʣʽʜ ʟʘʟʥʘʯʠʪʠ, 

ʱʦ ʬʦʪʦʽʥʜʫʢʦʚʘʥʠʡ ʩʪʨʫʤ ʚ ʪʘʢʦʤʫ ʚʠʧʘʜʢʫ ʧʨʦʭʦʜʠʪʴ ʧʨʦʪʠʣʝʞʥʠʤ ʯʠʥʦʤ, ʥʽʞ ʫ 

ʩʠʩʪʝʤʽ R-ʩʭʝʤʠ.  

 ɼʠʥʘʤʽʢʫ ʧʝʨʝʥʦʩʫ ʟʘʨʷʜʫ  ʜʣʷ InSe/InTe ʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʬʫʥʜʘʤʝʥʪʘʣʴʥʠʭ 

ʤʝʪʦʜʽʚ  ʜʣʷ ʙʫʣʦ ʜʦʩʣʽʜʞʝʥʦ ʚ ʨʦʙʦʪʽ[19]. ɿʛʽʜʥʦ ʮʠʭ ʨʝʟʫʣʴʪʘʪʽʚ R-ʩʭʝʤʘ ʯʠ Z-

ʩʭʝʤʘ  ʤʦʞʝ ʜʦʤʽʥʫʚʘʪʠ ʚ ʧʨʦʮʝʩʽ ʧʝʨʝʥʦʩʫ ʟʘʨʷʜʫ ʚ ʽʥʪʝʨʬʝʡʩʥʦʤʫ ʰʘʨʽ, ʘ 

ʦʯʽʢʫʚʘʥʠʡ ʯʘʩ ʞʠʪʪʷ ʝʣʝʢʪʨʦʥʥʦ-ʜʽʨʢʦʚʦʾ ʨʝʢʦʤʙʽʥʘʮʽʾ ʤʦʞʝ ʚʘʨʽʶʚʘʪʠʩʴ ʚʽʜ ʚʽʜ 

1,2 ʧʩ ʜʦ 1,4 ʥʩ ʟʘʣʝʞʥʦ ʚʽʜ ʚʥʫʪʨʽʰʥʴʦʾ ʝʣʝʢʪʨʦʥʥʦʾ ʩʪʨʫʢʪʫʨʠ. ʈʝʟʫʣʴʪʘʪʠ 

ʧʦʢʘʟʫʶʪʴ, ʱʦ ʩʠʩʪʝʤʘ ʽʟ Z-ʩʭʝʤʦʶ ʜʝʤʦʥʩʪʨʫʻ ʙʘʛʘʪʦʦʙʽʮʷʶʯʽ ʬʦʪʦʝʣʝʢʪʨʠʯʥʽ 

ʚʣʘʩʪʠʚʦʩʪʽ ʟ ʝʬʝʢʪʠʚʥʽʩʪʶ ʧʝʨʝʪʚʦʨʝʥʥʷ ʝʥʝʨʛʽʾ ɖ ʜʦ 2,08%, ʱʦ ʧʨʠʙʣʠʟʥʦ ʥʘ 1 

ʧʦʨʷʜʦʢ ʙʽʣʴʰʝ, ʥʽʞ ʫ ʟʚʠʯʘʡʥʠʭ ʛʝʪʝʨʦʩʪʨʫʢʪʫʨ ʪʠʧʫ II. 

 ʄʦʥʦʰʘʨʦʚʠʡ InX (X = Se ʘʙʦ Te) ʜʝʤʦʥʩʪʨʫʻ ʥʝʧʨʷʤʫ ʟʘʙʦʨʦʥʝʥʫ ʟʦʥʫ 

(ʨʠʩ. 1.12): 

 

ʈʠʩ. 1.12. ɿʦʥʥʘ ʩʪʨʫʢʪʫʨʘ ʦʜʥʦʰʘʨʦʚʦʛʦ (a) InSe ʽ (b) InTe. ʈʽʚʝʥʴ ʌʝʨʤʽ ʚʽʜʧʦʚʽʜʘʻ 

ʥʫʣʶ [19]. 
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 ʈʦʟʨʘʭʦʚʘʥʘ ʟʦʥʥʘ ʩʪʨʫʢʪʫʨʘ ʛʝʪʝʨʦʩʪʨʫʢʪʫʨʠ InSe/InTe, ʷʢʘ ʧʦʢʘʟʘʥʘ ʥʘ 

ʨʠʩ. 1.13b ʧʦʜʽʙʥʦ ʜʦ ʤʦʥʦʰʘʨʽʚ ʤʦʥʦʭʘʣʴʢʦʛʝʥʽʜʽʚ ʽʥʜʽʶ ʻ ʥʝʧʨʷʤʦʟʦʥʥʦʶ, ʚ ʷʢʦʾ 

ʜʥʦ ʟʦʥʠ ʧʨʦʚʽʜʥʦʩʪʽ ʩʧʽʚʧʘʜʘʻ ʟ ũ ʪʦʯʢʦʶ, ʪʦʜʽ ʷʢ ʩʪʝʣʷ ʚʘʣʝʥʪʥʦʾ ʟʦʥʠ ʟʥʘʭʦʜʠʪʴʩʷ 

ʤʽʞ ʪʦʯʢʘʤʠ ũ ̔ M. ʈʦʟʨʘʭʦʚʘʥʘ ʰʠʨʠʥʘ ʟʘʙʦʨʦʥʝʥʦʾ ʟʦʥʠ ʟ ʜʦʧʦʤʦʛʦʶ ʬʫʥʮʽʦʥʘʣʫ 

PBE ʩʪʘʥʦʚʠʪʴ 0,68 ʝɺ. 

 

ʈʠʩ. 1.13. ɿʦʥʥʽ ʩʪʨʫʢʪʫʨʠ ʛʝʪʝʨʦʩʪʨʫʢʪʫʨ InSe/InTe vdW (ʘ) ʟ ʜʝʬʦʨʤʘʮʽʻʶ ʩʪʠʩʢʫ 

Ů = ī3%, (b) ʙʝʟ ʜʝʬʦʨʤʘʮʽʾ ʪʘ (c) ʟ ʜʝʬʦʨʤʘʮʽʻʶ ʨʦʟʪʷʛʫ Ů = 3%. ʈʽʚʝʥʴ ʌʝʨʤʽ 

ʚʩʪʘʥʦʚʣʝʥʦ ʥʘ ʥʫʣʴ [19]. 

 ɼʝʬʦʨʤʫʶʯʠ ʪʘʢʫ ʛʝʪʝʨʦʩʪʨʫʢʪʫʨʫ ʤʦʞʥʘ ʟʤʝʥʰʠʪʠ ʰʠʨʠʥʫ ʟʘʙʦʨʦʥʝʥʦʾ 

ʟʦʥʠ, ʘ ʪʘʢʦʞ ʜʦʩʷʛʪʠ ʧʝʨʝʭʦʜʫ ʚʽʜ ʥʝʧʨʷʤʦʟʦʥʥʦʛʦ ʜʦ ʧʨʷʤʦʟʦʥʥʦʛʦ 

ʥʘʧʽʚʧʨʦʚʽʜʥʠʢʘ. ʗʢ ʧʦʢʘʟʘʥʦ ʥʘ ʨʠʩ. 1.13, ʢʦʣʠ ʨʽʚʥʦʚʘʞʥʘ ʩʪʘʣʘ ʛʨʘʪʢʠ ʘ 

ʚʽʜʭʠʣʷʻʪʴʩʷ ʚʽʜ ʩʚʦʛʦ ʟʥʘʯʝʥʥʷ, ʟʘʙʦʨʦʥʝʥʘ ʟʦʥʘ ʩʪʘʻ ʤʝʥʰʦʶ. ʂʨʽʤ ʪʦʛʦ, ʧʝʨʝʭʽʜ 

ʚʽʜ ʥʝʧʨʷʤʦʾ ʟʘʙʦʨʦʥʝʥʦʾ ʟʦʥʠ ʜʦ ʧʨʷʤʦʾ ʚʽʜʙʫʚʘʻʪʴʩʷ, ʷʢʱʦ ʜʦ ʩʠʩʪʝʤʠ 

ʧʨʠʢʣʘʜʘʻʪʴʩʷ ʜʝʬʦʨʤʘʮʽʷ ʩʪʠʩʢʫ, ʚ ʷʢʽʡ ʜʥʦ ʟʦʥʠ ʧʨʦʚʽʜʥʦʩʪʽ ʽ ʩʪʝʣʷ ʚʘʣʝʥʪʥʦʾ 

ʟʦʥʠ ʨʦʟʪʘʰʦʚʘʥʽ ʚ ũ-ʪʦʯʮʽ (ʜʠʚ. ʨʠʩ. 1.13a). ʅʘʚʧʘʢʠ, ʩʠʩʪʝʤʘ ʟʘʣʠʰʘʻʪʴʩʷ 

ʥʘʧʽʚʧʨʦʚʽʜʥʠʢʦʤ ʟ ʥʝʧʨʷʤʦʶ ʟʘʙʦʨʦʥʝʥʦʶ ʟʦʥʦʶ, ʢʦʣʠ ʩʠʩʪʝʤʘ ʧʝʨʝʙʫʚʘʻ ʧʽʜ 

ʜʽʻʶ ʨʦʟʪʷʛʫ (ʜʠʚ. ʨʠʩ. 1.13a). ɿʘʩʪʦʩʦʚʫʶʯʠ ʜʝʬʦʨʤʘʮʽʾ ʩʪʠʩʢʫ/ʨʦʟʪʷʛʫ ʤʦʞʥʘ 

ʚʧʣʠʚʘʪʠ ʥʘ ʜʠʥʘʤʽʢʫ ʧʝʨʝʥʝʩʝʥʥʷ ʟʘʨʷʜʫ. ʂʦʣʠ ʚ [19] ʟʘʩʪʦʩʦʚʫʚʘʣʠ ʜʝʬʦʨʤʘʮʽʶ 

ʩʪʠʩʢʫ (Ů = ī3%), ʪʦ ʯʘʩ ʨʝʢʦʤʙʽʥʘʮʽʾ ʩʷʛʘʚ ʜʦ 1.4 ʥʩ. ɺ ʪʘʢʦʤʫ ʚʠʧʘʜʢʫ ʜʥʦ ʟʦʥʠ 

ʧʨʦʚʽʜʥʦʩʪʽ ʽ ʩʪʝʣʷ ʚʘʣʝʥʪʥʦʾ ʟʦʥʠ, ʷʢʽ ʻ ʧʦʯʘʪʢʦʚʠʤʠ ʩʪʘʥʘʤʠ ʨʝʢʦʤʙʽʥʫʶʯʠʭ ʜʽʨʦʢ 
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ʽ ʝʣʝʢʪʨʦʥʽʚ, ʣʦʢʘʣʽʟʦʚʘʥʽ ʩʪʨʦʛʦ ʚ ʤʝʞʘʭ ʦʜʥʦʛʦ ʤʘʪʝʨʽʘʣʫ. ʋ ʨʝʟʫʣʴʪʘʪʽ 

ʬʦʪʦʟʙʫʜʞʝʥʽ ʜʽʨʢʠ ʪʘ ʝʣʝʢʪʨʦʥʠ ʧʨʦʩʪʦʨʦʚʦ ʚʽʜʦʢʨʝʤʣʝʥʽ ʦʜʠʥ ʚʽʜ ʦʜʥʦʛʦ, ʱʦ 

ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʥʠʟʴʢʦʾ ʡʤʦʚʽʨʥʦʩʪʽ ʨʝʢʦʤʙʽʥʘʮʽʾ. ʆʪʞʝ, ʤʦʞʥʘ ʛʦʚʦʨʠʪʠ ʧʨʦ R-

ʩʭʝʤʫ, ʫ ʷʢʽʡ ʝʣʝʢʪʨʦʥʠ ʨʫʭʘʶʪʴʩʷ ʚʽʜ ʥʘʧʽʚʧʨʦʚʽʜʥʠʢʘ ʟ ʚʠʱʠʤ ʝʥʝʨʛʝʪʠʯʥʠʤ 

ʨʽʚʥʝʤ(ʘ ʩʘʤʝ InTe) ʜʦ ʥʘʧʽʚʧʨʦʚʽʜʥʠʢʘ ʟ ʥʠʞʯʠʤ ʝʥʝʨʛʝʪʠʯʥʠʤ ʨʽʚʥʝʤ (ʪʦʙʪʦ InSe), 

ʪʦʜʽ ʷʢ ʜʽʨʢʠ ʧʝʨʝʭʦʜʷʪʴ ʫ ʧʨʦʪʠʣʝʞʥʦʤʫ ʥʘʧʨʷʤʢʫ ( ʜʠʚ. ʨʠʩ. 1.11a). 

 

ʈʠʩ. 1.14. ɼʠʥʘʤʽʢʘ ʝʣʝʢʪʨʦʥʥʦ-ʜʽʨʢʦʚʦʾ ʨʝʢʦʤʙʽʥʘʮʽʾ ʛʝʪʝʨʦʩʪʨʫʢʪʫʨʠ InSe/InTe ʟʘ 

ʨʽʟʥʠʭ ʜʝʬʦʨʤʘʮʽʡ[19]. 

 ɼʣʷ ʚʠʧʘʜʢʽʚ Ů = 0 ʽ 3% ʯʘʩ ʝʣʝʢʪʨʦʥʥʦ-ʜʽʨʢʦʚʦʾ ʨʝʢʦʤʙʽʥʘʮʽʾ ʨʽʟʢʦ 

ʩʢʦʨʦʯʫʻʪʴʩʷ ʜʦ 5.8 ʽ 1.2 ʧʩ ʚʽʜʧʦʚʽʜʥʦ, ʱʦ ʧʨʠʙʣʠʟʥʦ ʥʘ 3 ʧʦʨʷʜʢʠ ʤʝʥʰʝ, ʥʽʞ ʫ 

ʩʠʩʪʝʤʠ ʧʨʠ Ů = ī3% ʜʝʬʦʨʤʘʮʽʾ ʩʪʠʩʢʫ. ɸʚʪʦʨʠ ʧʦʷʩʥʶʶʪʴ ʮʝ ʜʦʤʽʥʫʚʘʥʥʷʤ Z-

ʩʭʝʤʠ. ɿʘʚʜʷʢʠ ʥʘʷʚʥʦʩʪʽ ʤʽʞʰʘʨʦʚʠʭ ʩʪʘʥʽʚ ʟʚôʷʟʢʫ ʬʦʪʦʽʥʜʫʢʦʚʘʥʽ ʝʣʝʢʪʨʦʥʠ ʟ 

ʙʦʢʫ InSe ʣʝʛʢʦ ʨʝʢʦʤʙʽʥʫʶʪʴ ʟ ʜʽʨʢʘʤʠ ʚ ʤʦʥʦʰʘʨʽ InTe. ʅʘʚʧʘʢʠ, ʝʣʝʢʪʨʦʥʠ 

(ʜʽʨʢʠ) ʟʽ ʩʪʦʨʦʥʠ InTe (InSe) ʧʝʨʝʤʽʱʫʶʪʴʩʷ ʜʦ ʧʨʘʚʦʛʦ (ʣʽʚʦʛʦ) ʝʣʝʢʪʨʦʜʘ, 

ʢʝʨʫʶʯʠʩʴ ʚʙʫʜʦʚʘʥʠʤ ʝʣʝʢʪʨʠʯʥʠʤ ʧʦʣʝʤ, ʱʦ ʚʠʢʣʠʢʘʻ ʬʦʪʦʽʥʜʫʢʦʚʘʥʠʡ ʩʪʨʫʤ 

ʚʽʜ InTe ʜʦ ʩʪʦʨʦʥʠ InSe. 

 ʆʪʞʝ, ʟʦʚʥʽʰʥʽ ʬʘʢʪʦʨʠ, ʪʘʢʽ ʷʢ ʜʝʬʦʨʤʘʮʽʾ ʪʘ ʢʦʥʬʽʛʫʨʘʮʽʾ ʫʢʣʘʜʘʥʥʷ, 

ʤʦʞʫʪʴ ʝʬʝʢʪʠʚʥʦ ʥʘʣʘʰʪʦʚʫʚʘʪʠ ʚʥʫʪʨʽʰʥʽ ʝʣʝʢʪʨʦʥʥʽ ʩʪʨʫʢʪʫʨʠ ʙʽʰʘʨʽʚ ʽ ʪʘʢʠʤ 

ʯʠʥʦʤ ʧʨʠʟʚʦʜʠʪʠ ʜʦ ʨʽʟʥʠʭ ʰʣʷʭʽʚ ʧʝʨʝʥʝʩʝʥʥʷ ʟʘʨʷʜʫ ʯʝʨʝʟ ʛʝʪʝʨʦʩʪʨʫʢʪʫʨʫ. 

ɼʠʥʘʤʽʢʘ ʧʝʨʝʥʝʩʝʥʥʷ ʟʘʨʷʜʫ ʨʝʛʫʣʶʻʪʴʩʷ ʟʚôʷʟʢʦʤ ʤʽʞ ʤʽʞʰʘʨʦʚʠʤʠ ʩʪʘʥʘʤʠ ʚ 
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ʧʦʣʦʞʝʥʥʷʭ ʢʨʘʶ ʟʦʥʠ. ʂʦʣʠ ʤʘʢʩʠʤʫʤ ʚʘʣʝʥʪʥʦʾ ʟʦʥʠ (ɺɿ) ̔  ʤʽʥʽʤʫʤ ʟʦʥʠ 

ʧʨʦʚʽʜʥʦʩʪʽ (ɿʇ) ʩʪʨʦʛʦ ʣʦʢʘʣʽʟʦʚʘʥʽ ʚ ʤʝʞʘʭ ʦʜʥʦʛʦ ʤʦʥʦʰʘʨʫ, ʧʨʦʩʪʦʨʦʚʦ 

ʨʦʟʜʽʣʝʥʽ ʥʦʩʽʾ ʜʦʪʨʠʤʫʶʪʴʩʷ R-ʩʭʝʤʠ, ʚ ʷʢʽʡ ʯʘʩ ʞʠʪʪʷ ʬʦʪʦʽʥʜʫʢʦʚʘʥʦʾ 

ʝʣʝʢʪʨʦʥʥʦ-ʜʽʨʢʦʚʦʾ ʨʝʢʦʤʙʽʥʘʮʽʾ ʩʪʘʥʦʚʠʪʴ ʜʦ 1,4 ʥʩ. ʆʜʥʘʢ ʥʘ ʰʣʷʭʫ ʧʝʨʝʥʝʩʝʥʥʷ 

ʟʘ ʩʭʝʤʦʶ Z ʧʨʠʩʫʪʥʷ ʚʝʣʠʢʘ ʢʽʣʴʢʽʩʪʴ ʩʪʘʥʽʚ, ʱʦ ʧʝʨʝʢʨʠʚʘʶʪʴʩʷ, ʱʦ ʧʨʠʟʚʦʜʠʪʴ 

ʜʦ ʚʠʩʦʢʦʾ ʡʤʦʚʽʨʥʦʩʪʽ ʝʣʝʢʪʨʦʥʥʦ-ʜʽʨʢʦʚʦʾ ʨʝʢʦʤʙʽʥʘʮʽʾ. ʈʦʟʨʘʭʦʚʘʥʠʡ ʯʘʩ ʞʠʪʪʷ 

ʨʝʢʦʤʙʽʥʘʮʽʾ ʩʢʦʨʦʯʫʻʪʴʩʷ ʜʦ 1,2 ʧʩ. 

 ɽʣʝʢʪʨʦʥʥʽ ʪʘ ʦʧʪʠʯʥʽ ʚʣʘʩʪʠʚʦʩʪʽ ʛʝʪʝʨʦʩʪʨʫʢʪʫʨʠ InSe/InTe ʪʘʢʦʞ 

ʜʦʩʣʽʜʞʫʚʘʣʠʩʴ ʚ [20]. ɸʚʪʦʨʠ ʦʪʨʠʤʘʣʠ ʩʭʦʞʽ ʨʝʟʫʣʴʪʘʪʠ ʨʦʟʨʘʭʫʥʢʽʚ ʟʦʥʥʦ-

ʝʥʝʨʛʝʪʠʯʥʦʾ ʩʪʨʫʢʪʫʨʠ ʜʣʷ InSe/InTe, ʘ ʪʘʢʦʞ ʤʦʥʦʰʘʨʽʚ InSe ʪʘ InTe ʚʽʜʧʦʚʽʜʥʦ. 

ʗʢ ʧʦʢʘʟʘʥʦ ʥʘ ʨʠʩ. 1.15 ʰʠʨʠʥʫ ʟʘʙʦʨʦʥʝʥʦʾ ʟʦʥʠ ʛʝʪʝʨʦʩʪʨʫʢʪʫʨʠ ʤʦʞʥʘ 

ʤʦʜʫʣʶʚʘʪʠ ʨʽʟʥʠʤ ʤʽʞʰʘʨʦʚʠʤ ʟʚôʷʟʢʦʤ. 

 

ʈʠʩ. 1.15. ɿʘʣʝʞʥʽʩʪʴ ʝʥʝʨʛʽʾ ʟʚôʷʟʢʫ ʪʘ ʰʠʨʠʥʠ ʟʘʙʦʨʦʥʝʥʦʾ ʟʦʥʠ ʛʝʪʝʨʦʩʪʨʫʢʪʫʨʠ 

ʚʽʜ ʤʽʞʰʘʨʦʚʦʾ ʚʽʜʩʪʘʥʽ [20]. 

 ʂʦʣʠ ʚʽʜʩʪʘʥʽ ʟʤʽʥʶʶʪʴʩʷ ʚʽʜ 2,543 ¡ ʜʦ 4,043 ¡, ʟʘʙʦʨʦʥʝʥʽ ʟʦʥʠ ʤʦʥʦʪʦʥʥʦ 

ʪʘ ʣʽʥʽʡʥʦ ʟʤʝʥʰʫʶʪʴʩʷ, ʽ ʻ ʧʨʷʤʦʟʦʥʥʠʤʠ. ɿʘʟʥʘʯʘʻʪʴʩʷ ʱʦ ʜʝʬʦʨʤʘʮʽʷ ʩʪʠʩʢʫ 

ʤʦʞʝ ʧʦʣʝʛʰʠʪʠ ʧʝʨʝʭʽʜ ʝʣʝʢʪʨʦʥʽʚ ʚʽʜ ʰʘʨʫ InTe ʜʦ ʰʘʨʫ InSe ʽ ʜʽʨʦʢ ʚʽʜ ʰʘʨʫ 

InSe ʜʦ ʰʘʨʫ InTe. ʋ ʨʝʟʫʣʴʪʘʪʽ ʨʽʚʝʥʴ ʌʝʨʤʽ ʟʤʽʱʫʻʪʴʩʷ ʜʦ ʤʽʥʽʤʫʤʫ ɿʇ InSe ʪʘ 

ʤʘʢʠʤʫʤʫ ɺɿ InTe, ʘ ʰʠʨʠʥʘ ʟʘʙʦʨʦʥʝʥʦʾ ʟʦʥʠ ʛʝʪʝʨʦʩʪʨʫʢʪʫʨʠ InSe/InTe 

ʟʤʝʥʰʫʻʪʴʩʷ. 

 ɺʘʞʣʠʚʦʶ ʚʣʘʩʪʠʚʽʩʪʶ ʚ ʦʧʪʦʝʣʝʢʪʨʦʥʥʠʭ ʧʨʠʩʪʨʦʷʭ ʻ ʦʧʪʠʯʥʝ ʧʦʛʣʠʥʘʥʥʷ, 

ʜʝ ʩʧʝʢʪʨʘʣʴʥʠʡ ʜʽʘʧʘʟʦʥ ʧʦʛʣʠʥʘʥʥʷ ʚʠʟʥʘʯʘʻʪʴʩʷ ʢʦʝʬʽʮʽʻʥʪʘʤʠ ʦʧʪʠʯʥʦʛʦ 
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ʧʦʛʣʠʥʘʥʥʷ. ʆʧʪʠʯʥʠʡ ʢʦʝʬʽʮʽʻʥʪ ʧʦʛʣʠʥʘʥʥʷ Ŭ(ɤ) ʤʦʞʝ ʙʫʪʠ ʨʦʟʨʘʭʦʚʘʥʠʡ ʟʛʽʜʥʦ 

ʬʦʨʤʫʣʠ (1.1) ʜʝ  ɝ1 ʪʘ ɝ2 ï ʜʽʡʩʥʘ ʪʘ ʫʷʚʥʘ ʯʘʩʪʠʥʠ ʢʦʤʧʣʝʢʩʥʦʾ ʜʽʝʣʝʢʪʨʠʯʥʦʾ 

ʧʨʦʥʠʢʥʦʩʪʽ ʚʽʜʧʦʚʽʜʥʦ. ʊʘʢʠʤ ʯʠʥʦʤ, ʩʧʝʢʪʨ ʦʧʪʠʯʥʦʛʦ ʧʦʛʣʠʥʘʥʥʷ 

ʛʝʪʝʨʦʩʪʨʫʢʪʫʨʠ ʪʘ ʽʟʦʣʴʦʚʘʥʠʭ ʤʦʥʦʰʘʨʽʚ ʤʦʞʥʘ ʦʪʨʠʤʘʪʠ ʰʣʷʭʦʤ ʨʦʟʨʘʭʫʥʢʫ 

ʜʽʝʣʝʢʪʨʠʯʥʦʾ ʬʫʥʢʮʽʾ [20]: 

    (1.1) 

 ʈʦʟʨʘʭʫʥʢʠ ʚʢʘʟʫʶʪʴ ʱʦ Ŭ(ɤ) ʜʣʷ ʤʦʥʦʰʘʨʫ InSe ʤʘʻ ʜʚʘ ʘʙʩʦʨʙʮʽʡʥʠʭ ʧʽʢʠ 

ʱʦ ʜʦʙʨʝ ʫʟʛʦʜʞʫʻʪʴʩʷ ʟ ʡʦʛʦ ʧʝʨʝʭʦʜʘʤʠ ʤʽʞ ʚʘʣʝʥʪʥʦʶ ʟʦʥʦʶ ʽ ʟʦʥʦʶ 

ʧʨʦʚʽʜʥʦʩʪʽ (ʜʠʚ. ʨʠʩ. 1.16). ʂʦʝʬʽʮʽʻʥʪ ʦʧʪʠʯʥʦʛʦ ʧʦʛʣʠʥʘʥʥʷ ʛʝʪʝʨʦʩʪʨʫʢʪʫʨʠ 

ʜʝʤʦʥʩʪʨʫʻ ʦʯʝʚʠʜʥʝ ʟʙʽʣʴʰʝʥʥʷ ʧʦʨʽʚʥʷʥʦ ʟ ʽʟʦʣʴʦʚʘʥʠʤʠ ʰʘʨʘʤʠ, ʘ ʜʽʘʧʘʟʦʥ 

ʧʦʛʣʠʥʘʥʥʷ ʩʪʘʻ ʚʽʜ ʚʠʜʠʤʦʾ ʜʦ ʫʣʴʪʨʘʬʽʦʣʝʪʦʚʦʾ ʦʙʣʘʩʪʽ. ʆʩʦʙʣʠʚʦ ʚ ʦʙʣʘʩʪʽ 

ʫʣʴʪʨʘʬʽʦʣʝʪʦʚʦʛʦ ʩʚʽʪʣʘ ʧʽʢʠ ʦʧʪʠʯʥʦʛʦ ʧʦʛʣʠʥʘʥʥʷ ʤʦʞʫʪʴ ʤʘʪʠ ʚʝʣʠʯʠʥʫ 

ʧʦʨʷʜʢʫ 106 . ʇʦʩʠʣʝʥʝ ʦʧʪʠʯʥʝ ʧʦʛʣʠʥʘʥʥʷ ʛʝʪʝʨʦʩʪʨʫʢʪʫʨʠ ʙʽʣʴʰʝ ʧʽʜʭʦʜʠʪʴ ʜʣʷ 

ʬʦʪʦʝʣʝʢʪʨʦʥʥʠʭ ʧʨʠʩʪʨʦʾʚ. 

 

ʈʠʩ. 1.16. ʂʦʝʬʽʮʽʻʥʪʠ ʧʦʛʣʠʥʘʥʥʷ ʤʦʥʦʰʘʨʽʚ InTe, InSe ʪʘ ʛʝʪʝʨʦʩʪʨʫʢʪʫʨʠ 

InSe/InTe [20]. 

 ɸʚʪʦʨʠ ʪʘʢʦʞ ʦʩʦʙʣʠʚʦ ʚʽʜʟʥʘʯʘʶʪʴ ʪʦʡ ʬʘʢʪ ʱʦ ʽʜʝʘʣʴʥʠʡ ʨʦʟʧʦʜʽʣ ʟʘʨʷʜʫ 

ʚ ʤʽʥʽʤʫʤʽ ɿʇ ʪʘ ʤʘʢʩʠʤʫʤʽ ɺɿ ʚʢʘʟʫʻ ʥʘ ʪʝ, ʱʦ ʛʝʪʝʨʦʩʪʨʫʢʪʫʨʘ InSe/InTe ʻ 

ʭʦʨʦʰʠʤ ʢʘʥʜʠʜʘʪʦʤ ʜʣʷ ʚʠʩʦʢʦʝʬʝʢʪʠʚʥʦʾ ʩʦʥʷʯʥʦʾ ʙʘʪʘʨʝʾ. ʂʨʽʤ ʪʦʛʦ, ʧʨʷʤʘ 

ʟʘʙʦʨʦʥʝʥʘ ʟʦʥʘ ʤʦʞʝ ʙʫʪʠ ʥʘʣʘʰʪʦʚʘʥʘ ʰʣʷʭʦʤ ʟʘʩʪʦʩʫʚʘʥʥʷ ʥʦʨʤʘʣʴʥʦʾ 

ʜʝʬʦʨʤʘʮʽʾ, ʽ ʰʠʨʠʥʘ ʟʘʙʦʨʦʥʝʥʦʾ ʟʦʥʠ ʜʝʤʦʥʩʪʨʫʻ ʧʨʠʙʣʠʟʥʦ ʣʽʥʽʡʥʫ ʟʤʽʥʫ. ʉʘʤʽ 

ʞ ʨʝʟʫʣʴʪʘʪʠ [20] ʚʢʘʟʫʶʪʴ ʥʘ ʪʝ, ʱʦ ʛʥʫʯʢʘ ʛʝʪʝʨʦʩʪʨʫʢʪʫʨʘ InSe/InTe vdW ʤʦʞʝ 
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ʟʘʙʝʟʧʝʯʠʪʠ ʥʦʚʽ ʩʧʦʩʦʙʠ ʚʠʢʦʨʠʩʪʘʥʥʷ ʜʚʦʚʠʤʽʨʥʠʭ ʤʘʪʝʨʽʘʣʽʚ ʜʣʷ ʥʦʚʠʭ 

ʟʘʩʪʦʩʫʚʘʥʴ ʫ ʤʘʡʙʫʪʥʽʭ ʦʧʪʦʝʣʝʢʪʨʦʥʥʠʭ ʧʨʠʩʪʨʦʷʭ. 

 ʎʽʢʘʚʠʤ ʽ ʧʝʨʩʧʝʢʪʠʚʥʠʤ ʟ ʪʦʯʢʠ ʟʦʨʫ ʦʧʪʦʝʣʝʢʪʨʦʥʽʢʠ ʻ ʛʨʘʬʝʥʦʧʦʜʽʙʥʠʡ 

2D InTe. ɿʛʽʜʥʦ [21] InTe ʤʘʻ ʛʝʢʩʘʛʦʥʘʣʴʥʫ ʩʪʨʫʢʪʫʨʫ ʽ ʻ ʥʝʧʨʷʤʦʟʦʥʥʠʤ 

ʥʘʧʽʚʧʨʦʚʽʜʥʠʢʦʤ ʟ ʰʠʨʠʥʦʶ ʟʘʙʦʨʦʥʝʥʦʾ ʟʦʥʠ 1,286 ʝɺ (ʨʠʩ.1.17). ʄʘʢʩʠʤʫʤ ʩʪʝʣʽ 

ʚʘʣʝʥʪʥʦʾ ʟʦʥʠ ʪʘ ʜʥʘ ʟʦʥʠ ʧʨʦʚʽʜʥʦʩʪʽ ʟʥʘʭʦʜʷʪʴʩʷ ʚ ɻ ʽ ʄ ʪʦʯʢʘʭ ʚʽʜʧʦʚʽʜʥʦ 

 

ʈʠʩ. 1.17. ʉʪʨʫʢʪʫʨʘ 2D InTe: a)ʚʠʛʣʷʜ ʟʚʝʨʭ; ʙ) ʚʠʛʣʷʜ ʟʙʦʢʫ; ʜ) ʟʦʥʥʘ ʩʪʨʫʢʪʫʨʘ [21]. 

 ɺʩʪʘʥʦʚʣʝʥʦ, ʱʦ ʤʦʥʦʰʘʨ InTe ʜʝʤʦʥʩʪʨʫʻ ʩʠʣʴʥʫ ʟʜʘʪʥʽʩʪʴ ʜʦ ʧʦʛʣʠʥʘʥʥʷ 

ʋʌ-ʩʚʽʪʣʘ ʪʘ ʯʫʜʦʚʫ ʟʜʘʪʥʽʩʪʴ ʜʦ ʧʦʛʣʠʥʘʥʥʷ ʚʠʜʠʤʦʛʦ ʩʚʽʪʣʘ (ʨʠʩ. 1.18). ʊʦʤʫ ʪʘʢʘ 

ʰʠʨʦʢʘ ʩʧʝʢʪʨʘʣʴʥʘ ʟʜʘʪʥʽʩʪʴ ʧʦʛʣʠʥʘʥʥʷ ʧʽʜʪʚʝʨʜʞʫʻ, ʱʦ InTe ʻ 2D ʤʘʪʝʨʽʘʣʦʤ. ɺ 

ʫʣʴʪʨʘʬʽʦʣʝʪʦʚʽʡ ʦʙʣʘʩʪʽ ʢʦʝʬʽʮʽʻʥʪ ʧʦʛʣʠʥʘʥʥʷ ʤʦʥʦʰʘʨʫ ʜʦʩʷʛʘʻ 10-5 ʩʤ-1, ʱʦ 

ʩʚʽʜʯʠʪʴ ʧʨʦ ʪʝ, ʱʦ InTe ʤʘʻ ʧʝʚʥʽ ʧʝʨʝʚʘʛʠ ʫ ʟʘʩʪʦʩʫʚʘʥʥʽ ʚ ʋʌ-ʜʝʪʝʢʪʦʨʘʭ ʪʘ ʚ 

ʬʦʪʦʝʣʝʢʪʨʠʯʥʠʭ ʧʦʛʣʠʥʘʶʯʠʭ ʧʨʠʩʪʨʦʷʭ.  

 

ʈʠʩ .1.18 . ʉʧʝʢʪʨ ʧʦʛʣʠʥʘʥʥʷ ʛʨʘʬʝʥʦʧʦʜʽʙʥʦʛʦ 2D InTe [21]. 
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1.3. ʊʝʨʤʦʝʣʝʢʪʨʠʯʥʽ ʚʣʘʩʪʠʚʦʩʪʽ ʰʘʨʫʚʘʪʠʭ ʢʨʠʩʪʘʣʽʚ ʪʘ ʧʨʠʩʪʨʦʾ ʥʘ ʾʭ ʦʩʥʦʚʽ 

 ʍʘʨʘʢʪʝʨʠʩʪʠʢʠ ʪʝʨʤʦʝʣʝʢʪʨʠʯʥʠʭ ʤʘʪʝʨʽʘʣʽʚ ʚʠʟʥʘʯʘʶʪʴ ʙʝʟʨʦʟʤʽʨʦʥʦʶ 

ʜʦʙʨʦʪʥʽʩʪʶ ZT: 

2

el L

S T
ZT

s

k k
=

+
      (1.2) 

ʜʝ ʜʝ S ï ʢʦʝʬʽʮʽʻʥʪ ɿʝʻʙʝʢʘ, ů ï ʝʣʝʢʪʨʦʧʨʦʚʽʜʥʽʩʪʴ, elk ʪʘ Lk ï ʝʣʝʢʪʨʦʥʥʘ ʽ 

ʛʨʘʪʢʦʚʘ ʪʝʧʣʦʧʨʦʚʽʜʥʽʩʪʴ ʚʽʜʧʦʚʽʜʥʦ. 

 ɺ ʦʩʥʦʚʥʦʤʫ ʜʣʷ ʜʦʩʷʛʥʝʥʥʷ ʚʠʩʦʢʦʾ ʧʨʦʜʫʢʪʠʚʥʦʩʪʽ ʥʝʦʙʭʽʜʥʦ ʟʙʽʣʴʰʫʚʘʪʠ 

ʢʦʝʬʽʮʽʻʥʪ ʧʦʪʫʞʥʦʩʪʽ PF = S2ů, ʘ ʪʘʢʦʞ ʟʤʝʥʰʫʚʘʪʠ ʧʦʢʘʟʥʠʢ ʧʨʦʚʽʜʥʦʩʪʽ ʛʨʘʪʢʠ 

‖. ɺ ʮʴʦʤʫ ʧʣʘʥʽ InTe ʜʝʤʦʥʩʪʨʫʻ ʥʘʜʥʠʟʴʢʽ ʟʥʘʯʝʥʥʷ Lk ʯʝʨʝʟ ʨʽʟʢʽ ʢʦʣʠʚʘʥʥʷ 

ʘʪʦʤʽʚ In1+ ʟ ʥʝʧʦʜʽʣʝʥʦʶ ʧʘʨʦʶ ʝʣʝʢʪʨʦʥʽʚ 5s2[22]: 

 

ʈʠʩ. 1.19. ʊʝʤʧʝʨʘʪʫʨʥʘ ʟʘʣʝʞʥʽʩʪʴ ʧʦʢʘʟʥʠʢʘ ʪʝʧʣʦʧʨʦʚʽʜʥʦʩʪʽ ʛʨʘʪʢʠ Lk ʜʣʷ  

ʢʨʠʩʪʘʣʫ InTe [22]. 

 ʈʦʙʦʪʘ [23] ʧʨʠʩʚʷʯʝʥʘ ʜʦʩʣʽʜʞʝʥʥʶ ʪʝʨʤʦʝʣʝʢʪʨʠʯʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ ʚ 

ʨʝʟʫʣʴʪʘʪʽ ʜʝʬʽʮʠʪʫ ʪʝʣʫʨʫ ʫ  ʩʧʦʣʫʢʘʭ InTe1īŭ p-ʪʠʧʫ, ʜʝ ŭ=0,0.01, 0.1 ʪʘ 0.2. ɿ 

ʦʪʨʠʤʘʥʠʭ ʨʝʟʫʣʴʪʘʪʽʚ ʘʚʪʦʨʠ ʨʦʙʣʷʪʴ ʚʠʩʥʦʚʢʠ, ʱʦ ʜʝʬʽʮʠʪ ʪʝʣʫʨʫ ʚ ʩʧʦʣʫʮʽ 

ʩʧʨʠʯʠʥʷʻ ʟʤʝʥʰʝʥʥʷ ʪʝʧʣʦʧʨʦʚʽʜʥʦʩʪʽ ʛʨʘʪʢʠ(ʨʠʩ. 1.20) ̔ ʧʽʜʚʠʱʝʥʥʷ ʢʦʝʬʽʮʽʻʥʪʘ 

ʧʦʪʫʞʥʦʩʪʽ ʚ ʧʨʦʤʽʞʥʦʤʫ ʜʽʘʧʘʟʦʥʽ ʪʝʤʧʝʨʘʪʫʨ (T Ò 500 K). ʊʦʤʫ ʪʝʨʤʦʝʣʝʢʪʨʠʯʥʘ 

ʜʦʙʨʦʪʥʽʩʪʴ ZT  ʧʽʜʚʠʱʫʻʪʴʩʷ ʷʢ ʧʦʢʘʟʘʥʦ ʥʘ ʨʠʩ. 1.21. 
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ʈʠʩ. 1.20. ʊʝʤʧʝʨʘʪʫʨʥʘ ʟʘʣʝʞʥʽʩʪʴ ʧʦʢʘʟʥʠʢʘ ʪʝʧʣʦʧʨʦʚʽʜʥʦʩʪʽ ʪʘ ʧʦʢʘʟʥʠʢʘ 

ʪʝʧʣʦʧʨʦʚʽʜʥʦʩʪʽ ʛʨʘʪʢʠ ‖ ʜʣʷ ʩʧʦʣʫʢ InTe1īŭ (ŭ=0,0.01, 0.1 ʪʘ 0.2) [23]. 

 
ʈʠʩ. 1.21. ʊʝʤʧʝʨʘʪʫʨʥʘ ʟʘʣʝʞʥʽʩʪʴ ʜʦʙʨʦʪʥʦʩʪʽ ʜʣʷ ʩʧʦʣʫʢ InTe1īŭ (ŭ = 0,0, 0,01, 0,1, 0,2) [23]. 

 ʅʠʞʯʽ ʚʠʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʽ ʟʥʘʯʝʥʥʷ ZT Te-ʜʝʬʽʮʠʪʥʠʭ ʩʧʦʣʫʢ, ʥʽʞ ʫ 

ʧʝʨʚʠʥʥʦʤʫ InTe, ʧʦʷʩʥʶʻʪʴʩʷ ʥʝʯʫʪʣʠʚʠʤ ʜʦ ʪʝʤʧʝʨʘʪʫʨʠ ʢʦʝʬʽʮʽʻʥʪʦʤ 

ʧʦʪʫʞʥʦʩʪʽ ʪʘ ʥʠʟʴʢʦʶ ʪʝʧʣʦʧʨʦʚʽʜʥʽʩʪʶ ʫ ʰʠʨʦʢʦʤʫ ʪʝʤʧʝʨʘʪʫʨʥʦʤʫ ʜʽʘʧʘʟʦʥʽ. 

ʆʜʥʘ ʟʥʘʯʝʥʥʷ ZT Te-ʜʝʬʽʮʠʪʥʠʭ ʩʧʦʣʫʢ ʧʦʢʨʘʱʫʶʪʴʩʷ ʚ ʧʨʦʤʽʞʥʦʤʫ ʜʽʘʧʘʟʦʥʽ 

ʪʝʤʧʝʨʘʪʫʨ (T Ò 500 K). 

 ʆʪʞʝ, ʟʘʚʜʷʢʠ ʧʽʜʚʠʱʝʥʥʶ ʢʦʝʬʽʮʽʻʥʪʘ ʧʦʪʫʞʥʦʩʪʽ ʚ ʧʨʦʤʽʞʥʦʤʫ ʜʽʘʧʘʟʦʥʽ 

ʪʝʤʧʝʨʘʪʫʨ ʽ ʟʥʠʞʝʥʥʶ ʪʝʧʣʦʧʨʦʚʽʜʥʦʩʪʽ ʛʨʘʪʢʠ ʚ ʰʠʨʦʢʦʤʫ ʜʽʘʧʘʟʦʥʽ ʪʝʤʧʝʨʘʪʫʨ, 

ZT ʟʙʽʣʴʰʝʥʦ ʜʣʷ Te-ʜʝʬʽʮʠʪʥʠʭ ʩʧʦʣʫʢ. ʎʝʡ ʨʝʟʫʣʴʪʘʪ ʩʚʽʜʯʠʪʴ ʧʨʦ ʪʝ, ʱʦ 

ʢʦʥʪʨʦʣʴ ʚʘʢʘʥʩʽʡ ʽ ʧʦʤôʷʢʰʝʥʥʷ ʛʨʘʪʢʠ ʻ ʚʘʞʣʠʚʠʤʠ ʢʨʠʪʝʨʽʷʤʠ ʜʣʷ ʧʽʜʚʠʱʝʥʥʷ 

ʪʝʨʤʦʝʣʝʢʪʨʠʯʥʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ. 
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 ɺ ʨʦʙʦʪʽ [23] ʨʦʟʛʣʷʥʫʪʦ ʦʩʥʦʚʥʽ ʪʝʨʤʦʝʣʝʢʪʨʠʯʥʽ ʚʣʘʩʪʠʚʦʩʪʽ ʜʣʷ ʐʂ 

In4Se3īŭ . ɿʛʽʜʥʦ ʨʝʟʫʣʴʪʘʪʽʚ ʮʽ ʚʣʘʩʪʠʚʦʩʪʽ ʜʣʷ In4Se3īŭ (ŭ = 0.65) ʪʝʧʣʦʧʨʦʚʽʜʥʽʩʪʴ 

‖Ὕ In4Se3īŭ ̒ ʜʫʞʝ ʥʠʟʴʢʦʶ (Ò1.2 ɺʪĿʤī1ĿKī1 ʧʨʠ 300 K) ʚʟʜʦʚʞ ʧʣʦʱʠʥʠ bc (ʜʠʚ. 

ʨʠʩ. 1.22) (ʰʘʨ ʟ ʢʦʚʘʣʝʥʪʥʠʤ ʟʚôʷʟʢʦʤ) ʽ ʟʤʝʥʰʫʻʪʴʩʷ ʟ ʧʽʜʚʠʱʝʥʥʷʤ ʪʝʤʧʝʨʘʪʫʨʠ 

(0,74 ɺʪĿʤī1 ʂī1 ʧʨʠ 705 ʂ). 

 

ʈʠʩ. 1.22. ʂʨʠʩʪʘʣʽʯʥʘ ʩʪʨʫʢʪʫʨʘ In4Se3 [23]. 

 ʂʦʝʬʽʮʽʻʥʪʠ ʪʝʧʣʦʧʨʦʚʽʜʥʦʩʪʽ ʜʦ ʽ ʧʽʩʣʷ ʪʝʨʤʽʯʥʦʾ ʦʙʨʦʙʢʠ (450 ÁC ʧʨʦʪʷʛʦʤ 

24 ʛʦʜʠʥ) ʤʘʡʞʝ ʦʜʥʘʢʦʚʽ ʚʟʜʦʚʞ ʧʣʦʱʠʥʠ bc ( ʨʠʩ. 1.23a (ʯʝʨʚʦʥʽ ʢʨʫʛʠ)). 

ɺʘʞʣʠʚʦ, ʱʦ ʪʝʧʣʦʧʨʦʚʽʜʥʽʩʪʴ ʰʘʨʫ ʟ ʢʦʚʘʣʝʥʪʥʠʤ ʟʚôʷʟʢʦʤ (ʧʣʦʱʠʥʘ bc) ʥʠʞʯʘ, 

ʥʽʞ ʫ ʰʘʨʫ ʽʟ ʟʚôʷʟʢʦʤ ɺʘʥ ʜʝʨ ɺʘʘʣʴʩʘ (ʧʣʦʱʠʥʘ ab), ʱʦ ʩʫʧʝʨʝʯʠʪʴ 

ʟʘʛʘʣʴʥʦʧʨʠʡʥʷʪʽʡ ʜʫʤʮʽ, ʪʦʤʫ ʮʝ ʤʦʞʝ ʚʢʘʟʫʚʘʪʠ ʥʘ ʥʘʷʚʥʽʩʪʴ ʤʝʭʘʥʽʟʤʫ ʟʥʠʞʝʥʥʷ 

ʪʝʧʣʦʧʨʦʚʽʜʥʦʩʪʽ ʚʟʜʦʚʞ ʰʘʨʫ ʽʟ ʢʦʚʘʣʝʥʪʥʠʤ ʟʚôʷʟʢʦʤ. 

 ʂʦʝʬʽʮʽʻʥʪ ɿʘʻʙʝʢʘ S(T) ʽ ʧʠʪʦʤʠʡ ʝʣʝʢʪʨʠʯʥʠʡ ʦʧʽʨ ɟ(T) (ʜʠʚ. ʨʠʩ. 1.23) 

ʚʢʘʟʫʻ ʥʘ ʪʝ ʱʦ In4Se3īŭ (ŭ < 0.65) ʻ ʥʘʧʽʚʧʨʦʚʽʜʥʠʢʦʤ n-ʪʠʧʫ ʽʟ ʥʝʛʘʪʠʚʥʠʤ 

ʢʦʝʬʽʮʽʻʥʪʦʤ ɿʘʻʙʝʢʘ. ʗʢʱʦ ʛʦʚʦʨʠʪʠ ʧʨʦ ʙʝʟʨʦʟʤʽʨʥʫ ʜʦʙʨʦʪʥʽʩʪʴ ZT, ʪʦ ʚʦʥʘ 

ʜʦʩʷʛʘʻ ʥʘʜʟʚʠʯʘʡʥʦ ʚʠʩʦʢʦʛʦ ʟʥʘʯʝʥʥʷ 1.48 ʜʣʷ In4Se3īŭ (ŭ < 0.65) ʧʨʠ 705 ʂ ʚʟʜʦʚʞ 

ʧʣʦʱʠʥʠ bc. ʋ ʚʠʧʘʜʢʫ In4Se2,78 (ŭ = 0,22) ZT ʜʦʩʷʛʘʻ 1,1 ʟʘ ʪʽʻʾ ʞ ʪʝʤʧʝʨʘʪʫʨʠ.  
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ʈʠʩ. 1.23. ʊʝʨʤʦʝʣʝʢʪʨʠʯʥʽ ʚʣʘʩʪʠʚʦʩʪʽ In4Se2.35 (ŭ = 0,65): a ï ʪʝʧʣʦʧʨʦʚʽʜʥʽʩʪʴ; b ï 

ʢʦʝʬʽʮʽʻʥʪ ɿʘʻʙʝʢʘ; c ï  ʧʠʪʦʤʠʡ ʝʣʝʢʪʨʠʯʥʠʡ ʦʧʽʨ (ʥʘ ʚʩʪʘʚʮʽ ʧʦʢʘʟʘʥʦ ʢʦʝʬʽʮʽʻʥʪ 

ʧʦʪʫʞʥʦʩʪʽ); d ï  ʙʝʟʨʦʟʤʽʨʥʘ ʜʦʙʨʦʪʥʽʩʪʴ (ʥʘ ʚʩʪʘʚʮʽ ʧʦʢʘʟʘʥʦ ʍʦʣʣʽʚʩʴʢʫ 

ʢʦʥʮʝʥʪʨʘʮʽʶ ʥʦʩʽʾʚ) [24]. 

 ʍʦʣʣʽʚʩʴʢʘ ʢʦʥʮʝʥʪʨʘʮʽʷ ʥʦʩʽʾʚ nHALL In4Se2.35 (ŭ = 0,65) ʜʣʷ ʦʙʦʭ ʦʨʽʻʥʪʘʮʽʡ 

ʢʨʠʩʪʘʣʘ ʚʟʜʦʚʞ ʧʣʦʱʠʥʠ ab- ̔ bc, ʷʢʘ ʚʠʟʥʘʯʘʻʪʴʩʷ ʚʠʤʽʨʶʚʘʥʥʷʤ ʧʠʪʦʤʦʛʦ ʦʧʦʨʫ 

ʍʦʣʣʘ, ʦʮʽʥʶʻʪʴʩʷ ʷʢ 4 Ĭ 1018 ʩʤī3 ʪʘ 4 Ĭ 1017 ʩʤī3 ʧʨʠ 300 ʂ ʚʽʜʧʦʚʽʜʥʦ, ʷʢ ʧʦʢʘʟʘʥʦ 

ʥʘ ʨʠʩ. 1.23. ʂʦʥʮʝʥʪʨʘʮʽʾ ʥʦʩʽʾʚ ʜʣʷ ʮʠʭ ʩʧʦʣʫʢ In4Se3īŭ (7 Ĭ 10
18 ʩʤī3 ʚʟʜʦʚʞ 

ʧʣʦʱʠʥʠ ab ʜʣʷ ŭ = 0,22) ʪʨʦʭʠ ʥʠʞʯʽ ʟʘ ʦʧʪʠʤʘʣʴʥʫ ʢʦʥʮʝʥʪʨʘʮʽʶ ʥʦʩʽʾʚ 

(1019~1020 ʩʤī3) ʜʣʷ ʚʫʟʴʢʦʟʦʥʥʠʭ ʥʘʧʽʚʧʨʦʚʽʜʥʠʢʽʚ[24]. 

 ɺ ʨʦʙʦʪʽ [25] ʧʦʚʽʜʦʤʣʷʻʪʴʩʷ ʧʨʦ ʥʝʟʚʠʯʥʽ ʪʝʨʤʦʝʣʝʢʪʨʠʯʥʽ ʚʣʘʩʪʠʚʦʩʪʽ ʚ 

In4Se3 n-ʪʠʧʫ, ʜʦʩʣʽʜʞʝʥʽ ʟ ʧʝʨʰʦʧʨʠʥʮʠʧʥʠʭ ʨʦʟʨʘʭʫʥʢʽʚ, ʷʢʽ ʙʫʣʠ ʚʠʢʦʥʘʥʽ 

ʤʝʪʦʜʦʤ ʪʝʦʨʽʾ ʬʫʥʢʮʽʦʥʘʣʘ ʛʫʩʪʠʥʠ, ʪʘ ʥʘ ʦʩʥʦʚʽ ʢʽʥʝʪʠʯʥʦʛʦ ʨʽʚʥʷʥʥʷ ɹʦʣʴʮʤʘʥʘ. 

ɻʫʩʪʠʥʘ ʩʪʘʥʽʚ (DOS) ʜʝʤʦʥʩʪʨʫʻ ʭʘʨʘʢʪʝʨʥʽ ʧʽʢʠ, ʟʫʤʦʚʣʝʥʽ ʥʝʪʦʧʦʣʦʛʽʯʥʦʶ 

ʜʠʩʧʝʨʩʽʻʶ ʪʠʧʫ çʤʝʢʩʠʢʘʥʩʴʢʠʡ ʢʘʧʝʣʶʭè ʪʘ ʧʘʨʘʙʦʣʽʯʥʠʤ ʦʙʤʝʞʝʥʥʷʤ ʥʘ ʢʨʘʷʭ 

ʟʦʥ ʂʝʡʥʘ. ʊʘʢʽ ʨʽʟʢʽ ʟʤʽʱʝʥʥʷ ʟʦʥ ʧʨʠʟʚʦʜʷʪʴ ʜʦ ʘʥʦʤʘʣʴʥʦ ʚʠʩʦʢʦʛʦ ʢʦʝʬʽʮʽʻʥʪʘ 

ɿʝʻʙʝʢʘ (S = 550 ɛVĿK ĭ ʧʨʠ ʢʦʥʮʝʥʪʨʘʮʽʾ å 1017 ʩʤ-3) ʟʘ ʢʽʤʥʘʪʥʦʾ ʪʝʤʧʝʨʘʪʫʨʠ, ʱʦ 
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ʧʦʷʩʥʶʻʪʴʩʷ ʜʫʞʝ ʧʦʚʽʣʴʥʠʤ ʩʧʘʜʘʥʥʷʤ S (
1/7,84

DFTS n-´ ) ʪʘ ʩʪʨʽʤʢʠʤ ʟʨʦʩʪʘʥʥʷʤ 

ʝʬʝʢʪʠʚʥʦʾ ʤʘʩʠ (* 1/1,9m n-´ ) ʟʽ ʟʙʽʣʴʰʝʥʥʷʤ ʢʦʥʮʝʥʪʨʘʮʽʾ ʥʦʩʽʾʚ ʧʦʨʽʚʥʷʥʦ ʟ 

ʨʝʟʫʣʴʪʘʪʘʤʠ ʤʦʜʝʣʝʡ ʂʝʡʥʘ ʪʘ ʧʘʨʘʙʦʣʽʯʥʠʭ ʟʦʥ. ʅʘʡʢʨʘʱʽ ʪʝʨʤʦʝʣʝʢʪʨʠʯʥʽ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʧʝʨʝʜʙʘʯʝʥʦ ʫ ʪʨʘʥʩʧʦʨʪʥʽʡ ʦʙʣʘʩʪʽ ʂʝʡʥʘ (å1018 ʩʤ-3) ʫ ʰʠʨʦʢʦʤʫ 

ʪʝʤʧʝʨʘʪʫʨʥʦʤʫ ʜʽʘʧʘʟʦʥʽ 300ï700 ʂ. ʈʦʟʨʘʭʦʚʘʥʽ ʟʥʘʯʝʥʥʷ ʯʘʩʫ ʨʝʣʘʢʩʘʮʽʾ (å10-14 ʩ 

ʧʨʠ 660 ʂ), ʝʣʝʢʪʨʦʧʨʦʚʽʜʥʦʩʪʽ, ʢʦʝʬʽʮʽʻʥʪʘ ʧʦʪʫʞʥʦʩʪʽ ʪʘ ʪʝʨʤʦʝʣʝʢʪʨʠʯʥʦʾ 

ʜʦʙʨʦʪʥʦʩʪʽ ʜʣʷ ʟʨʘʟʢʽʚ, ʣʝʛʦʚʘʥʠʭ ʡʦʜʦʤ, ʘ ʪʘʢʦʞ ʦʪʨʠʤʘʥʽ ʚ ʤʝʞʘʭ ʤʦʜʝʣʽ 

ʞʦʨʩʪʢʠʭ ʟʦʥ ʜʣʷ ʯʠʩʪʦʛʦ ʟʨʘʟʢʘ, ʯʫʜʦʚʦ ʫʟʛʦʜʞʫʶʪʴʩʷ ʟ ʦʧʫʙʣʽʢʦʚʘʥʠʤʠ 

ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʠʤʠ ʨʝʟʫʣʴʪʘʪʘʤʠ. 

1.4. ɺʠʩʥʦʚʢʠ ʪʘ ʥʝʨʦʟʚôʷʟʘʥʽ ʧʠʪʘʥʥʷ 

 ʋ ʨʝʟʫʣʴʪʘʪʽ ʧʨʦʚʝʜʝʥʦʛʦ ʦʛʣʷʜʫ ʣʽʪʝʨʘʪʫʨʠ ʚʩʪʘʥʦʚʣʝʥʦ, ʱʦ ʰʘʨʫʚʘʪʽ 

ʢʨʠʩʪʘʣʠ InTe ʪʘ In4Se3 ʜʝʤʦʥʩʪʨʫʶʪʴ ʟʥʘʯʥʠʡ ʧʦʪʝʥʮʽʘʣ ʜʣʷ ʚʠʢʦʨʠʩʪʘʥʥʷ ʚ ʨʽʟʥʠʭ 

ʛʘʣʫʟʷʭ ʬʫʥʢʮʽʦʥʘʣʴʥʦʾ ʝʣʝʢʪʨʦʥʽʢʠ. ɿʘʚʜʷʢʠ ʩʚʦʾʤ ʫʥʽʢʘʣʴʥʠʤ ʝʣʝʢʪʨʦʥʥʠʤ ʪʘ 

ʩʪʨʫʢʪʫʨʥʠʤ ʚʣʘʩʪʠʚʦʩʪʷʤ, ʮʽ ʤʘʪʝʨʽʘʣʠ ʚʠʷʚʣʷʶʪʴʩʷ ʧʝʨʩʧʝʢʪʠʚʥʠʤʠ ʚ ʷʢʦʩʪʽ  

ʝʣʝʤʝʥʪʽʚ ʬʦʪʦ- ʯʠ ʦʧʪʦʝʣʝʢʪʨʦʥʽʢʠ, ʪʘʢ ʽ ʪʝʨʤʦʝʣʝʢʪʨʠʢʠ. ɿʦʢʨʝʤʘ, ʜʣʷ In4Se3 

ʭʘʨʘʢʪʝʨʥʘ ʚʠʩʦʢʘ ʪʝʨʤʦʝʣʝʢʪʨʠʯʥʘ ʝʬʝʢʪʠʚʥʽʩʪʴ, ʦʙʫʤʦʚʣʝʥʘ ʥʠʟʴʢʦʶ 

ʪʝʧʣʦʧʨʦʚʽʜʥʽʩʪʶ ʪʘ ʭʦʨʦʰʦʶ ʝʣʝʢʪʨʦʧʨʦʚʽʜʥʽʩʪʶ. InTe, ʫ ʩʚʦʶ ʯʝʨʛʫ, ʧʨʦʷʚʣʷʻ 

ʭʦʨʦʰʽ ʬʦʪʦʝʣʝʢʪʨʠʯʥʽ ʚʣʘʩʪʠʚʦʩʪʽ, ʱʦ ʨʦʙʠʪʴ ʡʦʛʦ ʧʨʠʜʘʪʥʠʤ ʜʣʷ ʟʘʩʪʦʩʫʚʘʥʥʷ ʫ 

ʬʦʪʦʜʝʪʝʢʪʦʨʘʭ ʯʠ ʩʦʥʷʯʥʠʭ ʝʣʝʤʝʥʪʘʭ. 

 ʆʢʨʽʤ ʪʦʛʦ, ʪʘʢʽ ʤʘʪʝʨʽʘʣʠ ʚʠʷʚʣʷʶʪʴ ʟʜʘʪʥʽʩʪʴ ʜʦ ʦʙʦʨʦʪʥʦʛʦ ʧʦʛʣʠʥʘʥʥʷ 

ʚʦʜʥʶ, ʱʦ ʚʽʜʢʨʠʚʘʻ ʤʦʞʣʠʚʦʩʪʽ ʜʣʷ ʾʭ ʚʠʢʦʨʠʩʪʘʥʥʷ ʷʢ ʪʚʝʨʜʦʪʽʣʴʥʠʭ 

ʥʘʢʦʧʠʯʫʚʘʯʽʚ ʚʦʜʥʶ ð ʚʘʞʣʠʚʦʛʦ ʝʣʝʤʝʥʪʫ ʚ ʢʦʥʪʝʢʩʪʽ ʨʦʟʚʠʪʢʫ ʚʦʜʥʝʚʦʾ 

ʝʥʝʨʛʝʪʠʢʠ. ʊʘʢʠʤ ʯʠʥʦʤ, ʢʦʤʧʣʝʢʩʥʠʡ ʘʥʘʣʽʟ ʬʽʟʠʢʦ-ʭʽʤʽʯʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ InTe 

ʪʘ In4Se3 ʩʚʽʜʯʠʪʴ ʧʨʦ ʾʭʥʶ ʙʘʛʘʪʦʬʫʥʢʮʽʦʥʘʣʴʥʽʩʪʴ ʪʘ ʘʢʪʫʘʣʴʥʽʩʪʴ ʜʣʷ ʧʦʜʘʣʴʰʠʭ 

ʬʫʥʜʘʤʝʥʪʘʣʴʥʠʭ ʽ ʧʨʠʢʣʘʜʥʠʭ ʜʦʩʣʽʜʞʝʥʴ . 

 ʇʦʧʨʠ ʟʨʦʩʪʘʶʯʠʡ ʽʥʪʝʨʝʩ ʜʦ InTe ʪʘ In4Se3 ̫ ʢ ʬʫʥʢʮʽʦʥʘʣʴʥʠʭ ʤʘʪʝʨʽʘʣʽʚ, ʚ 

ʣʽʪʝʨʘʪʫʨʽ ʙʨʘʢʫʻ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʠʭ ʜʘʥʠʭ ʱʦʜʦ ʤʦʞʣʠʚʦʩʪʽ ʚʠʢʦʨʠʩʪʘʥʥʷ 

ʧʦʚʝʨʭʦʥʴ ʩʢʦʣʫ ʥʘʧʽʚʧʨʦʚʽʜʥʠʢʽʚ (100) In4Se3 ʪʘ (001) InTe ʚ ʷʢʦʩʪʽ ʧʨʠʨʦʜʥʽʭ 

ʰʘʙʣʦʥʽʚ ʜʣʷ ʩʪʚʦʨʝʥʥʷ ʥʠʟʴʢʦʨʦʟʤʽʨʥʠʭ ʥʘʥʦʛʝʪʝʨʦʩʠʩʪʝʤ, ʟʦʢʨʝʤʘ ʦʪʨʠʤʘʥʠʭ ʫ 



48 

 

ʥʘʜʚʠʩʦʢʦʤʫ ʚʘʢʫʫʤʽ ʤʝʪʦʜʘʤʠ ʚʪʦʨʠʥʥʦʛʦ ʪʚʝʨʜʦʪʽʣʴʥʦʛʦ ʟʤʦʯʫʚʘʥʥʷ ʘʙʦ ʟʤʽʥʦʶ 

ʩʪʝʭʽʦʤʝʪʨʽʾ ʧʦʚʝʨʭʥʽ ʩʢʦʣʶʚʘʥʥʷ ʪʘ ʜʦʩʣʽʜʞʝʥʠʭ ʤʝʪʦʜʘʤʠ ʟʦʥʜʦʚʦʾ ʤʽʢʨʦʩʢʦʧʽʾ 

in situ. ɺʩʝ ʱʝ ʥʝʜʦʩʪʘʪʥʴʦ ʚʠʚʯʝʥʦ ʢʽʥʝʪʠʢʫ ʬʦʨʤʫʚʘʥʥʷ ʘʨʭʽʪʝʢʪʫʨʠ ʧʦʚʝʨʭʥʽ ʧʽʜ 

ʯʘʩ ʥʘʥʝʩʝʥʥʷ ʽʥʜʽʶ ʥʘ ʰʘʙʣʦʥʠ ʟ ʰʘʨʫʚʘʪʠʭ ʭʘʣʴʢʦʛʝʥʽʜʥʠʭ ʢʨʠʩʪʘʣʽʚ A3B6, ʪʘʢʠʭ 

ʷʢ InTe ʪʘ In4Se3, ̔ʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʘʥʘʣʽʟʫ ʧʘʨʘʤʝʪʨʽʚ ʰʦʨʩʪʢʦʩʪʽ ʧʦʚʝʨʭʥʽ 

ʦʪʨʠʤʘʥʠʭ ʤʝʪʦʜʦʤ ʩʢʘʥʫʶʯʦʾ ʪʫʥʝʣʴʥʦʾ ʤʽʢʨʦʩʢʦʧʽʾ.  

 ʆʪʨʠʤʘʥʽ ʨʝʟʫʣʴʪʘʪʠ ʟʤʦʞʫʪʴ ʙʫʪʠ ʚʠʢʦʨʠʩʪʘʥʽ ʜʣʷ ʬʦʨʤʫʣʶʚʘʥʥʷ 

ʨʝʢʦʤʝʥʜʘʮʽʡ ʱʦʜʦ ʬʦʨʤʫʚʘʥʥʷ ʤʝʪʘʣ-ʥʘʧʽʚʧʨʦʚʽʜʥʠʢʦʚʠʭ ʥʘʥʦʩʠʩʪʝʤ  ʜʣʷ 

ʰʠʨʦʢʦʛʦ ʢʣʘʩʫ 2D-ʤʘʪʝʨʽʘʣʽʚ.  
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ʈʆɿɼɯʃ 2. ʆɹôɭʂʊʀ ʊɸ ʄɽʊʆɼʀʂɸ ɼʆʉʃɯɼɾɽʅʔ 

 ʐʘʨʫʚʘʪʽ ʢʨʠʩʪʘʣʠ ʻ ʢʣʘʩʦʤ ʤʘʪʝʨʽʘʣʽʚ, ʫ ʷʢʠʭ ʘʪʦʤʠ ʚ ʧʣʦʱʠʥʽ ʤʽʮʥʦ ʟʚôʷʟʘʥʽ 

ʢʦʚʘʣʝʥʪʥʠʤʠ ʘʙʦ ʽʦʥʥʠʤʠ ʟʚôʷʟʢʘʤʠ, ʪʦʜʽ ʷʢ ʚʟʘʻʤʦʜʽʷ ʤʽʞ ʰʘʨʘʤʠ ʟʜʽʡʩʥʶʻʪʴʩʷ ʟʘ 

ʨʘʭʫʥʦʢ ʩʣʘʙʢʠʭ ɺʘʥ ʜʝʨ ɺʘʘʣʴʩʦʚʠʭ ʩʠʣ [26]. ʎʝ ʥʘʜʘʻ ʾʤ ʫʥʽʢʘʣʴʥʽ ʬʽʟʠʢʦ-ʭʽʤʽʯʥʽ 

ʚʣʘʩʪʠʚʦʩʪʽ, ʩʝʨʝʜ ʷʢʠʭ ʘʥʽʟʦʪʨʦʧʽʷ ʝʣʝʢʪʨʦʥʥʦʾ ʪʘ ʪʝʧʣʦʧʨʦʚʽʜʥʦʩʪʽ, ʤʦʞʣʠʚʽʩʪʴ 

ʤʝʭʘʥʽʯʥʦʛʦ ʨʦʟʰʘʨʫʚʘʥʥʷ ʥʘ ʪʦʥʢʽ ʧʣʽʚʢʠ [27]. 

 ɿʘʚʜʷʢʠ ʮʠʤ ʚʣʘʩʪʠʚʦʩʪʷʤ ʰʘʨʫʚʘʪʽ ʢʨʠʩʪʘʣʠ ʟʥʘʡʰʣʠ ʰʠʨʦʢʝ ʟʘʩʪʦʩʫʚʘʥʥʷ ʫ 

ʦʧʪʦʝʣʝʢʪʨʦʥʽʮʽ ʪʘ ʥʘʥʦʪʝʭʥʦʣʦʛʽʷʭ. ɿʦʢʨʝʤʘ, ʚʦʥʠ ʻ ʧʝʨʩʧʝʢʪʠʚʥʠʤʠ ʤʘʪʝʨʽʘʣʘʤʠ ʜʣʷ 

ʚʠʢʦʨʠʩʪʘʥʥʷ ʚ ʷʢʦʩʪʽ ʧʽʜʢʣʘʜʦʢ ʜʣʷ ʚʠʨʦʱʫʚʘʥʥʷ ʥʠʟʴʢʦʚʠʤʽʨʥʠʭ ʩʪʨʫʢʪʫʨ, ʪʘʢʠʭ ʷʢ 

ʢʚʘʥʪʦʚʽ ʪʦʯʢʠ ʪʘ ʢʚʘʥʪʦʚʽ ʜʨʦʪʠ [28]. ʇʨʠʢʣʘʜʘʤʠ ʪʠʧʦʚʠʭ ʰʘʨʫʚʘʪʠʭ ʤʘʪʝʨʽʘʣʽʚ ʻ: 

ʜʠʭʘʣʴʢʦʛʝʥʽʜʠ ʧʝʨʝʭʽʜʥʠʭ ʤʝʪʘʣʽʚ (MoS2, WS2, WSe2, MoSe2), ʰʘʨʫʚʘʪʽ ʥʘʧʽʚʧʨʦʚʽʜʥʠʢʠ 

(In4Se3, InTe, GaSe, Bi2Se3, SnS2, SnSe2), ʛʨʘʬʽʪ, ʛʝʢʩʘʛʦʥʘʣʴʥʠʡ ʥʽʪʨʠʜ ʙʦʨʫ (h-BN). 

 ɺʠʢʦʨʠʩʪʘʥʥʷ ʰʘʨʫʚʘʪʠʭ ʧʽʜʢʣʘʜʦʢ ʜʦʟʚʦʣʷʻ ʬʦʨʤʫʚʘʪʠ ʚʠʩʦʢʦʷʢʽʩʥʽ 

ʛʝʪʝʨʦʩʪʨʫʢʪʫʨʠ, ʜʝ, ʥʘʧʨʠʢʣʘʜ, ʛʨʘʬʝʥ ʘʙʦ ʜʠʭʘʣʴʢʦʛʝʥʽʜʠ ʧʝʨʝʭʽʜʥʠʭ ʤʝʪʘʣʽʚ 

ʜʝʤʦʥʩʪʨʫʶʪʴ ʧʦʢʨʘʱʝʥʫ ʬʦʪʦʣʶʤʽʥʝʩʮʝʥʮʽʶ ʪʘ ʚʠʩʦʢʠʡ ʢʦʝʬʽʮʽʻʥʪ ʨʫʭʣʠʚʦʩʪʽ ʥʦʩʽʾʚ 

ʟʘʨʷʜʫ [28, 29]. ɼʝʷʢʽ ʰʘʨʫʚʘʪʽ ʢʨʠʩʪʘʣʠ, ʪʘʢʽ ʷʢ Bi2Te3, ʚʠʢʦʨʠʩʪʦʚʫʶʪʴʩʷ ʷʢ ʦʩʥʦʚʘ ʜʣʷ 

ʪʝʨʤʦʝʣʝʢʪʨʠʯʥʠʭ ʛʝʥʝʨʘʪʦʨʽʚ ʟʘʚʜʷʢʠ ʚʠʩʦʢʽʡ ʝʬʝʢʪʠʚʥʦʩʪʽ ʧʝʨʝʪʚʦʨʝʥʥʷ ʪʝʧʣʦʚʦʾ 

ʝʥʝʨʛʽʾ ʚ ʝʣʝʢʪʨʠʯʥʫ [30], ʘ ʟʘʚʜʷʢʠ ʩʣʘʙʢʠʤ ʚʟʘʻʤʦʜʽʷʤ ʤʽʞ ʰʘʨʘʤʠ, ʰʘʨʫʚʘʪʽ ʧʽʜʢʣʘʜʢʠ 

ʜʦʟʚʦʣʷʶʪʴ ʟʙʝʨʽʛʘʪʠ ʚʣʘʩʪʠʚʦʩʪʽ ʥʠʟʴʢʦʚʠʤʽʨʥʠʭ ʩʪʨʫʢʪʫʨ, ʱʦ ʢʨʠʪʠʯʥʦ ʚʘʞʣʠʚʦ ʜʣʷ 

ʪʝʨʤʦʝʣʝʢʪʨʦʥʥʠʭ ʧʨʠʩʪʨʦʾʚ, ʜʝ ʟʥʠʞʫʶʪʴʩʷ ʚʪʨʘʪʠ ʪʝʧʣʦʚʦʾ ʝʥʝʨʛʽʾ ʽ ʧʦʢʨʘʱʫʻʪʴʩʷ 

ʝʣʝʢʪʨʦʥʥʝ ʪʨʘʥʩʧʦʨʪʫʚʘʥʥʷ [30, 31]. 

2.1. ʆʜʝʨʞʘʥʥʷ ʰʘʨʫʚʘʪʠʭ ʢʨʠʩʪʘʣʽʚ 

 ɼʦʩʣʽʜʞʫʚʘʥʠʤʠ ʦʙôʻʢʪʘʤʠ ʙʫʣʠ ʢʨʠʩʪʘʣʽʯʥʽ ʟʨʘʟʢʠ ʰʘʨʫʚʘʪʠʭ 

ʥʘʧʽʚʧʨʦʚʽʜʥʠʢʽʚ In4Se3 ʪʘ InTe.  

 ʄʦʥʦʢʨʠʩʪʘʣʠ In4Se3 ʚʠʨʦʱʫʚʘʣʠ ʤʝʪʦʜʦʤ ʏʦʭʨʘʣʴʩʴʢʦʛʦ ʚ ʘʪʤʦʩʬʝʨʽ ʚʦʜʥʶ 

ʟ ʧʦʧʝʨʝʜʥʴʦ ʩʠʥʪʝʟʦʚʘʥʦʛʦ ʩʧʣʘʚʫ, ʱʦ ʤʽʩʪʠʚ ʜʦ 10 ʘʪ.% ʥʘʜʩʪʝʭʽʦʤʝʪʨʠʯʥʦʛʦ 

ʽʥʜʽʶ, ʷʢʠʡ ʚʠʢʦʥʫʚʘʚ ʨʦʣʴ ʨʦʟʯʠʥʥʠʢʘ ʪʘ ʟʥʠʞʫʚʘʚ ʪʝʤʧʝʨʘʪʫʨʫ ʢʨʠʩʪʘʣʽʟʘʮʽʾ ʥʘ 

80 ÁC.  ɺʘʨʪʦ ʟʘʟʥʘʯʠʪʠ, ʱʦ ʚʠʨʦʩʪʠʪʠ ʤʦʥʦʢʨʠʩʪʘʣʠ In4Se3 ʙʝʟʧʦʩʝʨʝʜʥʴʦ ʟʽ ʩʧʣʘʚʫ 

In/Se = 4/3 ʚʘʞʢʦ. ʊʦʤʫ ʤʝʪʦʜ ʦʪʨʠʤʘʥʥʷ In4Se3 ʥʘʙʣʠʞʘʻʪʴʩʷ ʜʦ ʚʠʨʦʱʫʚʘʥʥʷ 
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ʢʨʠʩʪʘʣʫ ʟ ʨʦʟʧʣʘʚ-ʨʦʟʯʠʥʫ In4Se3 + 10 ʘʪ.% In.  ʉʠʥʪʝʟ ʩʧʦʣʫʢ ʜʣʷ ʚʠʨʦʱʫʚʘʥʥʷ 

ʤʦʥʦʢʨʠʩʪʘʣʽʚ In4Se3 ʟʜʽʡʩʥʶʚʘʣʠ ʰʣʷʭʦʤ ʩʧʣʘʚʣʝʥʥʷ ʢʦʤʧʦʥʝʥʪʽʚ ʫ ʚʘʢʫʫʤʦʚʘʥʠʭ 

ʢʚʘʨʮʦʚʠʭ ʘʤʧʫʣʘʭ, ʚʽʜʢʘʯʘʥʠʭ ʜʦ ʪʠʩʢʫ 5 Ĭ 10 Į ʊʦʨʨ. 

 ʊʝʭʥʦʣʦʛʽʷ ʚʠʨʦʱʫʚʘʥʥʷ ʐʂ In4Se3 ʦʧʠʩʘʥʘ ʫ ʨʦʙʦʪʘʭ [32-34]. ʂʨʠʩʪʘʣʽʟʘʮʽʷ 

ʮʽʻʾ ʩʧʦʣʫʢʠ ʤʘʻ ʥʠʟʢʫ ʦʩʦʙʣʠʚʦʩʪʝʡ, ʷʢʽ ʨʦʙʣʷʪʴ ʾʾ ʧʨʠʜʘʪʥʦʶ ʜʣʷ ʟʘʩʪʦʩʫʚʘʥʥʷ 

ʤʝʪʦʜʫ ʏʦʭʨʘʣʴʩʴʢʦʛʦ. ʉʝʨʝʜ ʥʠʭ: ʥʠʟʴʢʠʡ ʪʠʩʢ ʧʘʨʠ, ʯʽʪʢʦ ʚʠʨʘʞʝʥʠʡ ʥʘʧʨʷʤʦʢ 

ʧʝʨʝʚʘʞʥʦʛʦ ʨʦʩʪʫ à001ð, ɦʦ ʩʧʨʠʷʻ ʫʪʚʦʨʝʥʥʶ ʤʦʥʦʢʨʠʩʪʘʣʽʯʥʦʾ ʩʪʨʫʢʪʫʨʠ, ʘ 

ʪʘʢʦʞ ʥʝʚʝʣʠʢʘ ʨʽʟʥʠʮʷ ʤʽʞ ʪʝʤʧʝʨʘʪʫʨʘʤʠ ʧʣʘʚʣʝʥʥʷ ʽ ʧʝʨʠʪʝʢʪʠʯʥʦʾ ʨʝʘʢʮʽʾ, ʱʦ 

ʧʦʣʝʛʰʫʻ ʢʦʥʪʨʦʣʴ ʟʘ ʢʨʠʩʪʘʣʽʟʘʮʽʡʥʠʤ ʧʨʦʮʝʩʦʤ. ʗʢ ʧʦʢʘʟʘʥʦ ʫ [35], ʜʦʜʘʚʘʥʥʷ 

ʥʘʜʣʠʰʢʦʚʦʛʦ ʽʥʜʽʶ ʜʦ ʩʧʣʘʚʫ ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʟʥʠʞʝʥʥʷ ʪʝʤʧʝʨʘʪʫʨʠ ʣʽʢʚʽʜʫʩʫ ʜʦ 

520ÁC, ʪʦʜʽ ʷʢ ʪʝʤʧʝʨʘʪʫʨʘ ʧʝʨʠʪʝʢʪʠʯʥʦʾ ʨʝʘʢʮʽʾ ʩʪʘʥʦʚʠʪʴ 542ÁC. ʎʝ ʩʚʽʜʯʠʪʴ ʧʨʦ 

ʪʝ, ʱʦ ʥʘʷʚʥʽʩʪʴ ʥʘʜʩʪʝʭʽʦʤʝʪʨʠʯʥʦʛʦ ʽʥʜʽʶ ʩʧʨʠʷʻ ʟʤʽʥʽ ʬʘʟʦʚʦʛʦ ʩʪʘʥʫ ʩʠʩʪʝʤʠ, 

ʱʦ ʤʦʞʝ ʚʧʣʠʚʘʪʠ ʥʘ ʧʨʦʮʝʩʠ ʢʨʠʩʪʘʣʽʟʘʮʽʾ ʪʘ ʩʪʘʙʽʣʴʥʽʩʪʴ ʨʦʩʪʫ ʤʦʥʦʢʨʠʩʪʘʣʽʚ. 

ʎʽ ʬʘʢʪʦʨʠ ʟʘʙʝʟʧʝʯʫʶʪʴ ʩʪʘʙʽʣʴʥʝ ʬʦʨʤʫʚʘʥʥʷ ʤʦʥʦʢʨʠʩʪʘʣʽʚ In4Se3, ʟʤʝʥʰʫʶʪʴ 

ʡʤʦʚʽʨʥʽʩʪʴ ʜʝʬʝʢʪʽʚ ʪʘ ʜʦʟʚʦʣʷʶʪʴ ʦʪʨʠʤʫʚʘʪʠ ʤʘʪʝʨʽʘʣ ʽʟ ʚʠʩʦʢʦʶ ʩʪʨʫʢʪʫʨʥʦʶ 

ʜʦʩʢʦʥʘʣʽʩʪʶ. 

 ʊʝʭʥʦʣʦʛʽʷ ʚʠʨʦʱʫʚʘʥʥʷ ʐʂ InTe ʦʧʠʩʘʥʘ ʚ ʨʦʙʦʪʽ [36]. ʄʦʥʦʢʨʠʩʪʘʣʠ InTe 

ʚʠʨʦʱʫʚʘʣʠ ʤʝʪʦʜʦʤ ɹʨʽʜʞʤʝʥʘ. ʉʠʥʪʝʟ ʩʧʦʣʫʢ ʜʣʷ ʚʠʨʦʱʫʚʘʥʥʷ ʤʦʥʦʢʨʠʩʪʘʣʽʚ 

InTe ʟʜʽʡʩʥʶʚʘʣʠ ʰʣʷʭʦʤ ʩʧʣʘʚʣʝʥʥʷ ʢʦʤʧʦʥʝʥʪʽʚ ʫ ʚʘʢʫʫʤʦʚʘʥʠʭ ʢʚʘʨʮʦʚʠʭ 

ʘʤʧʫʣʘʭ ʧʨʠ 1000 ÁC. 

2.2. ʆʩʥʦʚʥʽ ʤʝʪʦʜʠ ʜʦʩʣʽʜʞʝʥʴ 

 ɼʦʩʣʽʜʞʝʥʥʷ ʧʦʚʝʨʭʥʽ ʪʚʝʨʜʠʭ ʪʽʣ ʚʽʜʽʛʨʘʻ ʢʣʶʯʦʚʫ ʨʦʣʴ ʫ ʬʽʟʠʮʽ 

ʢʦʥʜʝʥʩʦʚʘʥʦʛʦ ʩʪʘʥʫ, ʤʘʪʝʨʽʘʣʦʟʥʘʚʩʪʚʽ ʪʘ ʥʘʥʦʪʝʭʥʦʣʦʛʽʷʭ, ʦʩʢʽʣʴʢʠ ʩʘʤʝ ʥʘ 

ʧʦʚʝʨʭʥʽ ʚʽʜʙʫʚʘʻʪʴʩʷ ʙʽʣʴʰʽʩʪʴ ʬʫʥʜʘʤʝʥʪʘʣʴʥʠʭ ʬʽʟʠʢʦ-ʭʽʤʽʯʥʠʭ ʧʨʦʮʝʩʽʚ, ʪʘʢʠʭ 

ʷʢ ʘʜʩʦʨʙʮʽʷ, ʢʘʪʘʣʽʟ, ʢʦʨʦʟʽʷ, ʤʽʞʬʘʟʥʽ ʚʟʘʻʤʦʜʽʾ ʪʦʱʦ [37, 38]. ɼʣʷ ʘʥʘʣʽʟʫ ʘʪʦʤʥʦʾ 

ʪʘ ʝʣʝʢʪʨʦʥʥʦʾ ʩʪʨʫʢʪʫʨʠ ʧʦʚʝʨʭʥʽ ʚʠʢʦʨʠʩʪʦʚʫʶʪʴ ʥʠʟʢʫ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʠʭ 

ʤʝʪʦʜʽʚ, ʩʝʨʝʜ ʷʢʠʭ ʩʢʘʥʫʶʯʘ ʪʫʥʝʣʴʥʘ ʤʽʢʨʦʩʢʦʧʽʷ (ʉʊʄ), ʩʢʘʥʫʶʯʘ ʪʫʥʝʣʴʥʘ 

ʩʧʝʢʪʨʦʩʢʦʧʽʷ (ʉʊʉ), ʭ-ʧʨʦʤʝʥʝʚʘ ʬʦʪʦʝʣʝʢʪʨʦʥʥʘ ʩʧʝʢʪʨʦʩʢʦʧʽʷ (ʍʌɽʉ), 
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ʫʣʴʪʨʘʬʽʦʣʝʪʦʚʘ ʬʦʪʦʝʣʝʢʪʨʦʥʥʘ ʩʧʝʢʪʨʦʩʢʦʧʽʷ (ʋʌɽʉ) ʪʘ ʫʣʴʪʨʘʬʽʦʣʝʪʦʚʘ 

ʬʦʪʦʝʣʝʢʪʨʦʥʥʘ ʩʧʝʢʪʨʦʩʢʦʧʽʷ ʟ ʢʫʪʦʚʠʤ ʨʦʟʜʽʣʝʥʥʷʤ (ʋʌɽʉʂʈ). 

 ɿʘʚʜʷʢʠ ʥʝʚʝʣʠʢʽʡ ʛʣʠʙʠʥʽ ʘʥʘʣʽʟʫ (ʨʠʩ. 2.1) ʮʽ ʤʝʪʦʜʠ ʟʘʙʝʟʧʝʯʫʶʪʴ ʛʣʠʙʦʢʝ 

ʨʦʟʫʤʽʥʥʷ ʩʪʨʫʢʪʫʨʠ, ʝʣʝʢʪʨʦʥʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ ʪʘ ʭʽʤʽʯʥʦʛʦ ʩʢʣʘʜʫ ʩʘʤʝ ʧʦʚʝʨʭʥʽ 

ʤʘʪʝʨʽʘʣʽʚ. ɰʭʥʻ ʢʦʤʧʣʝʢʩʥʝ ʚʠʢʦʨʠʩʪʘʥʥʷ ʜʦʟʚʦʣʷʻ ʜʦʩʣʽʜʞʫʚʘʪʠ ʰʠʨʦʢʠʡ ʩʧʝʢʪʨ 

ʬʽʟʠʯʥʠʭ ʷʚʠʱ ʥʘ ʘʪʦʤʥʦʤʫ ʨʽʚʥʽ, ʱʦ ʤʘʻ ʢʣʶʯʦʚʝ ʟʥʘʯʝʥʥʷ ʜʣʷ ʨʦʟʨʦʙʢʠ ʥʦʚʠʭ 

ʤʘʪʝʨʽʘʣʽʚ ʫ ʢʚʘʥʪʦʚʽʡ ʝʣʝʢʪʨʦʥʽʮʽ, ʥʘʥʦʪʝʭʥʦʣʦʛʽʷʭ ʪʘ ʝʥʝʨʛʝʪʠʮʽ [39, 40]. 

 

ʈʠʩ. 2.1. ʄʝʪʦʜʠ ʜʦʩʣʽʜʞʝʥʥʷ ʨʝʣʴʻʬʫ, ʝʣʝʤʝʥʪʥʦ-ʬʘʟʦʚʦʛʦ ʩʢʣʘʜʫ ʪʘ 

ʢʨʠʩʪʘʣʦʛʨʘʬʽʾ: ʛʣʠʙʠʥʠ ʧʨʦʥʠʢʥʝʥʥʷ ʟʙʫʜʞʫʶʯʦʛʦ ʚʠʧʨʦʤʽʥʶʚʘʥʥʷ (ʍ-ʢʚʘʥʪʠ, 

ʝʣʝʢʪʨʦʥʠ) ʪʘ ʛʣʠʙʠʥʠ ʘʥʘʣʽʟʫ ʧʨʠʧʦʚʝʨʭʥʝʚʦʛʦ ʰʘʨʫ ʢʨʠʩʪʘʣʽʚ ʜʣʷ ʨʽʟʥʠʭ 

ʤʝʪʦʜʽʚ[41]. 

2.2.1. ʌʘʟʦʚʦ-ʝʣʝʤʝʥʪʥʠʡ ʘʥʘʣʽʟ ʤʝʪʦʜʦʤ ʍ-ʧʨʦʤʝʥʝʚʦʾ ʬʦʪʦʝʣʝʢʪʨʦʥʥʦʾ 

ʩʧʝʢʪʨʦʩʢʦʧʽʾ 

 ʍ-ʧʨʦʤʝʥʝʚʘ ʬʦʪʦʝʣʝʢʪʨʦʥʥʘ ʩʧʝʢʪʨʦʩʢʦʧʽʷ ʻ ʘʥʘʣʽʪʠʯʥʦʶ ʪʝʭʥʽʢʦʶ, 

ʯʫʪʣʠʚʦʶ ʜʦ ʬʘʟʦʚʦ-ʝʣʝʤʝʥʪʥʦʛʦ ʩʢʣʘʜʫ ʧʦʚʝʨʭʥʽ, ʷʢʘ ʙʘʟʫʻʪʴʩʷ ʥʘ ʙʦʤʙʘʨʜʫʚʘʥʥʽ 

ʧʦʚʝʨʭʥʽ ʤʘʪʝʨʽʘʣʫ ʍ-ʧʨʦʤʝʥʷʤʠ ʪʘ ʚʠʤʽʨʶʚʘʥʥʽ ʢʽʥʝʪʠʯʥʦʾ ʝʥʝʨʛʽʾ ʝʤʽʪʦʚʘʥʠʭ 

ʧʦʚʝʨʭʥʝʚʠʭ ʝʣʝʢʪʨʦʥʽʚ. ʆʩʥʦʚʥʽ ʧʝʨʝʚʘʛʠ ʮʽʻʾ ʤʝʪʦʜʠʢʠ ʧʦʣʷʛʘʶʪʴ ʫ ʾʾ ʚʠʩʦʢʽʡ 

ʯʫʪʣʠʚʦʩʪʽ ʜʦ ʧʦʚʝʨʭʥʝʚʠʭ ʰʘʨʽʚ ʪʘ ʟʜʘʪʥʦʩʪʽ ʥʘʜʘʚʘʪʠ ʽʥʬʦʨʤʘʮʽʶ ʧʨʦ ʭʽʤʽʯʥʠʡ 

ʩʪʘʥ ʝʣʝʤʝʥʪʽʚ ʫ ʜʦʩʣʽʜʞʫʚʘʥʦʤʫ ʟʨʘʟʢʫ. ʎʝʡ ʤʝʪʦʜ ʜʦʟʚʦʣʷʻ ʘʥʘʣʽʟʫʚʘʪʠ ʚʩʽ 

ʝʣʝʤʝʥʪʠ, ʦʢʨʽʤ ʚʦʜʥʶ ʪʘ ʛʝʣʽʶ, ʽ ʟʘʩʪʦʩʦʚʫʻʪʴʩʷ ʜʣʷ ʚʠʚʯʝʥʥʷ ʧʦʚʝʨʭʦʥʴ 

ʥʘʡʨʽʟʥʦʤʘʥʽʪʥʽʰʠʭ ʤʘʪʝʨʽʘʣʽʚ. 

 ʆʩʢʽʣʴʢʠ ʧʦʚʝʨʭʥʷ ʻ ʢʣʶʯʦʚʠʤ ʤʽʩʮʝʤ ʚʟʘʻʤʦʜʽʾ ʤʘʪʝʨʽʘʣʫ ʟ ʜʦʚʢʽʣʣʷʤ ʪʘ 

ʽʥʰʠʤʠ ʨʝʯʦʚʠʥʘʤʠ, ʾʾ ʚʣʘʩʪʠʚʦʩʪʽ, ʪʘʢʽ ʷʢ ʟʤʦʯʫʚʘʥʽʩʪʴ, ʘʜʛʝʟʽʷ, ʩʪʽʡʢʽʩʪʴ ʜʦ 
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ʢʦʨʦʟʽʾ, ʧʦʚʝʨʭʥʝʚʘ ʧʨʦʚʽʜʥʽʩʪʴ ʪʘ ʢʘʪʘʣʽʟ, ʤʘʶʪʴ ʚʝʣʠʢʝ ʟʥʘʯʝʥʥʷ. ʊʦʤʫ 

ʜʦʩʣʽʜʞʝʥʥʷ ʧʦʚʝʨʭʦʥʴ ʽ ʾʭʥʽʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʻ ʚʘʞʣʠʚʠʤ ʟʘʚʜʘʥʥʷʤ ʫ 

ʥʘʥʦʽʥʞʝʥʝʨʽʾ ʧʦʚʝʨʭʥʽ. 

 ʌʽʟʠʯʥʽ ʟʘʩʘʜʠ ʤʝʪʦʜʫ ʙʘʟʫʶʪʴʩʷ ʥʘ ʪʦʤʫ, ʱʦ ʢʽʥʝʪʠʯʥʘ ʝʥʝʨʛʽʷ ɽʢʽʥ  

ʝʤʽʪʦʚʘʥʠʭ ʝʣʝʢʪʨʦʥʽʚ (ʝʥʝʨʛʽʷ ʝʣʝʢʪʨʦʥʽʚ ʚ ʢʽʥʮʝʚʠʭ ʩʪʘʥʘʭ) ʧʦʚôʷʟʘʥʘ ʟ ʝʥʝʨʛʽʻʶ 

ʝʣʝʢʪʨʦʥʽʚ ʫ ʧʦʯʘʪʢʦʚʠʭ ʛʣʠʙʦʢʠʭ ʦʩʪʦʚʥʠʭ ʩʪʘʥʘʭ ï ɽʟʚ. ɺʠʤʽʨʶʶʯʠ ʮʶ ʢʽʥʝʪʠʯʥʫ 

ʝʥʝʨʛʽʶ (ɽʢʽʥ) ʝʣʝʢʪʨʦʥʽʚ (ʨʠʩ. 2.2), ʤʦʞʥʘ ʪʦʯʥʦ ʦʮʽʥʠʪʠ ʾʭ ʝʥʝʨʛʽʶ ʟʚôʷʟʢʫ (ɽʟʚ) ʟʘ 

ʜʦʧʦʤʦʛʦʶ ʨʽʚʥʷʥʥʷ ɽʡʥʰʪʝʡʥʘ: 

V F

ʢʽʥ ʟʚ ʟʚE h E h E e= n- = n- - j    (2.1) 

ʜʝ ɽV
ʟʚ ï ʝʥʝʨʛʽʷ ʟʚôʷʟʢʫ ʝʣʝʢʪʨʦʥʘ ʥʘ n-ʪʽʡ ʦʙʦʣʦʥʮʽ (ʚʽʜʨʘʭʦʚʫʶʯʠ ʚʽʜ ʨʽʚʥʷ 

ʚʘʢʫʫʤʫ); ɽF
ʟʚ ï ʝʥʝʨʛʽʷ ʟʚôʷʟʢʫ ʝʣʝʢʪʨʦʥʘ ʥʘ n-ʪʽʡ ʦʙʦʣʦʥʮʽ (ʚʽʜʨʘʭʦʚʫʶʯʠ ʚʽʜ ʨʽʚʥʷ 

ʌʝʨʤʽ (ʘʙʩʦʣʶʪʥʘ ʝʥʝʨʛʽʷ ʟʚôʷʟʢʫ); ejï ʨʦʙʦʪʘ ʚʠʭʦʜʫ. 

 

ʈʠʩ. 2.2. ɼʽʘʛʨʘʤʘ, ʷʢʘ ʜʝʤʦʥʩʪʨʫʻ ʝʤʽʩʽʶ ʝʣʝʢʪʨʦʥʽʚ ʧʽʜ ʜʽʻʶ X-ʢʚʘʥʪʽʚ ʟ ʝʥʝʨʛʽʻʶ 

hn ʷʢ ʟ ʛʣʠʙʦʢʠʭ ʦʩʪʦʚʥʠʭ ʨʽʚʥʽʚ (iE ), ʪʘʢ ʽ ʨʽʚʥʽʚ ʚʘʣʝʥʪʥʦʾ ʟʦʥʠ (ʟʘʰʪʨʠʭʦʚʘʥʘ 

ʦʙʣʘʩʪʴ) (ʟʣʽʚʘ) ʪʘ ʬʦʨʤʫʚʘʥʥʷ ʬʦʪʦʝʣʝʢʪʨʦʥʥʦʛʦ ʩʧʝʢʪʨʘ (ʩʧʨʘʚʘ)[42]. 

 ʎʝ ʦʟʥʘʯʘʻ, ʱʦ ʜʣʷ ʧʝʚʥʦʛʦ ʤʦʥʦʭʨʦʤʘʪʠʯʥʦʛʦ ʜʞʝʨʝʣʘ (hn) ̔  ʚʠʟʥʘʯʝʥʦʾ 

ʘʪʦʤʥʦʾ ʦʨʙʽʪʘʣʽ ʝʥʝʨʛʽʷ ʬʦʪʦʝʣʝʢʪʨʦʥʘ ʤʘʻ ʭʘʨʘʢʪʝʨʥʝ ʟʥʘʯʝʥʥʷ. ʗʢʱʦ ʝʥʝʨʛʽʷ hn 

ʍ-ʢʚʘʥʪʘ ʻ ʩʪʘʣʦʶ, ʪʦ ʝʥʝʨʛʽʷ ʬʦʪʦʝʣʝʢʪʨʦʥʘ ʚʠʟʥʘʯʘʻʪʴʩʷ ʣʠʰʝ ʪʠʧʦʤ ʝʣʝʤʝʥʪʘ ʽ 

ʦʨʙʽʪʘʣʣʶ, ʟ ʷʢʦʾ ʚʽʜʙʫʚʘʻʪʴʩʷ ʝʤʽʩʽʷ.  

 ɽʥʝʨʛʝʪʠʯʥʠʡ ʩʪʘʥ ʦʩʪʦʚʥʠʭ ʝʣʝʢʪʨʦʥʽʚ, ʪʦʙʪʦ ʥʘʙʽʨ ʜʠʩʢʨʝʪʥʠʭ 

ʝʥʝʨʛʝʪʠʯʥʠʭ ʨʽʚʥʽʚ En, ʚʠʟʥʘʯʘʻʪʴʩʷ ʘʪʦʤʥʠʤ ʥʦʤʝʨʦʤ Z ̔  ʟʘʣʠʰʘʻʪʴʩʷ ʧʨʘʢʪʠʯʥʦ 
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ʥʝʟʤʽʥʥʠʤ ʧʨʠ ʧʝʨʝʭʦʜʽ ʚʽʜ ʚʽʣʴʥʠʭ ʘʪʦʤʽʚ ʜʦ ʪʚʝʨʜʦʛʦ ʪʽʣʘ. ʎʷ ʩʠʩʪʝʤʘ ʜʠʩʢʨʝʪʥʠʭ 

ʦʩʪʦʚʥʠʭ ʨʽʚʥʽʚ ʻ ʫʥʽʢʘʣʴʥʦʶ ʭʘʨʘʢʪʝʨʠʩʪʠʢʦʶ ʘʪʦʤʽʚ ʽ ʾʭʥʴʦʶ ʚʣʘʩʪʠʚʽʩʪʶ.  

 ʄʝʪʦʜ ʍʌɽʉ ʪʘʢʦʞ ʚʠʢʦʨʠʩʪʦʚʫʻʪʴʩʷ ʜʣʷ ʚʠʤʽʨʶʚʘʥʥʷ ʭʽʤʽʯʥʠʭ ʟʩʫʚʽʚ 

ʝʥʝʨʛʽʾ ʟʚôʷʟʢʫ ʝʣʝʢʪʨʦʥʽʚ ʚʥʫʪʨʽʰʥʽʭ ʦʙʦʣʦʥʦʢ. ʊʘʢʽ ʟʩʫʚʠ (ED ) ʟʘʟʚʠʯʘʡ 

ʟʫʤʦʚʣʝʥʽ ʟʤʽʥʦʶ ʩʪʘʥʫ ʚʘʣʝʥʪʥʠʭ ʝʣʝʢʪʨʦʥʽʚ ʚʥʘʩʣʽʜʦʢ ʘʜʩʦʨʙʮʽʾ ʯʠ ʝʣʝʢʪʨʦʥʥʦʛʦ 

ʦʙʤʽʥʫ. ʎʽ ʭʽʤʽʯʥʽ ʟʩʫʚʠ ʻ ʚʘʞʣʠʚʠʤ ʜʞʝʨʝʣʦʤ ʽʥʬʦʨʤʘʮʽʾ ʧʨʦ ʩʪʘʥ ʧʦʚʝʨʭʥʝʚʠʭ 

ʘʪʦʤʽʚ, ʭʽʤʽʯʥʽ ʚʟʘʻʤʦʜʽʾ ʪʘ ʥʦʚʽ ʬʘʟʦʚʽ ʫʪʚʦʨʝʥʥʷ, ʱʦ ʨʦʙʠʪʴ ʍʌɽʉ ʥʝʟʘʤʽʥʥʠʤ 

ʽʥʩʪʨʫʤʝʥʪʦʤ ʫ ʜʦʩʣʽʜʞʝʥʥʷʭ ʧʦʚʝʨʭʦʥʴ ʽ ʭʽʤʽʯʥʠʭ ʧʨʦʮʝʩʽʚ. 

 ʊʘʢʠʤ ʯʠʥʦʤ, ʝʥʝʨʛʽʷ ʟʚôʷʟʢʫ ʬʦʪʦʝʣʝʢʪʨʦʥʘ (ɽʟʚ) ʤʦʞʝ ʩʣʫʛʫʚʘʪʠ ʦʩʥʦʚʦʶ 

ʜʣʷ ʚʠʟʥʘʯʝʥʥʷ ʪʠʧʫ ʝʣʝʤʝʥʪʘ ʫ ʟʨʘʟʢʫ. ɿʚʘʞʘʶʯʠ ʥʘ ʥʝʚʝʣʠʢʫ ʛʣʠʙʠʥʫ ʚʠʭʦʜʫ 

ʝʣʝʢʪʨʦʥʽʚ, ʮʝ ʨʦʙʠʪʴ ʤʝʪʦʜ ʍʌɽʉ ʥʘʜʟʚʠʯʘʡʥʦ ʝʬʝʢʪʠʚʥʠʤ ʜʣʷ ʜʦʩʣʽʜʞʝʥʥʷ 

ʝʣʝʤʝʥʪʥʦʛʦ ʩʢʣʘʜʫ ʩʘʤʝ ʧʦʚʝʨʭʥʽ ʤʘʪʝʨʽʘʣʽʚ. 

 ʏʫʪʣʠʚʽʩʪʴ ʍʌɽʉ ʜʦ ʧʦʚʝʨʭʥʽ ʚʠʟʥʘʯʘʻʪʴʩʷ ʪʠʤ, ʥʘʩʢʽʣʴʢʠ ʛʣʠʙʦʢʦ ʤʦʞʝ ʙʫʪʠ 

ʟʛʝʥʝʨʦʚʘʥʠʡ ʝʣʝʢʪʨʦʥ ʽ ʧʨʠ ʮʴʦʤʫ ʧʦʢʠʥʫʪʠ ʟʨʘʟʦʢ, ʥʝ ʟʘʟʥʘʚʰʠ ʥʝʧʨʫʞʥʠʭ 

ʟʽʪʢʥʝʥʴ (ʨʠʩ. 2.3): 

 

ʈʠʩ. 2.3. ɽʣʝʢʪʨʦʥʠ, ʷʢʽ ʚʠʧʨʦʤʽʥʶʶʪʴʩʷ ʽʟ ʟʨʘʟʢʘ, ʚʟʘʻʤʦʜʽʶʪʴ ʽʟ ʤʘʪʝʨʽʘʣʦʤ 

ʟʘʣʝʞʥʦ ʚʽʜ ʛʣʠʙʠʥʠ ʾʭ ʫʪʚʦʨʝʥʥʷ: A - ʝʣʝʢʪʨʦʥʠ, ʷʢʽ ʟʘʣʠʰʘʶʪʴ ʟʨʘʟʦʢ ʙʝʟ ʚʪʨʘʪʠ 

ʝʥʝʨʛʽʾ (ʬʦʨʤʫʶʪʴ ʯʽʪʢʽ ʬʦʪʦʝʣʝʢʪʨʦʥʥʽ ʧʽʢʠ ʪʘ ʧʽʢʠ ʆʞʝ ʚ ʍʌɽʉ-ʩʧʝʢʪʨʽ); B ï 

ʝʣʝʢʪʨʦʥʠ, ʷʢʽ ʯʘʩʪʢʦʚʦ ʚʪʨʘʯʘʶʪʴ ʝʥʝʨʛʽʶ ʚʥʘʩʣʽʜʦʢ ʟʽʪʢʥʝʥʴ (ʜʦʜʘʶʪʴ ʜʦ ʬʦʥʫ 

ʩʧʝʢʪʨʫ, ʘʣʝ ʥʝ ʬʦʨʤʫʶʪʴ ʯʽʪʢʠʭ ʧʽʢʽʚ); ʉ ï ʝʣʝʢʪʨʦʥʠ, ʷʢʽ ʚʪʨʘʯʘʶʪʴ ʚʩʶ ʩʚʦʶ 

ʝʥʝʨʛʽʶ ʽ ʟʘʣʠʰʘʶʪʴʩʷ ʚʩʝʨʝʜʠʥʽ ʟʨʘʟʢʘ, ʥʝ ʚʧʣʠʚʘʶʯʠ ʥʘ ʩʧʝʢʪʨ[43]. 
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 ʎʝ ʦʙʤʝʞʝʥʥʷ ʦʧʠʩʫʻʪʴʩʷ ʟʘʢʦʥʦʤ ɹʫʛʝʨʘ, ʷʢʠʡ ʚʠʟʥʘʯʘʻ ʽʥʪʝʥʩʠʚʥʽʩʪʴ  0I  

ʝʣʝʢʪʨʦʥʽʚ, ʱʦ ʚʠʭʦʜʷʪʴ ʽʟ ʟʨʘʟʢʘ ʟ ʛʣʠʙʠʥʠ, ʙʽʣʴʰʦʾ ʟʘ d: 

0

d

I I e l
-

=       (2.2) 

ʜʝ: 0I  ð ʟʘʛʘʣʴʥʘ ʢʽʣʴʢʽʩʪʴ ʝʣʝʢʪʨʦʥʽʚ, ʟʛʝʥʝʨʦʚʘʥʠʭ ʫ ʟʨʘʟʢʫ, dð ʛʣʠʙʠʥʘ, ʥʘ ʷʢʽʡ 

ʛʝʥʝʨʫʻʪʴʩʷ ʝʣʝʢʪʨʦʥ, lð ʚʽʜʩʪʘʥʴ, ʷʢʫ ʝʣʝʢʪʨʦʥ ʤʦʞʝ ʧʨʦʡʪʠ ʙʝʟ ʥʝʧʨʫʞʥʦʛʦ 

ʨʦʟʩʽʷʥʥʷ (ʟʘʣʝʞʠʪʴ ʚʽʜ ʢʽʥʝʪʠʯʥʦʾ ʝʥʝʨʛʽʾ ʝʣʝʢʪʨʦʥʘ ʪʘ ʤʘʪʝʨʽʘʣʫ). 

 ʎʝ ʨʽʚʥʷʥʥʷ ʧʦʢʘʟʫʻ, ʱʦ ʽʥʪʝʥʩʠʚʥʽʩʪʴ ʝʣʝʢʪʨʦʥʽʚ, ʷʢʽ ʤʦʞʫʪʴ ʜʦʩʷʛʪʠ 

ʜʝʪʝʢʪʦʨʘ, ʝʢʩʧʦʥʝʥʮʽʘʣʴʥʦ ʟʤʝʥʰʫʻʪʴʩʷ ʟʽ ʟʙʽʣʴʰʝʥʥʷʤ ʛʣʠʙʠʥʠ ʾʭʥʴʦʛʦ 

ʫʪʚʦʨʝʥʥʷ. ɿʥʘʯʝʥʥʷ l, ʷʢʝ ʟʘʣʝʞʠʪʴ ʚʽʜ ʢʽʥʝʪʠʯʥʦʾ ʝʥʝʨʛʽʾ ʝʣʝʢʪʨʦʥʽʚ, ʚʠʟʥʘʯʘʻ 

ʪʦʚʱʠʥʫ ʜʦʩʣʽʜʞʫʚʘʥʦʛʦ ʰʘʨʫ (ʨʠʩ. 2.4). ʊʦʤʫ, ʚ ʍʌɽʉ ʟʥʘʯʝʥʥʷ ʝʬʝʢʪʠʚʥʦʾ 

ʛʣʠʙʠʥʠ ʚʠʭʦʜʫ ʬʦʪʦʝʣʝʢʪʨʦʥʽʚ ʨʽʚʥʝ 2-3 ʥʤ ʧʨʠ ɽʢʽʥ = 1 ʢʝɺ. 

 

ʈʠʩ. 2.4. ɿʘʣʝʞʥʽʩʪʴ ʛʣʠʙʠʥʠ ʚʠʭʦʜʫ ʝʣʝʢʪʨʦʥʽʚ ʚʽʜ ʾʭ ʝʥʝʨʛʽʾ, ʢʦʣʠ ʝʣʝʢʪʨʦʥʠ 

ʟʘʟʥʘʶʪʴ ʪʽʣʴʢʠ ʧʨʫʞʥʠʭ ʚʟʘʻʤʦʜʽʡ[43]. 

 ʊʘʢʠʤ ʯʠʥʦʤ, ʍʌɽʉ ʟʘʙʝʟʧʝʯʫʻ ʝʬʝʢʪʠʚʥʠʡ ʘʥʘʣʽʟ ʭʽʤʽʯʥʦʛʦ ʩʢʣʘʜʫ ʩʘʤʝ 

ʧʦʚʝʨʭʥʝʚʠʭ ʰʘʨʽʚ, ʦʩʢʽʣʴʢʠ ʝʣʝʢʪʨʦʥʠ ʟ ʙʽʣʴʰʠʭ ʛʣʠʙʠʥ ʥʝʟʥʘʯʥʦ ʚʧʣʠʚʘʶʪʴ ʥʘ 

ʦʪʨʠʤʘʥʠʡ ʩʧʝʢʪʨ ʯʝʨʝʟ ʚʪʨʘʪʫ ʝʥʝʨʛʽʾ. 

 ʂʽʣʴʢʽʩʥʠʡ ʘʥʘʣʽʟ ʍʌɽʉ ʨʝʟʫʣʴʪʘʪʽʚ. ʆʢʨʽʤ ʷʢʽʩʥʦʛʦ ʘʥʘʣʽʟʫ, ʷʢʠʡ ʜʦʟʚʦʣʷʻ 

ʚʠʟʥʘʯʘʪʠ ʥʘʷʚʥʽ ʥʘ ʧʦʚʝʨʭʥʽ ʭʽʤʽʯʥʽ ʝʣʝʤʝʥʪʠ, ʍʌɽʉ ʪʘʢʦʞ ʟʘʙʝʟʧʝʯʫʻ ʤʦʞʣʠʚʽʩʪʴ 

ʦʮʽʥʢʠ ʾʭ ʚʽʜʥʦʩʥʦʾ ʢʦʥʮʝʥʪʨʘʮʽʾ. ɼʣʷ ʮʴʦʛʦ ʟʘʩʪʦʩʦʚʫʻʪʴʩʷ ʤʝʪʦʜ ʯʠʩʪʠʭ 

ʩʪʘʥʜʘʨʪʽʚ[44]. ɺʽʥ ʙʘʟʫʻʪʴʩʷ ʥʘ ʣʽʥʽʡʥʽʡ ʽʥʪʝʨʧʦʣʷʮʽʾ ʽʥʪʝʥʩʠʚʥʦʩʪʽ ʩʠʛʥʘʣʫ 
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ʬʦʪʦʝʣʝʢʪʨʦʥʽʚ ʧʝʚʥʦʛʦ 
i

EI  ʭʽʤʽʯʥʦʛʦ ʝʣʝʤʝʥʪʘ ʟʘʣʝʞʥʦ ʚʽʜ ʡʦʛʦ ʧʦʚʝʨʭʥʝʚʦʾ 

ʢʦʥʮʝʥʪʨʘʮʽʾ ʫ ʜʦʩʣʽʜʞʫʚʘʥʦʤʫ ʦʙôʻʢʪʽ:   

.

i ʽ ʽ

E h ʽʦʥ ʝʤʰʘʨʫ ʽI kI ʉnº s l     (2.3) 

ʜʝ k ï ʘʧʘʨʘʪʥʠʡ ʢʦʝʬʽʮʽʻʥʪ, ʘʙʦ ʘʧʘʨʘʪʥʘ ʬʫʥʢʮʽʷ; hI n ï ʽʥʪʝʥʩʠʚʥʽʩʪʴ ʍ-ʚʠʧʨʦʤʽ-

ʥʶʚʘʥʥʷ; 
ʽ

ʽʦʥs ï ʝʬʝʢʪʠʚʥʠʡ ʧʝʨʝʨʽʟ ʽʦʥʽʟʘʮʽʾ ʘʪʦʤʽʚ -̔ʪʦʛʦ ʩʦʨʪʫ ʢʚʘʥʪʘʤʠ ʟ ʝʥʝʨʛʽʻʶ 

hn; .

ʽ

ʝʤʰʘʨʫl  ï ʜʦʚʞʠʥʘ ʧʨʦʙʽʛʫ ʝʣʝʢʪʨʦʥʽʚ (ʛʣʠʙʠʥʘ ʚʠʭʦʜʫ) ʜʣʷ ʾʭ ʧʨʫʞʥʦʛʦ 

ʨʦʟʩʽʷʥʥʷ; ʉ̔ ï ʧʦʚʝʨʭʥʝʚʘ ʢʦʥʮʝʥʪʨʘʮʽʷ ʘʪʦʤʽʚ -̔ʪʦʛʦ ʩʦʨʪʫ ʜʦʩʣʽʜʞʫʚʘʥʦʛʦ 

ʤʘʪʝʨʽʘʣʫ. 

 ɼʣʷ ʦʙʯʠʩʣʝʥʥʷ ʚʽʜʥʦʩʥʠʭ ʘʪʦʤʥʠʭ ʢʦʥʮʝʥʪʨʘʮʽʡ ʭʽʤʽʯʥʠʭ ʝʣʝʤʝʥʪʽʚ ʫ ʟʨʘʟʢʫ 

ʥʝʦʙʭʽʜʥʦ ʟʥʘʪʠ ʽʥʪʝʥʩʠʚʥʦʩʪʽ ʤʘʢʩʠʤʫʤʽʚ ɯɽi ʜʣʷ ʯʠʩʪʠʭ ʩʪʘʥʜʘʨʪʽʚ ʢʦʞʥʦʛʦ 

ʭʽʤʽʯʥʦʛʦ ʝʣʝʤʝʥʪʘ. ʎʝ ʧʦʪʨʝʙʫʻ ʢʘʣʽʙʨʫʚʘʥʥʷ ʩʧʝʢʪʨʦʤʝʪʨʘ ʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ 

ʝʪʘʣʦʥʽʚ, ʱʦ ʜʦʟʚʦʣʷʻ ʚʠʟʥʘʯʠʪʠ ʚʽʜʥʦʩʥʽ ʝʣʝʤʝʥʪʥʽ ʯʫʪʣʠʚʦʩʪʽ Si, ʪʦʙʪʦ ʯʫʪʣʠʚʽʩʪʴ 

ʤʝʪʦʜʫ ʜʦ ʨʽʟʥʠʭ ʭʽʤʽʯʥʠʭ ʝʣʝʤʝʥʪʽʚ. ʌʘʢʪʦʨ ʝʣʝʤʝʥʪʥʦʾ ʯʫʪʣʠʚʦʩʪʽ Si (ʚʽʜʥʦʩʥʘ 

ʝʣʝʤʝʥʪʥʘ ʯʫʪʣʠʚʽʩʪʴ) ʦʪʨʠʤʫʻʪʴʩʷ ʰʣʷʭʦʤ ʥʦʨʤʫʚʘʥʥʷ ʽʥʪʝʥʩʠʚʥʦʩʪʽ ʘʙʦ ʧʣʦʱʽ 

ʤʘʢʩʠʤʫʤʫ ʧʝʚʥʦʛʦ ʭʽʤʽʯʥʦʛʦ ʝʣʝʤʝʥʪʘ. ɿʘʟʚʠʯʘʡ ʥʦʨʤʫʚʘʥʥʷ ʧʨʦʚʦʜʠʪʴʩʷ ʥʘ 

ʤʘʢʩʠʤʫʤ ʬʪʦʨʫ F 1s, ʜʣʷ ʷʢʦʛʦ ʧʨʠʡʤʘʻʪʴʩʷ ʟʥʘʯʝʥʥʷ SF1s = 1. 

 ɺ ʤʝʪʦʜʽ ʯʠʩʪʠʭ ʩʪʘʥʜʘʨʪʽʚ ʜʣʷ ʨʦʟʨʘʭʫʥʢʫ ʚʽʜʥʦʩʥʠʭ ʘʪʦʤʥʠʭ ʢʦʥʮʝʥʪʨʘʮʽʡ 

ʝʣʝʤʝʥʪʽʚ, ʚʚʘʞʘʶʪʴ 

ʽ i iɯ S Cº ³ ,     (2.4) 

ʜʝ ʩʫʤʘʨʥʘ ʚʽʜʥʦʩʥʘ ʘʪʦʤʥʘ ʢʦʥʮʝʥʪʨʘʮʽʷ ʫ ʚʽʜʥʦʩʥʠʭ ʦʜʠʥʠʮʷʭ ʨʽʚʥʘ: 

1

1
n

i

i

C
=

=ä       (2.5) 

 ʂʽʣʴʢʽʩʥʠʡ ʘʥʘʣʽʟ ʝʣʝʤʝʥʪʽʚ ʤʝʪʦʜʦʤ ʍʌɽʉ ʫ ʚʽʜʥʦʩʥʠʭ ʦʜʠʥʠʮʷʭ 

ˇʨʫʥʪʫʻʪʴʩʷ ʥʘ ʦʙʯʠʩʣʝʥʥʽ ʧʣʦʱʽ ʨʝʧʝʨʥʠʭ ʤʘʢʩʠʤʫʤʽʚ, ʷʢʽ ʚʽʜʦʙʨʘʞʘʶʪʴ ʢʽʣʴʢʽʩʪʴ 

ʽʤʧʫʣʴʩʽʚ ʟʘ ʩʝʢʫʥʜʫ ʚ ʤʝʞʘʭ ʝʥʝʨʛʝʪʠʯʥʦʛʦ ʽʥʪʝʨʚʘʣʫ ʤʘʢʩʠʤʫʤʫ. ɼʣʷ ʮʴʦʛʦ 

ʚʠʢʦʨʠʩʪʦʚʫʻʪʴʩʷ ʧʦʚʥʘ ʝʥʝʨʛʝʪʠʯʥʘ ʰʠʨʠʥʘ ʥʘ ʧʽʚʚʠʩʦʪʽ ʤʘʢʩʠʤʫʤʫ (FWHM). 

ʆʪʨʠʤʘʥʽ ʟʥʘʯʝʥʥʷ ʤʦʞʫʪʴ ʙʫʪʠ ʧʝʨʝʚʝʜʝʥʽ ʫ ʚʽʜʥʦʩʥʽ ʦʜʠʥʠʮʽ, ʱʦ ʻ ʦʩʥʦʚʦʶ ʜʣʷ 
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ʧʦʜʘʣʴʰʦʛʦ ʘʥʘʣʽʟʫ. ɿʛʽʜʥʦ ʟ ʬʦʨʤʫʣʦʶ (2.4) ʪʘ (2.5) ʚʽʜʥʦʩʥʘ ʘʪʦʤʥʘ ʢʦʥʮʝʥʪʨʘʮʽʷ 

ʭʽʤʽʯʥʦʛʦ ʝʣʝʤʝʥʪʘ i ʤʦʞʝ ʙʫʪʠ ʨʦʟʨʘʭʦʚʘʥʘ ʥʘʩʪʫʧʥʠʤ ʯʠʥʦʤ: 

1

i i i i i
i n

ii i

i
i i

I I S I S
C

IS C

S=

= = =
ä ä

 ,     (2.6) 

ʜʝ: iCð ʚʽʜʥʦʩʥʘ ʘʪʦʤʥʘ ʢʦʥʮʝʥʪʨʘʮʽʷ ʭʽʤʽʯʥʦʛʦ ʝʣʝʤʝʥʪʘ i, iI  ð ʧʣʦʱʘ ʨʝʧʝʨʥʦʛʦ 

ʤʘʢʩʠʤʫʤʫ ʜʣʷ ʝʣʝʤʝʥʪʘ i, ʚʠʟʥʘʯʝʥʘ ʟ ʫʨʘʭʫʚʘʥʥʷʤ ʡʦʛʦ ʽʥʪʝʥʩʠʚʥʦʩʪʽ ʪʘ 

ʝʥʝʨʛʝʪʠʯʥʦʛʦ ʽʥʪʝʨʚʘʣʫ, iS ð ʚʽʜʥʦʩʥʘ ʯʫʪʣʠʚʽʩʪʴ ʩʧʝʢʪʨʦʤʝʪʨʘ ʜʦ ʝʣʝʤʝʥʪʘ i, ̫ʢʘ 

ʚʨʘʭʦʚʫʻ ʡʦʛʦ ʩʧʝʢʪʨʘʣʴʥʽ ʦʩʦʙʣʠʚʦʩʪʽ, n ð ʩʫʤʘ ʥʦʨʤʦʚʘʥʠʭ ʽʥʪʝʥʩʠʚʥʦʩʪʝʡ ʜʣʷ 

ʚʩʽʭ ʝʣʝʤʝʥʪʽʚ, ʧʨʠʩʫʪʥʽʭ ʫ ʟʨʘʟʢʫ. 

 ʆʪʞʝ, ʍʌɽʉ ʻ ʧʦʪʫʞʥʠʤ ʽʥʩʪʨʫʤʝʥʪʦʤ ʜʣʷ ʧʨʦʚʝʜʝʥʥʷ ʥʝ ʪʽʣʴʢʠ ʷʢʽʩʥʦʛʦ, ʘʣʝ ʡ 

ʢʽʣʴʢʽʩʥʦʛʦ ʘʥʘʣʽʟʫ ʭʽʤʽʯʥʦʛʦ ʩʢʣʘʜʫ ʧʦʚʝʨʭʥʝʚʠʭ ʰʘʨʽʚ ʟ ʛʣʠʙʠʥʦʶ ʘʥʘʣʽʟʫ  1ͯ0 ʥʤ. 

2.2.2. ʋʣʴʪʨʘʬʽʦʣʝʪʦʚʘ ʬʦʪʦʝʣʝʢʪʨʦʥʥʘ ʩʧʝʢʪʨʦʩʢʦʧʽʷ ʟ ʢʫʪʦʚʠʤ ʨʦʟʜʽʣʝʥʥʷʤ 

 ʋʣʴʪʨʘʬʽʦʣʝʪʦʚʘ ʬʦʪʦʝʣʝʢʪʨʦʥʥʘ ʩʧʝʢʪʨʦʩʢʦʧʽʷ ʟ ʢʫʪʦʚʠʤ ʨʦʟʜʽʣʝʥʥʷʤ 

(ʋʌɽʉʂʈ) ʪʘʢ ʩʘʤʦ ʷʢ ʽ ʍʌɽʉ ʙʘʟʫʻʪʴʩʷ ʥʘ ʬʦʪʦʝʣʝʢʪʨʦʥʥʦʤʫ ʝʬʝʢʪʽ, ʧʨʠ ʷʢʦʤʫ 

ʬʦʪʦʥ ʧʦʪʨʘʧʣʷʻ ʥʘ ʤʘʪʝʨʽʘʣ ʽ ʧʦʛʣʠʥʘʻʪʴʩʷ ʝʣʝʢʪʨʦʥʦʤ, ʫʥʘʩʣʽʜʦʢ ʯʦʛʦ ʝʣʝʢʪʨʦʥ 

ʟʘʣʠʰʘʻ ʤʘʪʝʨʽʘʣ. ʆʜʥʘʢ ʥʘ ʚʽʜʤʽʥʫ ʚʽʜ ʍʌɽʉ ʚ ʋʌɽʉʂʈ ʟʘʩʪʦʩʦʚʫʶʪʴʩʷ 

ʤʦʥʦʭʨʦʤʘʪʠʯʥʽ ʜʞʝʨʝʣʘ ʟ ʚʽʜʥʦʩʥʦ ʥʝʚʝʣʠʢʠʤʠ ʝʥʝʨʛʽʷʤʠ ( ʟʘʟʚʠʯʘʡ ʜʦ 50 ʝɺ), 

ʱʦ ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʟʙʫʜʞʝʥʥʷ ʝʣʝʢʪʨʦʥʽʚ ʣʠʰʝ ʚʘʣʝʥʪʥʦʾ ʟʦʥʠ. ɯʥʰʦʶ ʚʽʜʤʽʥʥʽʩʪʶ 

ʚʽʜ ʍʌɽʉ ʻ ʪʝ, ʱʦ ʟʘ ʜʦʧʦʤʦʛʦʶ ʋʌɽʉʂʈ ʚʠʚʯʘʶʪʴ ʥʝ ʭʽʤʽʯʥʠʡ ʩʢʣʘʜ ʧʦʚʝʨʭʥʽ, ʘ 

ʝʣʝʢʪʨʦʥʥʫ ʩʪʨʫʢʪʫʨʫ. ʋ ʚʠʧʘʜʢʫ ʋʌɽʉʂʈ ʫʚʘʛʘ ʘʥʘʣʽʟʫ ʟʦʩʝʨʝʜʞʝʥʘ ʚʠʢʣʶʯʥʦ ʥʘ 

ʝʣʝʢʪʨʦʥʘʭ, ʷʢʽ ʟʥʘʭʦʜʷʪʴʩʷ ʫ ʚʝʨʭʥʽʭ ʝʣʝʢʪʨʦʥʥʠʭ ʩʪʘʥʘʭ ʧʦʙʣʠʟʫ ʨʽʚʥʷ ʌʝʨʤʽ. ʎʽ 

ʝʣʝʢʪʨʦʥʠ ʬʦʨʤʫʶʪʴ ʚʘʣʝʥʪʥʫ ʟʦʥʫ ʪʘ ʧʦʚʝʨʭʥʝʚʽ ʩʪʘʥʠ ʫ ʤʝʪʘʣʘʭ ʽ 

ʥʘʧʽʚʧʨʦʚʽʜʥʠʢʘʭ, ʽ ʚʦʥʠ ʻ ʦʩʦʙʣʠʚʦ ʚʘʞʣʠʚʠʤʠ ʜʣʷ ʩʫʯʘʩʥʦʛʦ ʤʘʪʝʨʽʘʣʦʟʥʘʚʩʪʚʘ. 

 ʇʽʜ ʯʘʩ ʧʨʦʮʝʩʫ ʬʦʪʦʝʤʽʩʽʾ (ʨʠʩ. 2.5a) ʬʦʪʦʝʣʝʢʪʨʦʥʠ, ʟʙʠʨʘʶʪʴʩʷ ʽ 

ʘʥʘʣʽʟʫʶʪʴʩʷ ʩʧʝʢʪʨʦʤʝʪʨʦʤ ʟʘ ʾʭʥʴʦʶ ʢʽʥʝʪʠʯʥʦʶ ʝʥʝʨʛʽʻʶ ʪʘ ʢʫʪʦʤ 

ʚʠʧʨʦʤʽʥʶʚʘʥʥʷ. ɽʥʝʨʛʽʷ ʪʘ ʽʤʧʫʣʴʩ ʝʣʝʢʪʨʦʥʽʚ ʫʩʝʨʝʜʠʥʽ ʟʨʘʟʢʘ ʙʝʟʧʦʩʝʨʝʜʥʴʦ 

ʧʦʚôʷʟʘʥʽ ʟ ʝʥʝʨʛʽʻʶ ʪʘ ʽʤʧʫʣʴʩʦʤ ʬʦʪʦʝʣʝʢʪʨʦʥʽʚ ʯʝʨʝʟ ʟʙʝʨʝʞʝʥʥʷ ʝʥʝʨʛʽʾ ʪʘ 

ʽʤʧʫʣʴʩʫ, ʧʘʨʘʣʝʣʴʥʦʛʦ ʜʦ ʧʦʚʝʨʭʥʽ ʟʨʘʟʢʘ, ʪʘʢ ʷʢ ʫ ʧʨʦʮʝʩʽ ʬʦʪʦʝʤʽʩʽʾ ʟʙʝʨʽʛʘʻʪʴʩʷ 

ʪʨʘʥʩʣʷʮʽʡʥʘ ʩʠʤʝʪʨʽʷ ʚ ʥʘʧʨʷʤʢʫ, ʧʘʨʘʣʝʣʴʥʦʤʫ ʧʦʚʝʨʭʥʽ ʟʨʘʟʢʘ[45]. ɼʣʷ ʢʫʪʽʚ 
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ʚʠʧʨʦʤʽʥʶʚʘʥʥʷ ʃ ̔  ʒ, ʚʠʟʥʘʯʝʥʠʭ ʥʘ ʨʠʩ. 2.5a, ʚʠʢʦʥʫʶʪʴʩʷ ʩʧʽʚʚʽʜʥʦʰʝʥʥʷ (2.1) 

ʪʘ (2.7) 

2 sinf i

ʢʽʥk k mE q= =      (2.7) 

ʜʝ fk  ʪʘ ik   ð ʮʝ ʧʘʨʘʣʝʣʴʥʽ ʢʦʤʧʦʥʝʥʪʠ (ʚʽʜʥʦʩʥʦ ʧʦʚʝʨʭʥʽ ʟʨʘʟʢʘ) ʽʤʧʫʣʴʩʽʚ 

ʬʦʪʦʝʣʝʢʪʨʦʥʘ ʪʘ ʧʦʯʘʪʢʦʚʦʛʦ ʝʣʝʢʪʨʦʥʘ ʚʽʜʧʦʚʽʜʥʦ; ʃ ̔  ʒ ð ʢʫʪʠ ʚʠʧʨʦʤʽʥʶʚʘʥʥʷ 

ʬʦʪʦʝʣʝʢʪʨʦʥʘ  ð ʟʚʝʜʝʥʘ ʩʪʘʣʘ ʇʣʘʥʢʘ; m ð ʤʘʩʘ ʝʣʝʢʪʨʦʥʘ ʫ ʚʘʢʫʫʤʽ. 

 

ʈʠʩ. 2.5. ɻʝʦʤʝʪʨʽʷ ʋʌɽʉʂʈ: a - ʽʣʶʩʪʨʘʮʽʷ ʛʝʦʤʝʪʨʽʾ ʪʘ ʦʩʥʦʚʥʠʭ ʧʨʠʥʮʠʧʽʚ 

ʚʠʤʽʨʶʚʘʥʴ; b i c - ʝʥʝʨʛʝʪʠʢʘ ʧʨʦʮʝʩʫ ʬʦʪʦʝʤʽʩʽʾ[45]. 

ʉʣʽʜ ʟʘʟʥʘʯʠʪʠ ʱʦ ʽʤʧʫʣʴʩ, ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʠʡ ʜʦ ʧʦʚʝʨʭʥʽ k^, ʥʝ 

ʟʙʝʨʽʛʘʻʪʴʩʷ, ʦʩʢʽʣʴʢʠ ʧʦʚʝʨʭʥʷ ʤʘʪʝʨʽʘʣʫ ʧʦʨʫʰʫʻ ʪʨʘʥʩʣʷʮʽʡʥʫ ʩʠʤʝʪʨʽʶ ʚ ʮʴʦʤʫ 

ʥʘʧʨʷʤʢʫ (ʪʦʙʪʦ 
f ik k^ ^¸  , ʜʝ 

fk^ ʽ 
ik^  ð ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʽ ʢʦʤʧʦʥʝʥʪʠ ʽʤʧʫʣʴʩʽʚ 

ʬʦʪʦʝʣʝʢʪʨʦʥʘ ʽ ʧʦʯʘʪʢʦʚʦʛʦ ʝʣʝʢʪʨʦʥʘ ʚʽʜʧʦʚʽʜʥʦ). ʇʨʦʪʝ 
ik^ ʤʦʞʥʘ ʚʠʟʥʘʯʠʪʠ, 

ʚʠʢʦʨʠʩʪʦʚʫʶʯʠ ʥʘʙʣʠʞʝʥʥʷ ʤʘʡʞʝ ʚʽʣʴʥʦʛʦ ʝʣʝʢʪʨʦʥʘ ʜʣʷ ʢʽʥʮʝʚʠʭ ʩʪʘʥʽʚ[45]. 

ʎʝ ʥʘʙʣʠʞʝʥʥʷ ʻ ʧʨʠʡʥʷʪʥʠʤ ʜʣʷ ʬʦʪʦʥʽʚ ʽʟ ʜʦʩʪʘʪʥʴʦ ʚʠʩʦʢʦʶ ʝʥʝʨʛʽʻʶ (ʟʘʟʚʠʯʘʡ 

ʜʝʩʷʪʢʠ ʘʙʦ ʩʦʪʥʽ ʝɺ): 

2

02 ( cos ) /i

ʢʽʥk m E Vq^= +      (2.8) 

ʜʝ 0V  ð ʚʥʫʪʨʽʰʥʽʡ ʧʦʪʝʥʮʽʘʣ ʤʘʪʝʨʽʘʣʫ (ʟʘʣʝʞʠʪʴ ʚʽʜ ʢʨʠʩʪʘʣʽʯʥʦʾ ʩʪʨʫʢʪʫʨʠ) 
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ʎʝ ʩʧʽʚʚʽʜʥʦʰʝʥʥʷ ʜʦʟʚʦʣʷʻ ʨʝʢʦʥʩʪʨʫʶʚʘʪʠ ʽʤʧʫʣʴʩ ʧʦʯʘʪʢʦʚʦʛʦ ʝʣʝʢʪʨʦʥʘ 

ʚ ʥʘʧʨʷʤʢʫ, ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦʤʫ ʜʦ ʧʦʚʝʨʭʥʽ, ʱʦ ʻ ʢʣʶʯʦʚʠʤ ʜʣʷ ʜʦʩʣʽʜʞʝʥʥʷ 

ʪʨʠʚʠʤʽʨʥʦʾ ʝʣʝʢʪʨʦʥʥʦʾ ʩʪʨʫʢʪʫʨʠ ʤʘʪʝʨʽʘʣʫ. 

ʆʪʞʝ, ʜʣʷ ʪʦʛʦ ʱʦʙ ʦʪʨʠʤʘʪʠ ʜʠʩʧʝʨʩʽʡʥʫ ʟʘʣʝʞʥʽʩʪʴ ( )i

ʟʚE k  ʧʦʚʝʨʭʥʝʚʠʭ 

ʩʪʘʥʽʚ ʚʟʜʦʚʞ ʥʘʧʝʨʝʜ ʚʠʟʥʘʯʝʥʦʛʦ ʥʘʧʨʷʤʢʫ ʥʘ ʧʦʚʝʨʭʥʽ, ʩʣʽʜ ʦʪʨʠʤʘʪʠ 

ʬʦʪʦʝʤʽʩʽʡʥʽ ʩʧʝʢʪʨʠ ʷʢ ʬʫʥʢʮʽʶ ʢʫʪʘ  ɗ ʧʨʠ ʬʽʢʩʦʚʘʥʦʤʫ ʢʫʪʽ ű.  ɼʣʷ ʢʦʞʥʦʛʦ 

ʧʦʣʷʨʥʦʛʦ ʢʫʪʘ ɗ ̔ʟ ʩʧʝʢʪʨʫ ʋʌɽʉ ʚʠʟʥʘʯʘʶʪʴ ʝʥʝʨʛʽʶ ʟʚôʷʟʢʫ ʝʣʝʢʪʨʦʥʘ ʟʚE  ʽ 

ʧʘʨʘʣʝʣʴʥʫ ʩʢʣʘʜʦʚʫ ʭʚʠʣʴʦʚʦʛʦ ʚʝʢʪʦʨʘ 
ik  ʚʠʢʦʨʠʩʪʦʚʫʶʯʠ ʨʽʚʥʷʥʥʷ  (2.1) ʪʘ (2.7).  

2.2.3. ʌʦʪʦʝʣʝʢʪʨʦʥʥʠʡ ʩʧʝʢʪʨʦʤʝʪʨ ʜʣʷ ʍʌɽʉ/ʋʌɽʉ ʜʦʩʣʽʜʞʝʥʴ 

 ʋ ʬʦʪʦʝʣʝʢʪʨʦʥʥʽʡ ʩʧʝʢʪʨʦʩʢʦʧʽʾ ʟʘʩʪʦʩʦʚʫʶʪʴʩʷ ʩʧʝʢʪʨʦʤʝʪʨʠ, ʦʙʣʘʜʥʘʥʽ 

ʝʥʝʨʛʦʘʥʘʣʽʟʘʪʦʨʘʤʠ ʝʤʽʪʦʚʘʥʠʭ ʝʣʝʢʪʨʦʥʽʚ ʟ ʚʠʩʦʢʦʶ ʨʦʟʜʽʣʴʥʦʶ ʟʜʘʪʥʽʩʪʶ. 

ʉʫʯʘʩʥʽ ʍʌɽʉ-ʩʧʝʢʪʨʦʤʝʪʨʠ ʟʘ ʩʚʦʻʶ ʬʫʥʢʮʽʦʥʘʣʴʥʦʶ ʩʪʨʫʢʪʫʨʦʶ ʚʢʣʶʯʘʶʪʴ 

ʜʞʝʨʝʣʦ ʍ-ʚʠʧʨʦʤʽʥʶʚʘʥʥʷ, ʚʠʩʦʢʦʪʦʯʥʠʡ ʝʥʝʨʛʦʘʥʘʣʽʟʘʪʦʨ, ʩʠʩʪʝʤʫ ʟʙʦʨʫ 

ʬʦʪʦʝʣʝʢʪʨʦʥʽʚ ʪʘ ʽʥʪʝʛʨʦʚʘʥʫ ʩʠʩʪʝʤʫ ʢʝʨʫʚʘʥʥʷ[46]. ʌʦʪʦʝʣʝʢʪʨʦʥʥʽ ʩʧʝʢʪʨʠ 

ʟʜʝʙʽʣʴʰʦʛʦ ʦʪʨʠʤʫʶʪʴ ʽʟ ʟʘʩʪʦʩʫʚʘʥʥʷʤ ʝʣʝʢʪʨʦʩʪʘʪʠʯʥʠʭ ʝʥʝʨʛʦʘʥʘʣʽʟʘʪʦʨʽʚ, ʷʢʽ 

ʧʨʘʮʶʶʪʴ ʟʘ ʧʨʠʥʮʠʧʦʤ ʚʽʜʭʠʣʷʶʯʦʛʦ ʘʙʦ ʛʘʣʴʤʽʚʥʦʛʦ ʧʦʣʷ. ɼʦ ʝʥʝʨʛʦʘʥʘʣʽʟʘʪʦʨʽʚ 

ʧʝʨʰʦʛʦ ʪʠʧʫ ʚʽʜʥʦʩʷʪʴ, ʥʘʧʨʠʢʣʘʜ, ʧʽʚʩʬʝʨʥʠʡ ʩʝʢʪʦʨʥʠʡ ʘʥʘʣʽʟʘʪʦʨ ʪʘ 

ʝʥʝʨʛʝʪʠʯʥʠʡ ʘʥʘʣʽʟʘʪʦʨ ʪʠʧʫ ʮʠʣʽʥʜʨʠʯʥʝ ʜʟʝʨʢʘʣʦ (ʎɼ). ʇʽʚʩʬʝʨʥʠʡ ʩʝʢʪʦʨʥʠʡ 

ʘʥʘʣʽʟʘʪʦʨ ʜʦʟʚʦʣʷʻ ʨʝʻʩʪʨʫʚʘʪʠ ʬʦʪʦʝʣʝʢʪʨʦʥʠ, ʱʦ ʝʤʽʪʫʶʪʴʩʷ ʫ ʚʫʟʴʢʦʤʫ 

ʪʽʣʝʩʥʦʤʫ ʢʫʪʽ, ʫ ʪʦʡ ʯʘʩ ʷʢ ʎɼ ʟʘʙʝʟʧʝʯʫʻ ʘʥʘʣʽʟ ʝʣʝʢʪʨʦʥʽʚ, ʱʦ ʚʠʣʽʪʘʶʪʴ ʧʽʜ 

ʰʠʨʰʠʤ ʢʫʪʦʤ. ɽʥʝʨʛʝʪʠʯʥʘ ʨʦʟʜʽʣʴʥʘ ʟʜʘʪʥʽʩʪʴ, ʷʢʘ ʚʠʟʥʘʯʘʻʪʴʩʷ ʷʢ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ ʩʘʤʦʛʦ ʝʥʝʨʛʦʘʥʘʣʽʟʘʪʦʨʘ, ʪʘʢ ʽ ʥʝʤʦʥʦʭʨʦʤʘʪʠʯʥʽʩʪʶ ʜʞʝʨʝʣʘ 

ʚʠʧʨʦʤʽʥʶʚʘʥʥʷ, ʤʦʞʝ ʜʦʩʷʛʘʪʠ 1,2 ʝɺ ʫ ʩʪʘʥʜʘʨʪʥʠʭ ʫʤʦʚʘʭ ʍʌɽʉ. ʇʨʠ 

ʟʘʩʪʦʩʫʚʘʥʥʽ ʚʠʩʦʢʦʾ ʤʦʥʦʭʨʦʤʘʪʠʟʘʮʽʾ ʍ-ʚʠʧʨʦʤʽʥʶʚʘʥʥʷ ʮʷ ʨʦʟʜʽʣʴʥʘ ʟʜʘʪʥʽʩʪʴ 

ʧʦʢʨʘʱʫʻʪʴʩʷ ʜʦ 0,3 ʝɺ. 

 ɼʣʷ ʦʪʨʠʤʘʥʥʷ ʍʌɽʉ ʩʧʝʢʪʨʽʚ ʙʫʣʦ ʚʠʢʦʨʠʩʪʘʥʦ ʧʽʚʩʬʝʨʥʠʡ ʝʥʝʨʛʝʪʠʯʥʠʡ 

ʘʥʘʣʽʟʘʪʦʨ PHOIBOS 100[47], ɦʦ ʟʦʙʨʘʞʝʥʠʡ ʥʘ ʨʠʩ. 2.6: 
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ʈʠʩ. 2.6. ʇʽʚʩʬʝʨʥʠʡ ʝʥʝʨʛʝʪʠʯʥʠʡ ʘʥʘʣʽʟʘʪʦʨ PHOIBOS 100[47]. 

ʇʨʠʥʮʠʧ ʦʪʨʠʤʘʥʥʷ ʝʥʝʨʛʝʪʠʯʥʠʭ ʩʧʝʢʪʨʽʚ ʤʦʞʥʘ ʧʦʷʩʥʠʪʠ ʚʠʢʦʨʠʩʪʦʚʫʶʯʠ 

ʨʠʩ. 2.7.  

 

ʈʠʩ. 2.7. ʇʨʠʥʮʠʧʦʚʘ ʩʭʝʤʘ ʍʌɽʉ ʩʧʝʢʪʨʦʤʝʪʨʘ [48]. 

ɼʦʩʣʽʜʞʫʚʘʥʫ ʨʝʯʦʚʠʥʫ ʦʧʨʦʤʽʥʶʶʪʴ ʤʦʥʦʭʨʦʤʘʪʠʯʥʠʤ ʍ-ʚʠʧʨʦʤʽʥʶʚʘʥʥʷʤ. ʗʢ 

ʜʞʝʨʝʣʦ ʤʦʥʦʭʨʦʤʘʪʠʯʥʠʭ ʍ-ʢʚʘʥʪʽʚ ʤʦʞʝ ʙʫʪʠ ʚʠʢʦʨʠʩʪʘʥʘ ʟʚʠʯʘʡʥʘ ʍ-ʧʨʦʤʝʥʝʚʘ 

ʪʨʫʙʢʘ, ʘʥʦʜ ʷʢʦʾ ʚʠʛʦʪʦʚʣʝʥʠʡ ʟ ʤʘʪʝʨʽʘʣʫ, ʱʦ ʤʘʻ ʜʦʩʪʘʪʥʶ ʽʥʪʝʥʩʠʚʥʫ ʽ ʚʫʟʴʢʫ ʣʽʥʽʶ 

ʍ-ʚʠʧʨʦʤʽʥʶʚʘʥʥʷ. ʊʘʢʠʤʠ ʣʽʥʽʷʤʠ ʻ, ʟʘʟʚʠʯʘʡ, ʂa12-ʣʽʥʽʷ Mg (hn = 1253.6 ʝɺ) ʘʙʦ 

ʂa12 - ʣʽʥʽʷ Al (hn = 1486.6 ʝɺ). 
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 ɽʣʝʢʪʨʦʥʠ, ʱʦ ʚʠʙʠʪʽ, ʩʧʨʷʤʦʚʫʶʪʴʩʷ ʜʦ ʝʥʝʨʛʦʘʥʘʣʽʟʘʪʦʨʘ 

ʬʦʪʦʝʣʝʢʪʨʦʥʥʦʛʦ ʩʧʝʢʪʨʦʤʝʪʨʘ, ʜʝ ʚʦʥʠ ʨʫʭʘʶʪʴʩʷ ʧʦ ʨʽʟʥʠʭ ʪʨʘʻʢʪʦʨʽʷʭ, 

ʚʠʟʥʘʯʝʥʠʭ ʾʭʥʴʦʶ ʢʽʥʝʪʠʯʥʦʶ ʝʥʝʨʛʽʻʶ ʪʘ ʨʽʟʥʠʮʝʶ ʧʦʪʝʥʮʽʘʣʽʚ ʤʽʞ ʝʣʝʢʪʨʦʜʘʤʠ 

ʘʥʘʣʽʟʘʪʦʨʘ. ʈʽʟʥʠʮʷ ʧʦʪʝʥʮʽʘʣʽʚ ʤʽʞ ʜʚʦʤʘ ʧʣʘʩʪʠʥʘʤʠ ʧʽʚʩʬʝʨʥʦʛʦ ʢʦʥʜʝʥʩʘʪʦʨʘ 

ʙʝʟʧʦʩʝʨʝʜʥʴʦ ʟʚôʷʟʘʥʘ ʟ ʢʽʥʝʪʠʯʥʦʶ ʝʥʝʨʛʽʻʶ ʝʣʝʢʪʨʦʥʽʚ, ʷʢʽ ʧʨʦʡʰʣʠ ʯʝʨʝʟ 

ʘʥʘʣʽʟʘʪʦʨ, ʩʧʽʚʚʽʜʥʦʰʝʥʥʷʤ: 

2 1

1 2

å õ
= -æ ö

ç ÷

ʢʽʥE R R
V

e R R
 ,     (2.9)  

ʜʝ ɽʢʽʥ ï ʢʽʥʝʪʠʯʥʘ ʝʥʝʨʛʽʷ ʝʣʝʢʪʨʦʥʘ, ʱʦ ʚʣʽʪʘʻ ʫ ʝʥʝʨʛʦʘʥʘʣʽʟʘʪʦʨ, ʘ V ï ʨʽʟʥʠʮʷ 

ʧʦʪʝʥʮʽʘʣʽʚ ʤʽʞ ʜʚʦʤʘ ʧʽʚʩʬʝʨʘʤʠ ʨʘʜʽʫʩʽʚ R1 ̔ R2. ɿʤʽʥʶʶʯʠ ʥʘʧʨʫʛʫ ʥʘ ʦʙʢʣʘʜʢʘʭ, 

ʤʦʞʥʘ ʦʪʨʠʤʘʪʠ ʩʧʝʢʪʨʘʣʴʥʠʡ ʨʦʟʧʦʜʽʣ ʢʽʥʝʪʠʯʥʠʭ ʝʥʝʨʛʽʡ ʝʣʝʢʪʨʦʥʽʚ, ʱʦ 

ʥʘʜʭʦʜʷʪʴ ʜʦ ʚʭʽʜʥʦʾ ʱʽʣʠʥʠ ʘʥʘʣʽʟʘʪʦʨʘ. ʇʽʜʢʣʶʯʝʥʥʷ ʝʥʝʨʛʦʘʥʘʣʽʟʘʪʦʨʘ 

ʚʽʜʙʫʚʘʻʪʴʩʷ ʷʢ ʧʦʢʘʟʘʥʦ ʥʘ ʨʠʩ. 2.8. 

 

ʈʠʩ. 2.8. ʉʭʝʤʘ ʧʽʜʢʣʶʯʝʥʥʷ ʘʥʘʣʽʟʘʪʦʨʘ PHOIBOS 100[47]. 
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2.2.4. ʉʊʄ/ʉʊʉ ʤʝʪʦʜʠ ʜʦʩʣʽʜʞʝʥʥʷ ʧʦʚʝʨʭʦʥʴ ʰʘʨʫʚʘʪʠʭ ʢʨʠʩʪʘʣʽʚ 

 ʉʢʘʥʫʶʯʘ ʪʫʥʝʣʴʥʘ ʤʽʢʨʦʩʢʦʧʽʷ (ʉʊʄ) ʽ ʩʢʘʥʫʶʯʘ ʪʫʥʝʣʴʥʘ ʩʧʝʢʪʨʦʩʢʦʧʽʷ 

(ʉʊʉ) ʻ ʚʠʩʦʢʦʝʬʝʢʪʠʚʥʠʤʠ ʤʝʪʦʜʘʤʠ ʘʥʘʣʽʟʫ ʧʦʚʝʨʭʦʥʴ ʤʘʪʝʨʽʘʣʽʚ ʥʘ ʘʪʦʤʥʦʤʫ 

ʨʽʚʥʽ. ɺʦʥʠ ˇʨʫʥʪʫʶʪʴʩʷ ʥʘ ʷʚʠʱʽ ʢʚʘʥʪʦʚʦʛʦ ʪʫʥʝʣʶʚʘʥʥʷ ʝʣʝʢʪʨʦʥʽʚ ʤʽʞ 

ʘʪʦʤʘʨʥʦ ʛʦʩʪʨʠʤ ʧʨʦʚʽʜʥʠʤ ʟʦʥʜʦʤ ʽ ʧʨʦʚʽʜʥʦʶ ʜʦʩʣʽʜʞʫʚʘʥʦʶ ʧʦʚʝʨʭʥʝʶ, ʱʦ 

ʜʘʻ ʟʤʦʛʫ ʦʪʨʠʤʫʚʘʪʠ ʜʝʪʘʣʴʥʽ ʚʽʜʦʤʦʩʪʽ ʧʨʦ ʪʦʧʦʛʨʘʬʽʶ ʪʘ ʝʣʝʢʪʨʦʥʥʫ ʩʪʨʫʢʪʫʨʫ 

ʤʘʪʝʨʽʘʣʽʚ. 

 ʋ ʉʊʄ ʧʨʦʚʽʜʥʠʡ ʟʦʥʜ ʥʘʙʣʠʞʘʻʪʴʩʷ ʜʦ ʧʦʚʝʨʭʥʽ ʟʨʘʟʢʘ ʥʘ ʚʽʜʩʪʘʥʴ ʢʽʣʴʢʦʭ 

ʘʥʛʩʪʨʝʤ, ʩʪʚʦʨʶʶʯʠ ʪʫʥʝʣʴʥʠʡ ʢʦʥʪʘʢʪ. ʇʨʠ ʧʨʠʢʣʘʜʝʥʥʽ ʥʝʚʝʣʠʢʦʾ ʥʘʧʨʫʛʠ ʤʽʞ 

ʟʦʥʜʦʤ ʽ ʟʨʘʟʢʦʤ ʝʣʝʢʪʨʦʥʠ ʪʫʥʝʣʶʶʪʴ ʯʝʨʝʟ ʙʘʨ'ʻʨ, ʫʪʚʦʨʶʶʯʠ ʪʫʥʝʣʴʥʠʡ ʩʪʨʫʤ. 

ʎʝʡ ʩʪʨʫʤ ʝʢʩʧʦʥʝʥʮʽʡʥʦ ʟʘʣʝʞʠʪʴ ʚʽʜ ʚʽʜʩʪʘʥʽ ʤʽʞ ʟʦʥʜʦʤ ʽ ʧʦʚʝʨʭʥʝʶ, ʱʦ 

ʜʦʟʚʦʣʷʻ ʦʪʨʠʤʫʚʘʪʠ ʟʦʙʨʘʞʝʥʥʷ ʧʦʚʝʨʭʥʽ ʟ ʘʪʦʤʥʦʶ ʨʦʟʜʽʣʴʥʦʶ ʟʜʘʪʥʽʩʪʶ[49]. 

 ʉʊʉ ʻ ʨʦʟʰʠʨʝʥʥʷʤ ʉʊʄ, ʱʦ ʜʦʟʚʦʣʷʻ ʜʦʩʣʽʜʞʫʚʘʪʠ ʣʦʢʘʣʴʥʫ ʝʣʝʢʪʨʦʥʥʫ 

ʩʪʨʫʢʪʫʨʫ ʧʦʚʝʨʭʥʽ. ɺʠʤʽʨʶʶʯʠ ʟʘʣʝʞʥʽʩʪʴ ʪʫʥʝʣʴʥʦʛʦ ʩʪʨʫʤʫ ʚʽʜ ʧʨʠʢʣʘʜʝʥʦʾ 

ʥʘʧʨʫʛʠ (ʚʦʣʴʪ-ʘʤʧʝʨʥʽ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ) ʫ ʬʽʢʩʦʚʘʥʽʡ ʪʦʯʮʽ ʧʦʚʝʨʭʥʽ, ʤʦʞʥʘ 

ʦʪʨʠʤʘʪʠ ʽʥʬʦʨʤʘʮʽʶ ʧʨʦ ʣʦʢʘʣʴʥʫ ʛʫʩʪʠʥʫ ʝʣʝʢʪʨʦʥʥʠʭ ʩʪʘʥʽ. ʎʝ ʦʩʦʙʣʠʚʦ 

ʢʦʨʠʩʥʦ ʜʣʷ ʚʠʚʯʝʥʥʷ ʝʣʝʢʪʨʦʥʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ ʤʘʪʝʨʽʘʣʽʚ, ʪʘʢʠʭ ʷʢ 

ʥʘʜʧʨʦʚʽʜʥʠʢʠ[50]. 

 ʗʢ ʟʛʘʜʫʚʘʣʦʩʴ ʨʘʥʽʰʝ ʉʊʄ ʟʘʩʥʦʚʘʥʠʡ ʥʘ ʢʚʘʥʪʦʚʦʤʫ ʪʫʥʝʣʶʚʘʥʥʽ 

ʝʣʝʢʪʨʦʥʽʚ ʤʽʞ ʧʨʦʚʽʜʥʠʤ ʟʦʥʜʦʤ ʽ ʧʦʚʝʨʭʥʝʶ ʜʦʩʣʽʜʞʫʚʘʥʦʛʦ ʤʘʪʝʨʽʘʣʫ. 

ʂʣʘʩʠʯʥʦ ʝʣʝʢʪʨʦʥ ʥʝ ʤʦʞʝ ʧʦʜʦʣʘʪʠ ʧʦʪʝʥʮʽʘʣʴʥʠʡ ʙʘʨôʻʨ U ʙʝʟ ʜʦʩʪʘʪʥʴʦʾ 

ʝʥʝʨʛʽʾ E, ʘʣʝ ʚ ʢʚʘʥʪʦʚʽʡ ʤʝʭʘʥʽʮʽ ʝʣʝʢʪʨʦʥ ʤʘʻ ʧʝʚʥʫ ʡʤʦʚʽʨʥʽʩʪʴ ʧʨʦʡʪʠ ʯʝʨʝʟ 

ʙʘʨ'ʻʨ ʟʘʚʜʷʢʠ ʩʚʦʾʡ ʭʚʠʣʴʦʚʽʡ ʧʨʠʨʦʜʽ. ʁʤʦʚʽʨʥʽʩʪʴ ʪʘʢʦʛʦ ʧʝʨʝʭʦʜʫ ʚʠʟʥʘʯʘʻʪʴʩʷ 

ʨʽʚʥʷʥʥʷʤ: 

2
exp 2
å õ

w´ -æ ö
ç ÷

S
mU      (2.10) 

ʜʝ: S ï ʧʨʦʤʽʞʦʢ ʪʫʥʝʣʶʚʘʥʥʷ, U ï ʝʥʝʨʛʝʪʠʯʥʘ ʚʠʩʦʪʘ ʙʘʨôʻʨʫ ʪʫʥʝʣʶʚʘʥʥʷ. 

 ɺ ʉʊʄ ʪʫʥʝʣʴʥʠʡ ʩʪʨʫʤ I  ʚʠʥʠʢʘʻ, ʢʦʣʠ ʟʦʥʜ ʥʘʙʣʠʞʘʻʪʴʩʷ ʜʦ ʧʨʦʚʽʜʥʦʾ ʘʙʦ 

ʥʘʧʽʚʧʨʦʚʽʜʥʠʢʦʚʦʾ ʧʦʚʝʨʭʥʽ ʥʘ ʚʽʜʩʪʘʥʴ ʢʽʣʴʢʦʭ ʘʥʛʩʪʨʝʤ (0.1-1 ʥʤ) ʽ ʤʽʞ ʥʠʤʠ 
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ʧʨʠʢʣʘʜʘʻʪʴʩʷ ʥʝʚʝʣʠʢʘ ʥʘʧʨʫʛʘ ʟʤʽʱʝʥʥʷ V  (ʨʠʩ. 2.9). ʊʫʥʝʣʴʥʠʡ ʩʪʨʫʤ ʚ ʪʘʢʦʤʫ 

ʚʠʧʘʜʢʫ ʚʠʟʥʘʯʘʻʪʴʩʷ ʷʢ: 

( )
0

exp ( ) ( )d

eV

s tI S N E N eV E E´ -a F -ñ    (2.11) 

ʜʝ 12 2m-a= , Fï ʨʦʙʦʪʘ ʚʠʭʦʜʫ ʚʽʩʪʨʷ , E ï ʝʥʝʨʛʽʷ ʝʣʝʢʪʨʦʥʽʚ ʚʽʜʥʦʩʥʦ ʨʽʚʥʷ 

ʌʝʨʤʽ;  Nt  ʪʘ Ns(E) ï ʛʫʩʪʠʥʘ ʝʣʝʢʪʨʦʥʥʠʭ ʩʪʘʥʽʚ ʥʘ ʢʽʥʮʽ ʚʽʩʪʨʷ ʪʘ ʟʨʘʟʢʘ ʥʘ ʨʽʚʥʽ 

ʌʝʨʤʽ ʚʽʜʧʦʚʽʜʥʦ. 

 

ʈʠʩ. 2.9. ʄʝʪʦʜʠʢʘ ʉʊʄ/ʉʊʉ: ʘ) ʧʨʠʥʮʠʧʦʚʘ ʩʭʝʤʘ ʩʢʘʥʫʶʯʦʛʦ ʪʫʥʝʣʴʥʦʛʦ 

ʤʽʢʨʦʩʢʦʧʘ[51]. ʙ) ʪʠʧʦʚʘ ʝʥʝʨʛʝʪʠʯʥʘ ʜʽʘʛʨʘʤʘ ʩʠʩʪʝʤʠ ʤʝʪʘʣʝʚʝ ʚʽʩʪʨʷ-ʟʨʘʟʦʢ. 

ʉʪʨʽʣʢʦʶ ʧʦʢʘʟʘʥʝ ʪʫʥʝʣʚʁʘʥʥʷ ʝʣʝʢʪʨʦʥʽʚ ʟ ʚʽʩʪʨʷ (ï) ʥʘ ʥʝʟʘʡʥʷʪʽ ʩʪʘʥʠ ʟʨʘʟʢʘ (+) 

ʙʽʣʷ ʨʽʚʥʷ ʌʝʨʤʽ. 

 ɺʘʞʣʠʚʦ ʟʘʟʥʘʯʠʪʠ, ʱʦ ʣʦʢʘʣʴʥʘ ʛʫʩʪʠʥʘ ʝʣʝʢʪʨʦʥʥʠʭ ʩʪʘʥʽʚ ʚʧʣʠʚʘʻ ʥʘ 

ʚʝʣʠʯʠʥʫ ʪʫʥʝʣʴʥʦʛʦ ʩʪʨʫʤʫ, ʪʦʤʫ ʉʊʄ ʥʝ ʣʠʰʝ ʚʠʟʥʘʯʘʻ ʪʦʧʦʛʨʘʬʽʶ, ʘ ʡ ʜʘʻ 

ʽʥʬʦʨʤʘʮʽʶ ʧʨʦ ʝʣʝʢʪʨʦʥʥʫ ʩʪʨʫʢʪʫʨʫ ʧʦʚʝʨʭʥʽ. ʗʢʱʦ ʟʨʘʟʦʢ ʟʥʘʭʦʜʠʪʴʩʷ ʧʽʜ 

ʧʦʟʠʪʠʚʥʠʤ ʧʦʪʝʥʮʽʘʣʦʤ, ʝʣʝʢʪʨʦʥʠ ʩʧʨʷʤʦʚʫʶʪʴʩʷ ʟ ʚʽʩʪʨʷ ʜʦ ʥʝʟʘʡʥʷʪʠʭ ʩʪʘʥʽʚ 

ʟʨʘʟʢʘ, ʱʦ ʨʦʟʪʘʰʦʚʘʥʽ ʚʠʱʝ ʘʙʦ ʧʦʙʣʠʟʫ ʨʽʚʥʷ ʌʝʨʤʽ. ɯʥʰʠʤʠ ʩʣʦʚʘʤʠ, ʫ 

ʪʫʥʝʣʴʥʦʤʫ ʧʨʦʮʝʩʽ ʙʝʨʫʪʴ ʫʯʘʩʪʴ ʣʠʰʝ ʪʽ ʝʣʝʢʪʨʦʥʠ ʚʽʩʪʨʷ, ʝʥʝʨʛʽʷ ʷʢʠʭ 

ʚʽʜʧʦʚʽʜʘʻ ʥʝʟʘʡʥʷʪʠʤ ʧʦʚʝʨʭʥʝʚʠʤ ʝʣʝʢʪʨʦʥʥʠʤ ʩʪʘʥʘʤ (ʇɽʉ) ʢʨʠʩʪʘʣʫ, ʽ ʩʘʤʝ 

ʚʦʥʠ ʚʠʟʥʘʯʘʶʪʴ ʩʪʨʫʤ ʪʫʥʝʣʶʚʘʥʥʷ. ʊʘʢ ʷʢ ʚ ʉʊʄ-ʪʦʧʦʛʨʘʬʽʾ ʚʽʩʪʨʷ ʻ ʤʝʪʘʣʽʯʥʠʤ, 
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ʪʦ ʬʫʥʢʮʽʷ Nt ʻ ʩʪʫʧʽʥʯʘʪʦʶ ʙʽʣʷ ʨʽʚʥʷ ʌʝʨʤʽ. ʊʦʜʽ  ʨʽʚʥʷʥʥʷ ʜʣʷ ʪʫʥʝʣʴʥʦʛʦ ʩʪʨʫʤʫ 

ʤʦʞʥʘ ʟʘʧʠʩʘʪʠ ʪʘʢ: 

( ) ( )
0

exp ( ) exp ( )

eV

s sI S N E dE S N E eV´ -a F @ -a Fñ    (2.12) 

 ʆʩʢʽʣʴʢʠ ʪʫʥʝʣʴʥʠʡ ʩʪʨʫʤ  I  ʝʢʩʧʦʥʝʥʮʽʡʥʦ ʟʘʣʝʞʠʪʴ ʚʽʜ ʚʽʜʩʪʘʥʽ S, ʟʤʽʥʘ 

ʚʠʩʦʪʠ ʟʦʥʜʘ ʚʩʴʦʛʦ ʥʘ 0.1 ʥʤ ʤʦʞʝ ʩʧʨʠʯʠʥʠʪʠ ʜʝʩʷʪʠʢʨʘʪʥʫ ʟʤʽʥʫ ʩʪʨʫʤʫ. ʎʷ 

ʟʘʣʝʞʥʽʩʪʴ ʻ ʦʩʥʦʚʦʶ ʨʦʙʦʪʠ ʉʊʄ ʽ ʜʦʟʚʦʣʷʻ ʦʪʨʠʤʫʚʘʪʠ ʘʪʦʤʘʨʥʫ ʨʦʟʜʽʣʴʥʫ 

ʟʜʘʪʥʽʩʪʴ [52]. 

 ʆʜʥʘʢ, ʜʣʷ ʝʬʝʢʪʠʚʥʦʛʦ ʩʢʘʥʫʚʘʥʥʷ ʧʦʚʝʨʭʥʽ ʥʝʦʙʭʽʜʥʦ ʩʪʘʙʽʣʴʥʦ 

ʢʦʥʪʨʦʣʶʚʘʪʠ ʧʦʣʦʞʝʥʥʷ ʟʦʥʜʘ ʪʘ ʪʫʥʝʣʴʥʠʡ ʩʪʨʫʤ. ʎʝ ʜʦʩʷʛʘʻʪʴʩʷ ʟʘ ʜʦʧʦʤʦʛʦʶ 

ʨʽʟʥʠʭ ʨʝʞʠʤʽʚ ʨʦʙʦʪʠ ʉʊʄ, ʢʦʞʝʥ ʟ ʷʢʠʭ ʤʘʻ ʩʚʦʾ ʧʝʨʝʚʘʛʠ ʪʘ ʟʘʩʪʦʩʫʚʘʥʥʷ 

ʟʘʣʝʞʥʦ ʚʽʜ ʦʩʦʙʣʠʚʦʩʪʝʡ ʜʦʩʣʽʜʞʫʚʘʥʦʛʦ ʟʨʘʟʢʘ. ʆʩʥʦʚʥʠʤʠ ʟ ʥʠʭ ʻ ʨʝʞʠʤ 

ʧʦʩʪʽʡʥʦʛʦ ʩʪʨʫʤʫ ʪʘ ʨʝʞʠʤ ʧʦʩʪʽʡʥʦʾ ʚʠʩʦʪʠ (ʨʠʩ. 2.10): 

 

ʈʠʩ. 2.10. ʌʦʨʤʫʚʘʥʥʷ ʉʊʄ ʟʦʙʨʘʞʝʥʥʷ ʚ ʨʝʞʠʤʽ ʧʦʩʪʽʡʥʦʛʦ ʩʪʨʫʤʫ(ʟʣʽʚʘ) ʽ ʚ 

ʨʝʞʠʤʽ ʧʦʩʪʽʡʥʦʾ ʚʠʩʦʪʠ (ʩʧʨʘʚʘ)[53]. 

 ɺ ʨʝʞʠʤʽ ʧʦʩʪʽʡʥʦʛʦ ʩʪʨʫʤʫ ʚʠʩʦʪʘ ʟʦʥʜʘ ʜʠʥʘʤʽʯʥʦ ʨʝʛʫʣʶʻʪʴʩʷ ʟʘ 

ʜʦʧʦʤʦʛʦʶ ʩʠʩʪʝʤʠ ʟʚʦʨʦʪʥʦʛʦ ʟʚôʷʟʢʫ, ʱʦʙ ʧʽʜʪʨʠʤʫʚʘʪʠ ʩʪʘʙʽʣʴʥʠʡ ʪʫʥʝʣʴʥʠʡ 

ʩʪʨʫʤ. ʊʘʢʠʡ  ʧʽʜʭʽʜ ʜʦʟʚʦʣʷʻ ʜʦʩʣʽʜʞʫʚʘʪʠ ʥʝʨʽʚʥʽ ʧʦʚʝʨʭʥʽ, ʘʣʝ ʻ ʚʽʜʥʦʩʥʦ 
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ʧʦʚʽʣʴʥʠʤ ʯʝʨʝʟ ʧʦʩʪʽʡʥʽ ʢʦʨʠʛʫʚʘʥʥʷ ʧʦʣʦʞʝʥʥʷ ʟʦʥʜʘ. ʋ ʜʨʫʛʦʤʫ ʨʝʞʠʤʽ 

ʥʘʚʧʘʢʠ: ʟʦʥʜ ʧʽʜʪʨʠʤʫʻʪʴʩʷ ʥʘ ʬʽʢʩʦʚʘʥʽʡ ʚʠʩʦʪʽ, ʘ ʟʤʽʥʠ ʪʫʥʝʣʴʥʦʛʦ ʩʪʨʫʤʫ 

ʨʝʻʩʪʨʫʶʪʴʩʷ ʜʣʷ ʦʪʨʠʤʘʥʥʷ ʽʥʬʦʨʤʘʮʽʾ ʧʨʦ ʪʦʧʦʛʨʘʬʽʶ. ɼʘʥʠʡ ʤʝʪʦʜ ʜʘʻ 

ʤʦʞʣʠʚʽʩʪʴ ʚʽʜʥʦʩʥʦ ʰʚʠʜʢʦʛʦ ʩʢʘʥʫʚʘʥʥʷ ʧʦʚʝʨʭʥʽ, ʦʜʥʘʢ ʷʢʱʦ ʧʦʚʝʨʭʥʷ ʤʘʻ 

ʟʥʘʯʥʽ ʥʝʨʽʚʥʦʩʪʽ ʻ ʨʠʟʠʢ ʟʽʪʢʥʝʥʥʷ ʟʦʥʜʘ ʽʟ ʟʨʘʟʢʦʤ.  

 ʇʨʦʪʝ, ʦʢʨʽʤ ʪʦʧʦʛʨʘʬʽʯʥʦʾ ʽʥʬʦʨʤʘʮʽʾ, ʉʊʄ ʤʦʞʝ ʥʘʜʘʚʘʪʠ ʜʝʪʘʣʴʥʽ ʜʘʥʽ 

ʧʨʦ ʝʣʝʢʪʨʦʥʥʫ ʩʪʨʫʢʪʫʨʫ ʤʘʪʝʨʽʘʣʽʚ. ʎʝ ʜʦʩʷʛʘʻʪʴʩʷ ʟʘ ʜʦʧʦʤʦʛʦʶ ʤʝʪʦʜʫ, 

ʚʽʜʦʤʦʛʦ ʷʢ ʩʢʘʥʫʶʯʘ ʪʫʥʝʣʴʥʘ ʩʧʝʢʪʨʦʩʢʦʧʽʷ (ʉʊʉ). ʋ ʉʊʉ ʟʦʥʜ ʉʊʄ ʬʽʢʩʫʻʪʴʩʷ 

ʥʘʜ ʧʝʚʥʦʶ ʪʦʯʢʦʶ ʥʘ ʧʦʚʝʨʭʥʽ ʟʨʘʟʢʘ. ʇʦʪʽʤ ʟʤʽʥʶʻʪʴʩʷ ʥʘʧʨʫʛʘ ʤʽʞ ʟʦʥʜʦʤ ʽ 

ʟʨʘʟʢʦʤ, ʽ ʚʠʤʽʨʶʻʪʴʩʷ ʚʽʜʧʦʚʽʜʥʠʡ ʪʫʥʝʣʴʥʠʡ ʩʪʨʫʤ. ʆʪʨʠʤʘʥʘ ʟʘʣʝʞʥʽʩʪʴ ʩʪʨʫʤʫ 

ʚʽʜ ʥʘʧʨʫʛʠ (I-V ʭʘʨʘʢʪʝʨʠʩʪʠʢʘ) ʤʽʩʪʠʪʴ ʽʥʬʦʨʤʘʮʽʶ ʧʨʦ ʝʣʝʢʪʨʦʥʥʫ ʩʪʨʫʢʪʫʨʫ 

ʟʨʘʟʢʘ. ɼʠʬʝʨʝʥʮʽʶʶʯʠ ʮʶ ʟʘʣʝʞʥʽʩʪʴ (dI/dV)[52] ʤʦʞʥʘ ʦʪʨʠʤʘʪʠ ʙʝʟʧʦʩʝʨʝʜʥʶ 

ʽʥʬʦʨʤʘʮʽʶ ʧʨʦ ʣʦʢʘʣʴʥʫ ʛʫʩʪʠʥʫ ʝʣʝʢʪʨʦʥʥʠʭ ʩʪʘʥʽʚ, ʪʦʙʪʦ ( )s

dI
N E

dV
´ . ʇʨʦʪʝ, 

ʤʝʪʦʜ ʉʊʉ ʤʘʻ ʽ ʨʷʜ ʥʝʜʦʣʽʢʽʚ: 

 ʆʜʥʠʤ ʟ ʥʝʜʦʣʽʢʽʚ ʤʝʪʦʜʫ ʉʊʉ ʻ ʩʢʣʘʜʥʽʩʪʴ ʽʥʪʝʨʧʨʝʪʘʮʽʾ ʦʪʨʠʤʘʥʠʭ 

ʨʝʟʫʣʴʪʘʪʽʚ. ɿʘʣʝʞʥʦ ʚʽʜ ʫʤʦʚ ʨʝʻʩʪʨʘʮʽʾ, ʪʫʥʝʣʴʥʠʡ ʩʪʨʫʤ ʤʦʞʝ ʙʫʪʠ 

ʧʨʦʧʦʨʮʽʡʥʠʤ ʷʢ ʣʦʢʘʣʴʥʽʡ ʛʫʩʪʠʥʽ ʧʦʚʝʨʭʥʝʚʠʭ ʝʣʝʢʪʨʦʥʥʠʭ ʩʪʘʥʽʚ ʟʨʘʟʢʘ, 

ʚʢʣʶʯʘʶʯʠ ʇɽʉ, ʪʘʢ ʽ ʾʾ ʟʛʦʨʪʮʽ ʟ ʛʫʩʪʠʥʦʶ ʩʪʘʥʽʚ ʥʘ ʧʦʚʝʨʭʥʽ ʩʢʘʥʫʶʯʦʛʦ ʉʊʄ-

ʚʽʩʪʨʷ. 

 ɯʥʰʘ ʩʢʣʘʜʥʽʩʪʴ ʧʦʚôʷʟʘʥʘ ʟ ʢʦʥʩʪʨʫʢʪʠʚʥʠʤʠ ʦʩʦʙʣʠʚʦʩʪʷʤʠ ʉʊʄ-ʤʽʢʨʦʩʢʦʧʘ. 

ʋ ʥʴʦʤʫ ʚʠʢʦʨʠʩʪʦʚʫʻʪʴʩʷ ʢʦʣʦ ʟʚʦʨʦʪʥʦʛʦ ʟʚôʷʟʢʫ (ʨʠʩ. 2.6ʘ), ʷʢʝ ʨʝʛʫʣʶʻ ʚʽʜʩʪʘʥʴ 

ʤʽʞ ʚʽʩʪʨʷʤ ʽ ʧʦʚʝʨʭʥʝʶ ʟʨʘʟʢʘ ʚ ʨʝʞʠʤʽ ʧʦʩʪʽʡʥʦʛʦ ʪʫʥʝʣʴʥʦʛʦ ʩʪʨʫʤʫ. ʆʜʠʥ ʽʟ 

ʥʘʡʧʨʦʩʪʽʰʠʭ ʩʧʦʩʦʙʽʚ ʦʪʨʠʤʘʥʥʷ ʚʦʣʴʪ-ʘʤʧʝʨʥʦʾ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ (ɺɸʍ) ʩʪʨʫʢʪʫʨʠ 

çʧʦʚʝʨʭʥʷ ʟʨʘʟʢʘ ï ʚʽʩʪʨʷè ʧʨʠ ʬʽʢʩʦʚʘʥʦʤʫ ʧʦʣʦʞʝʥʥʽ ʚʽʩʪʨʷ ï ʮʝ ʨʦʟʽʤʢʥʝʥʥʷ ʮʴʦʛʦ 

ʢʦʣʘ. ʆʜʥʘʢ ʫ ʪʘʢʦʤʫ ʨʘʟʽ ʚʽʩʪʨʷ ʦʧʠʥʷʻʪʴʩʷ ʚ ʥʝʩʪʽʡʢʽʡ ʨʽʚʥʦʚʘʟʽ, ʘ ʧʝʨʝʭʽʜʥʽ ʧʨʦʮʝʩʠ 

ʪʘ ʝʣʝʢʪʨʦʩʪʘʪʠʯʥʽ ʩʠʣʠ ʧʨʠʪʷʛʘʥʥʷ ʤʽʞ ʚʽʩʪʨʷʤ ʽ ʧʦʚʝʨʭʥʝʶ ʤʦʞʫʪʴ ʧʨʠʟʚʝʩʪʠ ʜʦ 

ʥʝʢʦʥʪʨʦʣʴʦʚʘʥʦʾ ʟʤʽʥʠ ʚʽʜʩʪʘʥʽ ʤʽʞ ʥʠʤʠ.  

 ʉʣʽʜ ʟʘʟʥʘʯʠʪʠ, ʱʦ ʧʨʠʩʪʨʽʡ ñOmicron NanoTechnology STM/AFM Systemò ʜʘʻ 

ʟʤʦʛʫ ʧʨʦʚʦʜʠʪʠ ʉʊʄ/ʉʊʉ ʜʦʩʣʽʜʞʝʥʥʷ in situ ʦʜʥʦʯʘʩʥʦ. ʇʽʜ ʯʘʩ ʉʊʉ ʝʣʝʢʪʨʠʯʥʝ 
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ʢʦʣʦ ʟʚʦʨʦʪʥʦʛʦ ʟʚôʷʟʢʫ ʨʦʟʤʠʢʘʻʪʴʩʷ ʥʘ ʢʦʨʦʪʢʠʡ ʯʘʩ (~ʤʩ), ʧʨʦʪʷʛʦʤ ʷʢʦʛʦ ʥʘʧʨʫʛʘ 

ʟʤʽʱʝʥʥʷ V ʨʽʟʢʦ ʩʧʘʜʘʻ ʟʘ ʧʠʣʢʦʧʦʜʽʙʥʠʤ ʧʨʦʬʽʣʝʤ, ʘ ʟʤʽʥʠ ʪʫʥʝʣʴʥʦʛʦ ʩʪʨʫʤʫ 

ʨʝʻʩʪʨʫʶʪʴʩʷ. ʎʝ ʜʦʟʚʦʣʷʻ ʧʨʦʩʪʦ ʦʪʨʠʤʘʪʠ ʟʘʣʝʞʥʽʩʪʴ ʪʫʥʝʣʴʥʦʛʦ ʩʪʨʫʤʫ ʚʽʜ ʥʘʧʨʫʛʠ 

ʟʤʽʱʝʥʥʷ, ʪʦʙʪʦ ʣʦʢʘʣʴʥʫ ʚʦʣʴʪ-ʘʤʧʝʨʥʫ ʭʘʨʘʢʪʝʨʠʩʪʠʢʫ ʩʠʩʪʝʤʠ çʧʦʚʝʨʭʥʷ ʟʨʘʟʢʘ ï 

ʚʽʩʪʨʷè ʱʦ, ʟʛʽʜʥʦ ʟ (2.12), ʚʽʜʦʙʨʘʞʘʻ ʣʦʢʘʣʴʥʫ ʝʥʝʨʛʝʪʠʯʥʫ ʩʪʨʫʢʪʫʨʫ ʧʦʚʝʨʭʥʽ. 
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ʈʆɿɼɯʃ 3. ɽʃɽʄɽʅʊʆ-ʌɸɿʆɺʀʁ ʉʂʃɸɼ ʊɸ ɽʃɽʂʊʈʆʅʅɸ ʉʊʈʋʂʊʋʈɸ 

ʇʆɺɽʈʍʆʅʔ ʉʂʆʃʖɺɸʅʅʗ ʐʂ InTe ʪʘ In4Se3 

3.1. ɼʦʩʣʽʜʞʝʥʥʷ ʝʣʝʢʪʨʦʥʥʦʾ ʝʥʝʨʛʝʪʠʯʥʦʾ ʩʪʨʫʢʪʫʨʠ ʧʦʚʝʨʭʥʽ (100) In4Se3 ʟʘ ʨʽʟʥʦʾ 

ʧʽʜʛʦʪʦʚʢʠ ʪʘ ʦʙʨʦʙʢʠ ʤʝʪʦʜʦʤ ʫʣʴʪʨʘʬʽʦʣʝʪʦʚʦʾ ʬʦʪʦʝʣʝʢʪʨʦʥʥʦʾ ʩʧʝʢʪʨʦʩʢʦʧʽʾ 

 ʄʝʪʦʜʠ ʫʣʴʪʨʘʬʽʦʣʝʪʦʚʦʾ ʬʦʪʦʝʣʝʢʪʨʦʥʥʦʾ ʩʧʝʢʪʨʦʩʢʦʧʽʾ (ʋʌɽʉ) ʪʘ 

ʫʣʴʪʨʘʬʽʦʣʝʪʦʚʦʾ ʬʦʪʦʝʣʝʢʪʨʦʥʥʦʾ ʩʧʝʢʪʨʦʩʢʦʧʽʾ ʟ ʢʫʪʦʚʠʤ ʨʦʟʜʽʣʝʥʥʷʤ (ʋʌɽʉʂʈ) 

ʚʽʜʦʤʽ ʩʚʦʻʶ ʟʜʘʪʥʽʩʪʶ ʥʘʜʘʚʘʪʠ ʙʝʟʧʦʩʝʨʝʜʥʽ ʜʘʥʽ ʧʨʦ ʟʦʥʥʫ ʩʪʨʫʢʪʫʨʫ ʽ ʛʫʩʪʠʥʫ 

ʧʦʚʝʨʭʥʝʚʠʭ ʩʪʘʥʽʚШ[54]. ɺʠʚʯʘʶʯʠ ʧʦʚʝʨʭʥʽ ʩʢʦʣʶʚʘʥʥʷ (100) In4Se3 ʟʘ ʜʦʧʦʤʦʛʦʶ 

ʮʠʭ ʤʝʪʦʜʽʚ ʩʧʝʢʪʨʦʩʢʦʧʽʾ, ʤʦʞʥʘ ʦʪʨʠʤʘʪʠ ʩʧʝʢʪʨʠ ʟ ʤʦʞʣʠʚʠʤʠ ʧʨʦʷʚʘʤʠ 

ʝʣʝʢʪʨʦʥʥʦʾ ʘʥʽʟʦʪʨʦʧʽʾ ʪʘ ʩʧʝʮʠʬʽʯʥʠʭ ʧʦʚʝʨʭʥʝʚʠʭ ʝʣʝʢʪʨʦʥʥʠʭ ʩʪʘʥʽʚ, ʷʢʽ 

ʙʝʨʫʪʴ ʫʯʘʩʪʴ ʫ ʘʜʩʦʨʙʮʽʾ ʪʘ ʬʦʨʤʫʚʘʥʥʽ ʽʥʪʝʨʬʝʡʩʥʠʭ ʰʘʨʽʚ ʥʘ ʜʦʩʣʽʜʞʫʚʘʥʽʡ 

ʧʦʚʝʨʭʥʽ. 

 ɺ ʨʦʙʦʪʽ [55] ʧʦʢʘʟʘʥʦ ʟʘ ʜʦʧʦʤʦʛʦʶ ʜʠʬʨʘʢʮʽʾ ʧʦʚʽʣʴʥʠʭ ʝʣʝʢʪʨʦʥʽʚ, ʱʦ  

ʛʨʘʪʢʘ ʢʨʠʩʪʘʣʘ ʥʝ ʧʝʨʝʙʫʜʦʚʫʻʪʴʩʷ ʧʽʩʣʷ ʩʢʦʣʶʚʘʥʥʷ, ʪʦʙʪʦ ʧʦʚʝʨʭʥʷ (100) 

ʟʘʣʠʰʘʻʪʴʩʷ ʩʪʨʫʢʪʫʨʥʦ ʩʪʘʙʽʣʴʥʦʶ. ʊʘʢʠʤ ʯʠʥʦʤ, ʘʪʦʤʘʨʥʦ ʯʠʩʪʽ ʧʦʚʝʨʭʥʽ 

(100) In4Se3 ʥʝ ʟʘʟʥʘʶʪʴ ʨʝʢʦʥʩʪʨʫʢʮʽʾ. ʎʝ ʜʦʟʚʦʣʷʻ ʧʨʦʚʦʜʠʪʠ ʜʦʩʣʽʜʞʝʥʥʷ 

ʋʌɽʉʂʈ ʜʣʷ ʚʠʚʯʝʥʥʷ ʘʥʽʟʦʪʨʦʧʽʾ ʝʣʝʢʪʨʦʥʥʠʭ ʩʧʝʢʪʨʽʚ. ʇʨʦʪʝ ʧʠʪʘʥʥʷ ʧʨʦ 

ʝʣʝʢʪʨʦʥʥʽ ʩʧʝʢʪʨʠ ʧʦʚʝʨʭʥʽ ʩʢʦʣʶʚʘʥʥʷ (100) In4Se3 ʟʘʣʠʰʘʻʪʴʩʷ ʥʝʪʨʠʚʽʘʣʴʥʠʤ, 

ʦʩʢʽʣʴʢʠ ʮʽ ʧʦʚʝʨʭʥʽ, ʽʥʝʨʪʥʽ ʽ ʩʪʘʙʽʣʴʥʽ ʟ ʪʦʯʢʠ ʟʦʨʫ ʩʪʨʫʢʪʫʨʠ, ʤʦʞʫʪʴ ʙʫʪʠ ʤʝʥʰ 

ʽʥʝʨʪʥʠʤʠ ʱʦʜʦ ʘʜʩʦʨʙʮʽʾ, ʦʩʦʙʣʠʚʦ ʧʽʩʣʷ ʩʢʦʣʶʚʘʥʥʷ ʪʘ ʚʧʣʠʚʫ ʧʦʚʽʪʨʷ ʘʙʦ 

ʩʢʦʣʶʚʘʥʥʷ ʫ ʥʘʜʚʠʩʦʢʦʤʫ ʚʘʢʫʫʤʽ ʪʘ ʽʦʥʥʦʛʦ ʨʦʟʧʠʣʝʥʥʷ. 

 ʄʝʪʦʜ ʋʌɽʉ ʜʦʟʚʦʣʷʻ ʙʝʟʧʦʩʝʨʝʜʥʴʦ ʡ ʟ ʚʠʩʦʢʦʶ ʝʥʝʨʛʝʪʠʯʥʦʶ ʨʦʟʜʽʣʴʥʦʶ 

ʟʜʘʪʥʽʩʪʶ ʦʪʨʠʤʫʚʘʪʠ ʛʫʩʪʠʥʫ ʩʪʘʥʽʚ N(E) ʜʣʷ ʚʘʣʝʥʪʥʠʭ ʝʣʝʢʪʨʦʥʽʚ ʪʘ ʝʣʝʢʪʨʦʥʥʫ 

ʛʫʩʪʠʥʫ ʜʣʷ ʩʪʘʥʽʚ ʦʩʥʦʚʥʦʛʦ ʨʽʚʥʷ ʟ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʠʭ ʝʥʝʨʛʝʪʠʯʥʠʭ ʩʧʝʢʪʨʽʚ 

ʬʦʪʦʝʤʽʩʽʾ, ʪʦʙʪʦ ʟʦʥʥʫ ʩʪʨʫʢʪʫʨʫ ʧʦʚʝʨʭʥʽ. ʎʽ ʩʧʝʢʪʨʠ ʟʘʣʝʞʘʪʴ ʚʽʜ ʝʥʝʨʛʽʾ 

ʢʽʥʮʝʚʦʛʦ ʩʪʘʥʫ ʘʙʦ ʝʥʝʨʛʽʾ ʟʙʫʜʞʫʶʯʦʛʦ ʢʚʘʥʪʘ. ʉʘʤʝ ʪʦʤʫ, ʷʢʱʦ ʝʥʝʨʛʽʷ ʢʽʥʮʝʚʦʛʦ 

ʩʪʘʥʫ ʟʨʦʩʪʘʻ, ʝʥʝʨʛʝʪʠʯʥʘ ʨʦʟʜʽʣʴʥʘ ʟʜʘʪʥʽʩʪʴ ʟʤʝʥʰʫʻʪʴʩʷ ʯʝʨʝʟ 

ʙʘʛʘʪʦʝʣʝʢʪʨʦʥʥʽ ʡ ʝʣʝʢʪʨʦʥ-ʬʦʥʦʥʥʽ ʚʟʘʻʤʦʜʽʾ, ʽ ʪʘʢʠʤ ʯʠʥʦʤ ʫ ʩʧʝʢʪʨʘʭ 

ʟôʷʚʣʷʻʪʴʩʷ ʟʥʘʯʥʠʡ ʬʦʥ. 
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 ɹʽʣʴʰʽʩʪʴ ʬʦʪʦʝʣʝʢʪʨʦʥʽʚ, ʱʦ ʚʠʧʨʦʤʽʥʶʶʪʴʩʷ ʟ ʭʘʨʘʢʪʝʨʠʩʪʠʯʥʦʶ 

ʝʥʝʨʛʽʻʶ, ʚʠʭʦʜʷʪʴ ʽʟ ʢʽʣʴʢʦʭ ʧʦʚʝʨʭʥʝʚʠʭ ʰʘʨʽʚ ʰʘʨʫʚʘʪʦʛʦ ʢʨʠʩʪʘʣʘ, ʽ ʪʦʤʫ 

ʬʦʨʤʫʚʘʥʥʷ ʽʥʪʝʨʬʝʡʩʥʠʭ ʰʘʨʽʚ ʥʘ ʧʦʚʝʨʭʥʷʭ ʩʢʦʣʶʚʘʥʥʷ (100) In4Se3 ʩʫʪʪʻʚʦ 

ʚʧʣʠʚʘʻ ʥʘ ʥʠʟʴʢʦʝʥʝʨʛʝʪʠʯʥʫ ʯʘʩʪʠʥʫ ʩʧʝʢʪʨʽʚ ʋʌɽʉ, ʘ ʪʘʢʦʞ ʥʘ ʩʪʘʥʠ ʫ ʚʝʨʭʥʽʡ 

ʯʘʩʪʠʥʽ ʚʘʣʝʥʪʥʦʾ ʟʦʥʠ [56]. 

 ʇʝʨʰʠʡ ʢʨʦʢ ʜʣʷ ʚʠʟʥʘʯʝʥʥʷ ʚʽʜʧʦʚʽʜʥʠʭ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʠʭ ʫʤʦʚ 

ʜʦʩʣʽʜʞʝʥʥʷ ʟʦʥʥʦʾ ʩʪʨʫʢʪʫʨʠ ʽ ʩʧʝʢʪʨʽʚ ʝʣʝʢʪʨʦʥʥʦʾ ʝʥʝʨʛʽʾ ʧʦʚʝʨʭʥʽ ʩʢʦʣʶʚʘʥʥʷ 

ʧʦʣʷʛʘʻ ʚ ʘʥʘʣʽʟʽ ʬʦʨʤʫʚʘʥʥʷ ʽʥʪʝʨʬʝʡʩʥʠʭ ʰʘʨʽʚ in situ: ʥʘ ʧʦʚʝʨʭʥʽ ʙʝʟʧʦʩʝʨʝʜʥʴʦ 

ʧʽʩʣʷ ʩʢʦʣʶʚʘʥʥʷ, ʧʨʠ ʚʧʣʠʚʽ ʟʘʣʠʰʢʦʚʠʭ ʛʘʟʽʚ, ʧʨʠ ʽʦʥʥʦʤʫ ʨʦʟʧʠʣʝʥʥʽ ʪʘ ʧʽʩʣʷ 

ʦʧʨʦʤʽʥʝʥʥʷ ʚʘʢʫʫʤʥʠʤ ʫʣʴʪʨʘʬʽʦʣʝʪʦʤ. ʂʨʽʤ ʪʦʛʦ, ʮʽ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʤʦʞʫʪʴ ʙʫʪʠ 

ʥʝʢʦʥʪʨʦʣʴʦʚʘʥʦ ʟʤʽʥʝʥʽ ʽʥʪʝʨʬʝʡʩʥʠʤʠ ʰʘʨʘʤʠ [57, 58]. 

 ɼʣʷ ʜʦʩʣʽʜʞʝʥʥʷ ʙʫʣʠ ʦʙʨʘʥʽ ʨʽʟʥʽ ʧʦʚʝʨʭʥʽ (100) In4Se3, ʟʦʢʨʝʤʘ ʪʽ, ʱʦ 

ʦʪʨʠʤʘʥʽ in situ, ʘʪʦʤʘʨʥʦ ʯʠʩʪʽ ʦʜʨʘʟʫ ʧʽʩʣʷ ʩʢʦʣʶʚʘʥʥʷ, ʘ ʪʘʢʦʞ ʪʽ, ʱʦ ʟʘʟʥʘʣʠ 

ʚʧʣʠʚʫ ʟʘʣʠʰʢʦʚʠʭ ʛʘʟʽʚ ʫ ʘʪʤʦʩʬʝʨʽ ʢʘʤʝʨʠ ʅɺɺ, ʪʘ ʧʦʚʝʨʭʥʽ ʧʽʩʣʷ ʽʦʥʥʦʛʦ 

ʨʦʟʧʠʣʝʥʥʷ. ʊʘʢʠʤ ʯʠʥʦʤ, ʫ ʧʨʦʮʝʩʽ ʬʦʨʤʫʚʘʥʥʷ ʽʥʪʝʨʬʝʡʩʥʠʭ ʰʘʨʽʚ ʥʘ ʧʦʚʝʨʭʥʽ 

ʩʢʦʣʶʚʘʥʥʷ (100) In4Se3 ʚʠʚʯʘʣʠʩʷ ʟʤʽʥʠ ʛʫʩʪʠʥʠ ʝʣʝʢʪʨʦʥʥʠʭ ʩʪʘʥʽʚ ʚʘʣʝʥʪʥʦʾ 

ʟʦʥʠ ʪʘ ʨʽʚʥʽʚ ʦʩʥʦʚʥʠʭ ʩʪʘʥʽʚ (In 4d ʽ Se 3d). 

3.1.1. ʋʌɽʉ ʧʦʚʝʨʭʦʥʴ ʩʢʦʣʶʚʘʥʥʷ (100) In Se3 

 ʗʢ ʧʦʢʘʟʘʣʠ ʥʘʰʽ ʜʦʩʣʽʜʞʝʥʥʷ ʚ ʨʦʙʦʪʽ [59] ʛʫʩʪʠʥʘ ʝʣʝʢʪʨʦʥʥʠʭ ʩʪʘʥʽʚ 

ʟʘʣʝʞʠʪʴ ʚʽʜ ʫʤʦʚ ʨʝʻʩʪʨʘʮʽʾ. ʅʘ ʨʠʩ. 3.1 ʧʦʢʘʟʘʥʦ ʦʪʨʠʤʘʥʽ ʋʌɽʉ ʩʧʝʢʪʨʠ ʛʫʩʪʠʥʠ 

ʩʪʘʥʽʚ ʝʣʝʢʪʨʦʥʽʚ, ʟʘʨʝʻʩʪʨʦʚʘʥʽ ʫ ʨʝʞʠʤʽ ʥʦʨʤʘʣʴʥʦʾ ʝʤʽʩʽʾ. ʋʩʽ ʥʘʚʝʜʝʥʽ ʩʧʝʢʪʨʠ 

ʥʦʨʤʦʚʘʥʽ ʥʘ ʧʦʪʦʢʠ ʟʙʫʜʞʫʶʯʠʭ ʬʦʪʦʥʽʚ. ʅʘ ʨʠʩʫʥʢʫ ʤʦʞʥʘ ʧʦʙʘʯʠʪʠ ʟʥʘʯʥʽ ʟʤʽʥʠ 

ʚ ʋʌɽʉ ʩʧʝʢʪʨʘʭ ʧʽʩʣʷ ʽʦʥʥʦʛʦ ʨʦʟʧʠʣʝʥʥʷ ʧʦʚʝʨʭʥʽ ʩʢʦʣʁʚʘʥʥʷ; ʥʘʧʨʠʢʣʘʜ, 

ʰʠʨʦʢʠʡ ʤʘʢʩʠʤʫʤ ʫ ʥʠʟʴʢʦʝʥʝʨʛʝʪʠʯʥʽʡ ʦʙʣʘʩʪʽ (1-2 ʝɺ) ʟʥʠʢʘʻ, ʘ ʪʘʢʦʞ 

ʩʧʦʩʪʝʨʽʛʘʻʪʴʩʷ ʥʝʚʝʣʠʢʝ ʟʤʽʱʝʥʥʷ ʨʽʚʥʷ ʌʝʨʤʽ (0,3-0,4 ʝɺ) (ʨʠʩ. 3.1 ʢʨʠʚʽ 1 ʽ 4). 

 ɿ ʨʠʩ. 3.1 ʚʠʜʥʦ, ʱʦ ʋʌɽʉ-ʩʧʝʢʪʨʠ ʜʣʷ ʧʦʚʝʨʭʦʥʴ ʩʢʦʣʶʚʘʥʥʷ (100) In4Se3, 

ʦʯʠʱʝʥʠʭ ʚʽʜ ʽʥʪʝʨʬʝʡʩʥʠʭ ʥʘʰʘʨʫʚʘʥʴ ʽʦʥʘʤʠ Ar, ʩʫʪʪʻʚʦ ʚʽʜʨʽʟʥʷʶʪʴʩʷ ʚʽʜ 

ʩʧʝʢʪʨʽʚ, ʦʪʨʠʤʘʥʠʭ ʜʣʷ ʘʪʦʤʘʨʥʦ ʯʠʩʪʠʭ ʧʦʚʝʨʭʦʥʴ (ʨʠʩ. 3.1a, ʢʨʠʚʽ 1 ʽ 4). 

ʂʦʝʬʽʮʽʻʥʪ ʨʦʟʧʠʣʝʥʥʷ ʜʣʷ ʘʪʦʤʽʚ Se ̔ʦʥʘʤʠ Ar ʧʨʠʙʣʠʟʥʦ ʚ 1,1 ʨʘʟʠ ʙʽʣʴʰʠʡ, ʥʽʞ 
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ʜʣʷ In, ʪʦʤʫ ʚʥʘʩʣʽʜʦʢ ʽʦʥʥʦʛʦ ʨʦʟʧʠʣʝʥʥʷ ʧʦʚʝʨʭʥʷ ʩʢʦʣʶʚʘʥʥʷ ʟʙʘʛʘʯʫʻʪʴʩʷ 

ʘʪʦʤʘʤʠ ʽʥʜʽʶ. ʎʝ ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʟʤʽʥ ʚ ʋʌɽʉ-ʩʧʝʢʪʨʽ ʛʫʩʪʠʥʠ ʩʪʘʥʽʚ ʚʘʣʝʥʪʥʦʾ 

ʟʦʥʠ, ʟʤʽʱʝʥʥʷ ʨʽʚʥʷ ʌʝʨʤʽ ʽ, ʚʽʜʧʦʚʽʜʥʦ, ʟʤʽʥʠ ʨʦʙʦʪʠ ʚʠʭʦʜʫ (ʙʣʠʟʴʢʦ 4,3 ʝɺ ʜʣʷ 

In4Se3 ̔  ʙʣʠʟʴʢʦ 3,8 ʝɺ ʜʣʷ ʤʝʪʘʣʝʚʦʛʦ In), ʱʦ ʚʠʢʣʠʢʘʻ ʟʩʫʚʠ ʝʥʝʨʛʽʡ ʟʚôʷʟʢʫ 

ʝʣʝʢʪʨʦʥʽʚ. 

 

ʈʠʩ. 3.1. ʉʧʝʢʪʨʠ ʋʌɽʉ ʜʣʷ ʧʦʚʝʨʭʦʥʴ ʩʢʦʣʶʚʘʥʥʷ (100) In4Se3 (hɜ = 25 ʝɺ, 

ʚʠʧʨʦʤʽʥʶʚʘʥʥʷ ʥʦʨʤʘʣʴʥʝ ʜʦ ʧʦʚʝʨʭʥʽ ʩʢʦʣʶʚʘʥʥʷ)[59]:a ð 1: ʘʪʦʤʘʨʥʦ ʯʠʩʪʘ 

ʧʦʚʝʨʭʥʷ ʦʜʨʘʟʫ ʧʽʩʣʷ ʩʢʦʣʶʚʘʥʥʷ ʚ ʅɺɺ; 2: ʧʽʩʣʷ ʩʢʦʣʶʚʘʥʥʷ in situ ʪʘ ʝʢʩʧʦʟʠʮʽʾ 

ʚ ʅɺɺ ʧʨʦʪʷʛʦʤ 5 ʛʦʜʠʥ; 3: ʝʢʩʧʦʟʠʮʽʷ ʚ ʅɺɺ ʧʨʦʪʷʛʦʤ 12 ʛʦʜʠʥ; 4: ʦʜʨʘʟʫ ʧʽʩʣʷ 

ʽʦʥʥʦʛʦ ʨʦʟʧʠʣʝʥʥʷ Ar  (E = 1,6 ʢʝɺ, I = 10 ɛA, PAr = 5Ĭ10  ʊʦʨ); ʙ ð 1: 15 ʭʚ ʧʽʩʣʷ 

ʽʦʥʥʦʛʦ ʨʦʟʧʠʣʝʥʥʷ ʪʘ ʝʢʩʧʦʟʠʮʽʾ ʚ ʅɺɺ; 2: 1 ʛʦʜʠʥʘ ʧʽʩʣʷ ʽʦʥʥʦʛʦ ʨʦʟʧʠʣʝʥʥʷ ʪʘ 

ʝʢʩʧʦʟʠʮʽʾ ʚ ʅɺɺ; 3: ʜʦʜʘʪʢʦʚʝ 10-ʭʚʠʣʠʥʥʝ ʽʦʥʥʝ ʨʦʟʧʠʣʝʥʥʷ ʚ ʅɺɺ; 4: ʜʦʜʘʪʢʦʚʝ 

30-ʭʚʠʣʠʥʥʝ ʽʦʥʥʝ ʨʦʟʧʠʣʝʥʥʷ ʚ ʅɺɺ ʽ 12-ʛʦʜʠʥʥʘ ʝʢʩʧʦʟʠʮʽʷ ʚ ʅɺɺ (10-9 ʊʦʨʨ). 

 ʋʌɽʉ-ʩʧʝʢʪʨʠ ʜʣʷ ʧʦʚʝʨʭʦʥʴ ʩʢʦʣʶʚʘʥʥʷ (100) In4Se3 ʧʽʩʣʷ ʽʦʥʥʦʛʦ 

ʨʦʟʧʠʣʝʥʥʷ ʪʘ ʝʢʩʧʦʟʠʮʽʾ ʚ ʅɺɺ (ʨʠʩ. 3.1ʙ) ʜʝʤʦʥʩʪʨʫʶʪʴ ʟʥʘʯʥʽ ʥʝʟʚʦʨʦʪʥʽ ʟʤʽʥʠ 

ʽʥʪʝʥʩʠʚʥʦʩʪʝʡ ʧʽʢʽʚ ʽ ʝʥʝʨʛʽʡ ʟʚôʷʟʢʫ, ʪʦʙʪʦ ʟʤʽʥʠ ʚ ʛʫʩʪʠʥʽ ʩʪʘʥʽʚ ʚʘʣʝʥʪʥʦʾ ʟʦʥʠ 

ʧʦʚʝʨʭʥʽ. ʆʯʝʚʠʜʥʦ, ʱʦ ʚʥʘʩʣʽʜʦʢ ʽʦʥʥʦʛʦ ʨʦʟʧʠʣʝʥʥʷ ʝʣʝʤʝʥʪʥʠʡ ʩʢʣʘʜ ʧʦʚʝʨʭʦʥʴ 

ʩʢʦʣʶʚʘʥʥʷ (100) In4Se3 ʥʘʩʪʽʣʴʢʠ ʟʤʽʥʶʻʪʴʩʷ, ʱʦ ʚʦʥʠ ʙʽʣʴʰʝ ʥʝ ʧʽʜʭʦʜʷʪʴ ʜʣʷ 

ʘʥʘʣʽʟʫ ʟʦʥʥʦʾ ʩʪʨʫʢʪʫʨʠ ʪʘ ʜʦʩʣʽʜʞʝʥʥʷ ʝʣʝʢʪʨʦʥʥʠʭ ʩʧʝʢʪʨʽʚ ʥʝʟʨʫʡʥʦʚʘʥʠʭ 

ʧʦʚʝʨʭʦʥʴ ʩʢʦʣʶʚʘʥʥʷ. ʂʨʽʤ ʪʦʛʦ, ʟ ʨʠʩ. 3.1ʙ ʚʠʜʥʦ, ʱʦ ʛʫʩʪʠʥʘ ʩʪʘʥʽʚ ʥʘ ʪʘʢʠʭ 
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ʧʦʚʝʨʭʥʷʭ ʟʘʣʝʞʠʪʴ ʚʽʜ ʫʤʦʚ ʽʦʥʥʦʛʦ ʨʦʟʧʠʣʝʥʥʷ, ʘ ʪʘʢʦʞ ʚʽʜ ʧʦʜʘʣʴʰʠʭ ʦʙʨʦʙʦʢ ʽ 

"ʟʙʝʨʽʛʘʥʥʷ" ʧʦʚʝʨʭʦʥʴ ʥʘʚʽʪʴ ʫ ʅɺɺ. 

 ʍʘʨʘʢʪʝʨʥʠʤʠ ʜʣʷ ʘʪʦʤʘʨʥʦ ʯʠʩʪʦʾ ʧʦʚʝʨʭʥʽ ʻ ʜʚʘ ʧʽʢʠ (ʧʨʠʙʣʠʟʥʦ ʥʘ 1 ʝɺ ʽ 

3 ʝɺ), ʱʦ ʟʫʤʦʚʣʝʥʽ ʩʪʘʥʘʤʠ In-s, In-p ̔ Se-p ʫ ʚʘʣʝʥʪʥʽʡ ʟʦʥʽ, ʽ ʷʢʽ ʻ ʨʦʟʰʠʨʝʥʽ ʜʦ 

ʝʥʝʨʛʽʡ ʟʚôʷʟʢʫ ʚ ʜʽʘʧʘʟʦʥʽ ï(5-5,5) ʝɺ [60]. ʊʫʪ ʩʧʦʩʪʝʨʽʛʘʶʪʴʩʷ ʟʥʘʯʥʽ ʟʤʽʥʠ ʫ 

ʩʧʝʢʪʨʘʭ ʝʣʝʢʪʨʦʥʽʚ, ʱʦ ʚʠʧʨʦʤʽʥʶʶʪʴʩʷ ʟʽ ʩʪʘʥʽʚ ʚʘʣʝʥʪʥʦʾ ʟʦʥʠ, ʩʬʦʨʤʦʚʘʥʠʭ 

Se-p-ʩʪʘʥʘʤʠ (ʟ ʝʥʝʨʛʽʻʶ ʟʚôʷʟʢʫ ʧʨʠʙʣʠʟʥʦ 1 ʝɺ), ʱʦ ʪʘʢʦʞ ʚʠʜʥʦ ʥʘ ʨʠʩ. 3.1. ʊʦʙʪʦ 

ʚʽʜʙʫʚʘʻʪʴʩʷ ʟʥʠʞʝʥʥʷ ʽʥʪʝʥʩʠʚʥʦʩʪʽ ʬʦʪʦʝʤʽʩʽʾ ʟ Se-p-ʩʪʘʥʽʚ ʯʝʨʝʟ ʘʜʩʦʨʙʮʽʶ, 

ʦʩʦʙʣʠʚʦ CO, ʧʝʨʝʚʘʞʥʦ ʥʘ ʘʪʦʤʘʭ ʩʝʣʝʥʫ ʥʘ ʧʦʚʝʨʭʥʽ (Se , Se , Se ). 

 ʅʘ ʨʠʩ. 3.1a ʪʘʢʦʞ ʤʦʞʥʘ ʩʧʦʩʪʝʨʽʛʘʪʠ (ʢʨʠʚʘ 4) ʟʥʘʯʥʽ ʟʤʽʥʠ ʚ ʋʌɽʉ-ʩʧʝʢʪʨʽ 

ʧʽʩʣʷ ʨʦʟʧʠʣʝʥʥʷ ʧʦʚʝʨʭʥʽ (100) ʽʦʥʘʤʠ Ar: çʩʝʣʝʥʦʚʠʡè ʧʽʢ ʟʥʠʢʘʻ, ʘ ʪʘʢʦʞ 

ʚʽʜʙʫʚʘʻʪʴʩʷ ʥʝʚʝʣʠʢʝ ʝʥʝʨʛʝʪʠʯʥʝ ʟʤʽʱʝʥʥʷ ʨʽʚʥʷ ʌʝʨʤʽ. ʆʩʢʽʣʴʢʠ ʚʥʘʩʣʽʜʦʢ 

ʨʦʟʧʠʣʝʥʥʷ ʧʦʚʝʨʭʥʷ ʩʢʦʣʶʚʘʥʥʷ (100) ʟʙʘʛʘʯʫʻʪʴʩʷ ʘʪʦʤʘʤʠ In, ʋʌɽʉ-ʩʧʝʢʪʨ 

ʛʫʩʪʠʥʠ ʩʪʘʥʽʚ ʚʘʣʝʥʪʥʦʾ ʟʦʥʠ (ʝʥʝʨʛʽʷ ʟʚôʷʟʢʫ ʧʨʠʙʣʠʟʥʦ 3,5 ʝɺ), ʟʫʤʦʚʣʝʥʠʭ 

ʽʥʜʽʻʚʠʤʠ ʢʦʤʧʦʥʝʥʪʘʤʠ (In , In , In ), ʦʩʦʙʣʠʚʦ In  (ʝʥʝʨʛʽʷ ʟʚôʷʟʢʫ ʧʨʠʙʣʠʟʥʦ 1 ʝɺ, 

ʨʠʩ. 3.1), ʟʤʽʥʶʻʪʴʩʷ. 

3.1.2. ɿʦʥʥʘ ʩʪʨʫʢʪʫʨʘ ʪʘ ʛʫʩʪʠʥʘ ʩʪʘʥʽʚ In4Se3 

 ʇʝʨʰʦʧʨʠʥʮʠʧʥʽ ʨʦʟʨʘʭʫʥʢʠ ʙʫʣʠ ʚʠʢʦʥʘʥʽ ʤʝʪʦʜʦʤ ʪʝʦʨʽʾ ʬʫʥʢʮʽʦʥʘʣʘ 

ʛʫʩʪʠʥʠ ʟ ʫʟʘʛʘʣʴʥʝʥʠʤ ʛʨʘʜʽʻʥʪʥʠʤ ʥʘʙʣʠʞʝʥʥʷʤ (DFT-GGA) ʽʟ ʟʘʩʪʦʩʫʚʘʥʥʷʤ 

ʬʫʥʢʮʽʦʥʘʣʘ ʦʙʤʽʥʫ-ʢʦʨʝʣʷʮʽʾ ʇʝʨʜʴʶ-ɹʝʨʢʘ-ɽʥʮʝʨʛʦʬʘ (PBE) [61] ʙʝʟ ʚʨʘʭʫʚʘʥʥʷ 

ʩʧʽʥ-ʦʨʙʽʪʘʣʴʥʦʾ ʚʟʘʻʤʦʜʽʾ. ɼʣʷ ʽʥʪʝʛʨʫʚʘʥʥʷ ʧʦ ʧʝʨʰʽʡ ʟʦʥʽ ɹʨʽʣʶʝʥʘ 

ʚʠʢʦʨʠʩʪʦʚʫʚʘʣʘʩʷ ʩʭʝʤʘ k-ʪʦʯʦʢ ʄʦʥʢʛʦʨʩʪʘ-ʇʘʢʘ 1Ĭ1Ĭ4. ɽʥʝʨʛʽʷ ʚʽʜʨʽʟʫ ( the 

cutoff energy) ʚʩʪʘʥʦʚʣʝʥʘ ʥʘ ʨʽʚʥʽ 395 ʝɺ. ɽʣʝʤʝʥʪʘʨʥʘ ʢʦʤʽʨʢʘ ʩʢʣʘʜʘʻʪʴʩʷ ʟ 28 

ʘʪʦʤʽʚ ʽʟ ʩʽʤʦʤʘ ʨʽʟʥʠʤʠ ʧʦʟʠʮʽʷʤʠ (ʯʦʪʠʨʠ ʜʣʷ ʘʪʦʤʽʚ ʽʥʜʽʶ ʽ ʪʨʠ ʜʣʷ ʘʪʦʤʽʚ 

ʩʝʣʝʥʫ), ʽ ʢʦʞʥʘ ʧʦʟʠʮʽʷ ʟʘʡʤʘʻ ʯʦʪʠʨʠ ʝʢʚʽʚʘʣʝʥʪʥʽ ʘʪʦʤʥʽ ʤʽʩʮʷ. ʇʘʨʘʤʝʪʨʠ 

ʛʨʘʪʢʠ ʜʣʷ ʨʦʟʨʘʭʫʥʢʽʚ ʩʪʘʥʦʚʣʷʪʴ: a = 15,296 ¡, b = 12,308 ¡ ʽ c = 4,0806 ¡ ʫ 

ʦʨʪʦʨʦʤʙʽʯʥʽʡ ʛʨʫʧʽ ʩʠʤʝʪʨʽʾ Pnnm [62]. 

 ɿʦʥʥʘ ʩʪʨʫʢʪʫʨʘ ʰʘʨʫʚʘʪʦʛʦ ʢʨʠʩʪʘʣʫ In4Se3 ʜʣʷ ʧʝʨʰʦʾ ʟʦʥʠ ɹʨʽʣʶʝʥʘ ʫ 

ʚʠʩʦʢʦʩʠʤʝʪʨʠʯʥʦʤʫ ʥʘʧʨʷʤʢʫ ɻ-Z-U-X-ɻ-Y-S-X ʥʘʚʝʜʝʥʘ ʥʘ ʨʠʩ. 3.2. ʎʶ 
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ʩʪʨʫʢʪʫʨʫ ʤʦʞʥʘ ʚʚʘʞʘʪʠ ʪʘʢʦʶ, ʱʦ ʩʢʣʘʜʘʻʪʴʩʷ ʟ ʧ'ʷʪʠ ʦʩʥʦʚʥʠʭ ʩʤʫʛ ð ʯʦʪʠʨʴʦʭ 

ʥʠʞʯʝ ʨʽʚʥʷ ʌʝʨʤʽ (ʝʥʝʨʛʽʷ ʟʚôʷʟʢʫ ʜʦ 15 ʝɺ) ʽ ʦʜʥʽʻʾ ʚʠʱʝ ð ʟʦʥʠ ʧʨʦʚʽʜʥʦʩʪʽ. 

 

ʈʠʩ. 3.2. ɿʦʥʥʘ ʩʪʨʫʢʪʫʨʘ ʪʘ ʝʣʝʢʪʨʦʥʥʽ ʩʧʝʢʪʨʠ ʰʘʨʫʚʘʪʦʛʦ ʢʨʠʩʪʘʣʫ In4Se3 ʜʣʷ 

ʧʝʨʰʦʾ ʟʦʥʠ ɹʨʽʣʶʝʥʘ (ʚʠʩʦʢʦʩʠʤʝʪʨʠʯʥʠʡ ʥʘʧʨʷʤʦʢ ɻ-Z-U-X-ɻ-Y-S-X)[59]. 

ɽʣʝʢʪʨʦʥʥʽ ʢʦʥʬʽʛʫʨʘʮʽʾ ʜʣʷ In ʪʘ Se, ʚʠʢʦʨʠʩʪʘʥʽ ʜʣʷ ʨʦʟʨʘʭʫʥʢʽʚ: 

49In[Kr
36 4d10] 5s2 5p1; 34Se[Ar

18 3d10] 4s2 4p4. 

 ɿʛʽʜʥʦ ʟ ʨʦʟʨʘʭʫʥʢʽʚ, ʰʠʨʠʥʘ ʟʘʙʦʨʦʥʝʥʦʾ ʟʦʥʠ ʜʣʷ In4Se3 ʩʪʘʥʦʚʠʪʴ 0,21 ʝɺ. 

ʋ ʜʦʩʣʽʜʞʝʥʥʽ [63], ʚʠʢʦʥʘʥʦʤʫ ʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʤʝʪʦʜʫ ʧʩʝʚʜʦʧʦʪʝʥʮʽʘʣʫ, ʜʣʷ 

ʰʠʨʠʥʠ ʟʘʙʦʨʦʥʝʥʦʾ ʟʦʥʠ ʤʽʞ ʚʝʨʭʦʤ ʚʘʣʝʥʪʥʦʾ ʟʦʥʠ ʪʘ ʜʥʦʤ ʟʦʥʠ ʧʨʦʚʽʜʥʦʩʪʽ 

ʦʪʨʠʤʘʥʦ ʟʥʘʯʝʥʥʷ ʧʨʠʙʣʠʟʥʦ 0,3 ʝɺ. ɺ ʽʥʰʠʭ ʜʞʝʨʝʣʘʭ [64, 65] ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʽ 

ʨʝʟʫʣʴʪʘʪʠ ʢʦʣʠʚʘʶʪʴʩʷ ʚ ʜʽʘʧʘʟʦʥʽ 0,42-0,86 ʝɺ. ɺʘʞʣʠʚʦ ʟʘʟʥʘʯʠʪʠ, ʱʦ 

ʨʦʟʭʦʜʞʝʥʥʷ ʤʽʞ ʟʥʘʯʝʥʥʷʤ ʰʠʨʠʥʠ ʟʘʙʦʨʦʥʝʥʦʾ ʟʦʥʠ, ʨʦʟʨʘʭʦʚʘʥʠʤ ʟʘ ʤʝʪʦʜʦʤ 

DFT-GGA, ʪʘ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʠʤʠ ʨʝʟʫʣʴʪʘʪʘʤʠ ʻ ʟʚʠʯʘʡʥʠʤ ʷʚʠʱʝʤ, ʦʩʢʽʣʴʢʠ 

ʤʝʪʦʜ DFT-GGA ʟʘʟʚʠʯʘʡ ʟʘʥʠʞʫʻ Eg. ʇʨʦʪʝ, ʧʦʧʝʨʝʜʥʽ ʜʘʥʽ ʱʦʜʦ ʤʘʪʝʨʽʘʣʫ 
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ʚʢʘʟʫʶʪʴ ʥʘ ʪʝ, ʱʦ ʧʦʚʝʨʭʥʷ ʻ ʤʝʥʰ ʧʨʦʚʽʜʥʦʶ, ʥʽʞ ʦʙ'ʻʤʥʠʡ ʟʨʘʟʦʢ, ʘʙʦ ʧʨʠʥʘʡʤʥʽ 

ʾʾ ʟʘʙʦʨʦʥʝʥʘ ʟʦʥʘ ʰʠʨʰʘ (ʥʝ ʤʝʥʰʘ), ʥʽʞ ʜʣʷ ʦʙ'ʻʤʫ. 

 ñʅʘʡʥʠʞʯʘò ʧʣʦʩʢʘ, ʽʟʦʪʨʦʧʥʘ ʟʦʥʘ ʚʽʜʧʦʚʽʜʘʻ ʩʪʘʥʘʤ In-4d (-15,00 õ -13,73 ʝɺ). 

ʅʘʩʪʫʧʥʘ ʟʦʥʘ ʟ ʜʠʩʧʝʨʩʽʻʶ ʦʙʫʤʦʚʣʝʥʘ ʩʪʘʥʘʤʠ Se-4s ʽ, ʤʝʥʰʦʶ ʤʽʨʦʶ, In-4d   (-13,59 õ 

-11,91 ʝɺ). ɼʘʣʽ ʡʜʝ ʟʘʙʦʨʦʥʝʥʘ ʟʦʥʘ, ʱʦ ʧʨʦʩʪʷʛʘʻʪʴʩʷ ʚʽʜ -11,91 ʜʦ -7,17 ʝɺ ʥʠʞʯʝ ʨʽʚʥʷ 

ʌʝʨʤʽ ʜʦ ʧʦʯʘʪʢʫ ʜʥʘ ʚʘʣʝʥʪʥʦʾ ʟʦʥʠ. ʋ ʧʽʢʘʭ ʚʘʣʝʥʪʥʦʾ ʟʦʥʠ ʜʦʤʽʥʫʶʪʴ ʩʪʘʥʠ In-5s ʽ In-

5p, ʦʜʥʘʢ ʥʘ ʝʥʝʨʛʽʷʭ -1,5 ʝɺ ʫ ʚʘʣʝʥʪʥʽʡ ʟʦʥʽ ʜʦʤʽʥʫʶʪʴ ʩʪʘʥʠ Se-4p ʪʘ In-5p, ʱʦ ʚʠʜʥʦ 

ʥʘ ʨʠʩ. 3.3: 

 

ʈʠʩ. 3.3. ʇʘʨʮʽʘʣʴʥʽ ʚʥʝʩʢʠ ʦʨʙʽʪʘʣʝʡ ʘʪʦʤʽʚ In (a) ʽ Se (ʙ) ʫ ʛʫʩʪʠʥʫ ʩʪʘʥʽʚ ʚʘʣʝʥʪʥʦʾ ʟʦʥʠ 

ʰʘʨʫʚʘʪʦʛʦ ʢʨʠʩʪʘʣʘ In4Se3, ʘ ʪʘʢʦʞ ʟʘʛʘʣʴʥʘ ʛʫʩʪʠʥʘ ʩʪʘʥʽʚ ʚʘʣʝʥʪʥʦʾ ʟʦʥʠ (ʚ)[59]. 

 ɿ ʨʠʩ. 3.3a ʪʘ 3.3ʙ ʚʠʜʥʦ, ʱʦ ʟʦʥʘ ʧʨʦʚʽʜʥʦʩʪʽ In4Se3 ʬʦʨʤʫʻʪʴʩʷ ʧʝʨʝʚʘʞʥʦ 

In-p- ʪʘ Se-p-ʦʨʙʽʪʘʣʷʤʠ, ʭʦʯʘ ʚʥʝʩʦʢ In-p ʦʨʙʽʪʘʣʝʡ ʻ ʜʝʱʦ ʙʽʣʴʰʠʤ. ʇʦʜʽʙʥʘ 

ʩʠʪʫʘʮʽʷ ʟʽ ʩʪʨʽʤʢʦʶ ʟʤʽʥʦʶ ʛʫʩʪʠʥʠ ʩʪʘʥʽʚ In-s ʪʘ Se-p ʩʧʦʩʪʝʨʽʛʘʻʪʴʩʷ ʧʦʙʣʠʟʫ 

ʚʝʨʰʠʥʠ ʚʘʣʝʥʪʥʦʾ ʟʦʥʠ (ʨʠʩ. 3.4a, ʙ), ʟ ʙʽʣʴʰ ʟʥʘʯʥʠʤ ʚʥʝʩʢʦʤ Se-p ʩʪʘʥʽʚ. 
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 ʆʩʦʙʣʠʚʦ ʚʘʞʣʠʚʠʤʠ ʜʣʷ ʝʣʝʢʪʨʦʥʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ ʧʦʚʝʨʭʥʽ ʩʢʦʣʶʚʘʥʥʷ 

(100) In4Se3 ̒  ʢʘʪʽʦʥʥʽ ʩʪʘʥʠ In-s, ʛʽʙʨʠʜʠʟʦʚʘʥʽ ʟ ʢʘʪʽʦʥʥʠʤʠ ʩʪʘʥʘʤʠ In-p (5s1p2) 

ʪʘ ʘʥʽʦʥʘʤʠ(Se-s, -p), ʷʢʽ ʬʦʨʤʫʶʪʴ ʟʚôʷʟʢʠ. ʎʝ ʟʫʤʦʚʣʝʥʦ ʪʠʤ, ʱʦ ʚʦʥʠ ʚʠʟʥʘʯʘʶʪʴ 

ʰʠʨʠʥʫ ʟʘʙʦʨʦʥʝʥʦʾ ʟʦʥʠ In4Se3 ̔, ʤʦʞʣʠʚʦ, ʟ'ʷʚʣʷʶʪʴʩʷ ʷʢ ʢʚʘʟʽʣʦʢʘʣʴʥʽ ʩʪʘʥʠ (Se-

p, In-s, -p). 

 

ʈʠʩ. 3.4. ʈʦʟʨʘʭʦʚʘʥʽ ʧʘʨʮʽʘʣʴʥʽ ʚʥʝʩʢʠ ʦʨʙʽʪʘʣʝʡ ʘʪʦʤʽʚ In (a) ʽ Se (ʙ) ʫ ʛʫʩʪʠʥʫ 

ʩʪʘʥʽʚ ɺɿ ʧʨʠ ʥʝʚʝʣʠʢʠʭ ʝʥʝʨʛʽʷʭ ʟʚôʷʟʢʫ, ʟʘʛʘʣʴʥʘ ʛʫʩʪʠʥʘ ʩʪʘʥʽʚ In4Se3 (ʚ) ʫ 

ʧʦʨʽʚʥʷʥʥʽ ʟ ʬʨʘʛʤʝʥʪʦʤ ʋʌɽʉ-ʩʧʝʢʪʨʘ (ʜ) (hɜ = 15 ʝɺ; ʢʫʪ ʧʘʜʽʥʥʷ Ɋ = 45Á; 

ʚʠʧʨʦʤʽʥʶʚʘʥʥʷ ʥʦʨʤʘʣʴʥʝ ʜʦ ʧʦʚʝʨʭʥʽ ʩʢʦʣʶʚʘʥʥʷ (100) In4Se3) ʜʣʷ ʚʽʜʧʦʚʽʜʥʦʛʦ 

ʜʽʘʧʘʟʦʥʫ ʝʥʝʨʛʽʡ ʟʚôʷʟʢʫ[59]. 

ɿʛʽʜʥʦ ʟ ʨʝʟʫʣʴʪʘʪʘʤʠ, ʧʨʝʜʩʪʘʚʣʝʥʠʤʠ ʥʘ ʨʠʩ. 3.4, ʚʘʣʝʥʪʥʘ ʟʦʥʘ ʚ ʜʽʘʧʘʟʦʥʽ 

ʝʥʝʨʛʽʡ ʟʚôʷʟʢʫ ʚʽʜ -2,5 ʜʦ -4,5 ʝɺ ʬʦʨʤʫʻʪʴʩʷ ʧʝʨʝʚʘʞʥʦ In-5p ʪʘ Se-4p ʩʪʘʥʘʤʠ. 

ʈʦʟʨʘʭʦʚʘʥʽ ʛʫʩʪʠʥʠ ʟʘʧʦʚʥʝʥʠʭ ʩʪʘʥʽʚ ʫ ʜʽʘʧʘʟʦʥʽ ʚʘʣʝʥʪʥʦʾ ʟʦʥʠ ʫʟʛʦʜʞʫʶʪʴʩʷ ʟ 

ʨʝʟʫʣʴʪʘʪʘʤʠ ʋʌɽʉ (ʨʠʩ. 3.4ʜ). ʊʘʢʠʤ ʯʠʥʦʤ, ʥʘʚʽʪʴ ʟʘ ʫʤʦʚ ʅɺɺ ʧʦʚʝʨʭʥʽ 
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ʩʢʦʣʶʚʘʥʥʷ In4Se3 ʥʝ ʻ ʽʥʝʨʪʥʠʤʠ ʜʦ ʘʜʩʦʨʙʮʽʾ ʛʘʟʽʚ. ɿʤʽʥʠ ʧʽʢʽʚ ʥʘ ~1 ʝɺ ʪʘ ~3 ʝɺ 

ʫ ʩʧʝʢʪʨʘʭ ʋʌɽʉ ʧʽʜ ʯʘʩ ʘʜʩʦʨʙʮʽʾ ʟʘʣʠʰʢʦʚʠʭ ʛʘʟʽʚ ʫ ʢʘʤʝʨʽ ʅɺɺ ʩʚʽʜʯʘʪʴ ʧʨʦ ʪʝ, 

ʱʦ ʮʽ ʟʤʽʥʠ ʧʦʚôʷʟʘʥʽ ʟ ʥʘʷʚʥʽʩʪʶ ʧʦʚʝʨʭʥʝʚʠʭ ʝʣʝʢʪʨʦʥʥʠʭ ʩʪʘʥʽʚ, ʝʥʝʨʛʝʪʠʯʥʦ 

ʨʦʟʪʘʰʦʚʘʥʠʭ ʫ ʚʘʣʝʥʪʥʽʡ ʟʦʥʽ ʽ ʧʦʚ'ʷʟʘʥʠʭ ʟ ʜʠʥʘʤʽʯʥʠʤʠ ʟʤʽʥʘʤʠ ʛʫʩʪʠʥʠ 

ʝʣʝʢʪʨʦʥʽʚ ʫ Se-p ʩʪʘʥʘʭ. 

3.1.3. ʆʮʽʥʢʘ ʚʘʢʫʫʤʥʠʭ ʫʤʦʚ ʜʣʷ ʦʪʨʠʤʘʥʥʷ ʘʪʦʤʘʨʥʦ ʯʠʩʪʠʭ ʧʦʚʝʨʭʦʥʴ 

 ʌʦʨʤʫʚʘʥʥʷ ʽʥʪʝʨʬʝʡʩʥʠʭ ʰʘʨʽʚ (100) In4Se3, ʦʪʨʠʤʘʥʠʭ ʰʣʷʭʦʤ ʩʢʦʣʶʚʘʥʥʷ 

ʷʢ ʫ ʧʦʚʽʪʨʽ, ʪʘʢ ʽ ʚ ʅɺɺ, ʟʥʘʯʥʦ ʚʧʣʠʚʘʻ ʥʘ ʩʧʝʢʪʨʠ ʋʌɽʉ. ɿ ʽʥʰʦʛʦ ʙʦʢʫ, ʜʣʷ 

ʘʪʦʤʘʨʥʦ ʯʠʩʪʠʭ ʧʦʚʝʨʭʦʥʴ ʥʘʡʙʽʣʴʰʽ ʟʤʽʥʠ ʫ ʩʧʝʢʪʨʘʭ ʚʽʜʙʫʚʘʶʪʴʩʷ ʧʽʜ ʯʘʩ ʾʭ 

ʜʦʚʛʦʪʨʠʚʘʣʦʛʦ ʧʝʨʝʙʫʚʘʥʥʷ ʚ ʘʪʤʦʩʬʝʨʽ ʟʘʣʠʰʢʦʚʠʭ ʛʘʟʽʚ ʫ ʢʘʤʝʨʽ ʅɺɺ, ʱʦ ʻ 

ʮʽʣʢʦʤ ʣʦʛʽʯʥʠʤ. 

 ɿʛʽʜʥʦ [44] ʛʘʨʘʥʪʫʚʘʪʠ ʚʽʜʩʫʪʥʽʩʪʴ ʧʣʽʚʢʠ ʘʜʩʦʨʙʦʚʘʥʠʭ ʛʘʟʽʚ ʥʘ ʧʦʚʝʨʭʥʽ 

ʧʽʩʣʷ ʾʾ ʦʪʨʠʤʘʥʥʷ ʙʫʜʴ-̫ ʢʠʤ ʤʝʪʦʜʦʤ ʤʦʞʥʘ ʣʠʰʝ ʟʘ ʫʤʦʚʠ, ʱʦ ʪʨʠʚʘʣʽʩʪʴ 

ʝʢʩʧʝʨʠʤʝʥʪʫ ʤʝʥʰʘ ʟʘ ʯʘʩ ʦʩʘʜʞʝʥʥʷ ʦʜʥʦʛʦ ʤʦʥʦʰʘʨʫ ʟ ʘʪʤʦʩʬʝʨʠ ʟʘʣʠʰʢʦʚʠʭ 

ʛʘʟʽʚ. ʇʨʘʢʪʠʯʥʦ ʮʝ ʤʦʞʣʠʚʦ ʟʘʙʝʟʧʝʯʠʪʠ ʟʘ ʫʤʦʚ ʥʘʜʚʠʩʦʢʦʛʦ ʚʘʢʫʫʤʫ P¢10-9 ʊʦʨ, 

ʷʢʱʦ ʪʨʠʚʘʣʽʩʪʴ ʝʢʩʧʝʨʠʤʝʥʪʫ ʩʪʘʥʦʚʠʪʴ ʧʨʠʙʣʠʟʥʦ 0,5ï1,0 ʛʦʜ. ʋ ʪʘʢʠʭ ʫʤʦʚʘʭ 

ʢʽʣʴʢʽʩʪʴ ʤʦʣʝʢʫʣ ʘʙʦ ʘʪʦʤʽʚ ʟʘʣʠʰʢʦʚʠʭ ʛʘʟʽʚ, ʷʢʽ ʦʩʽʜʘʶʪʴ ʥʘ ʧʦʚʝʨʭʥʶ ʟ ʛʘʟʦʚʦʾ 

ʬʘʟʠ, ʥʝ ʧʝʨʝʚʠʱʫʻ ʢʽʣʴʢʦʭ ʯʘʩʪʦʢ ʤʦʥʦʰʘʨʫ ʤʦʥʦʰʘʨʫ @0,05-0,1 (q - ʩʪʫʧʽʥʴ 

ʧʦʢʨʠʪʪʷ ʧʦʚʝʨʭʥʽ). ɺʠʤʦʛʠ ʜʦ ʚʽʜʧʦʚʽʜʥʠʭ ʚʘʢʫʫʤʥʠʭ ʫʤʦʚ ʤʦʞʥʘ ʣʝʛʢʦ ʦʮʽʥʠʪʠ 

ʟʘ ʜʦʧʦʤʦʛʦʶ ʢʽʥʝʪʠʯʥʦʾ ʪʝʦʨʽʾ ʛʘʟʽʚ. ʂʽʣʴʢʽʩʪʴ ʤʦʣʝʢʫʣ, ʱʦ ʜʦʩʷʛʘʶʪʴ 1 ʩʤĮ 

ʧʦʚʝʨʭʥʽ ʟʘ 1 ʩʝʢʫʥʜʫ ʩ (n, ʤʦʣ.Öʩʤ-2Öʩ-1)ʚʠʟʥʘʯʘʻʪʴʩʷ ʟʘ ʬʦʨʤʫʣʦʶ: 
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ʜʝ k ï ʩʪʘʣʘ ɹʦʣʴʮʤʘʥʘ, m ï ʤʘʩʘ, ʘ  ʄ ï ʤʦʣʝʢʫʣʷʨʥʘ ʚʘʛʘ ʤʦʣʝʢʫʣ, ʊ ï ʪʝʤʧʝʨʘʪʫʨʘ 

ʛʘʟʫ (ʂ), ʈ ï ʪʠʩʢ ʛʘʟʫ ʚ ʊʦʨ (ʤʤ.ʨʪ.ʩʪ.). 

 ɺʽʜʧʦʚʽʜʥʦ, ʤʽʥʽʤʘʣʴʥʠʡ ʯʘʩ, ʥʝʦʙʭʽʜʥʠʡ ʜʣʷ ʬʦʨʤʫʚʘʥʥʷ ʤʦʥʦʰʘʨʫ 

ʘʜʩʦʨʙʘʪʫ ʥʘ ʧʦʚʝʨʭʥʽ ʟʨʘʟʢʘ, ʨʦʟʨʘʭʦʚʫʶʪʴ ʟʘ ʬʦʨʤʫʣʦʶ: 
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ʜʝ N - ʢʽʣʴʢʽʩʪʴ ʤʦʣʝʢʫʣ ʫ ʱʽʣʴʥʦ ʫʧʘʢʦʚʘʥʦʤʫ ʘʜʩʦʨʙʦʚʘʥʦʤʫ ʤʦʥʦʰʘʨʽ, a - 

ʢʦʝʬʽʮʽʻʥʪ ʧʨʠʣʠʧʘʥʥʷ ʤʦʣʝʢʫʣ ʜʦ ʧʦʚʝʨʭʥʽ (a¢1). 

 ɿʘ ʫʤʦʚʠ, ʱʦ ʩʝʨʝʜʥʷ ʤʦʣʝʢʫʣʷʨʥʘ ʤʘʩʘ M ʦʩʥʦʚʥʠʭ ʟʘʣʠʰʢʦʚʠʭ ʛʘʟʽʚ ʫ 

ʚʘʢʫʫʤʥʠʭ ʩʠʩʪʝʤʘʭ (CO, N2, H2, ...)  ʟ ʙʝʟʤʘʩʣʷʥʠʤʠ ʟʘʩʦʙʘʤʠ ʚʽʜʢʘʯʫʚʘʥʥʷ 

ʩʪʘʥʦʚʠʪʴ ʄ =28-29 , ʘ ʪʝʤʧʝʨʘʪʫʨʘ ʊ=293-300 K, ʪʘ ʚʨʘʭʦʚʫʶʯʠ, ʱʦ ʢʽʣʴʢʽʩʪʴ 

ʯʘʩʪʠʥʦʢ ʫ ʤʦʥʦʰʘʨʽ ʜʦʨʽʚʥʶʻ ʧʨʠʙʣʠʟʥʦ 8Ö1014- 2Ö1015 ʘʪ./ʩʤ-2, ʯʘʩ ʬʦʨʤʫʚʘʥʥʷ 

ʤʦʥʦʰʘʨʫ ʘʜʩʦʨʙʘʪʫ, ʟʛʽʜʥʦ ʦʩʪʘʥʥʴʦʾ ʬʦʨʤʫʣʠ, ʤʦʞʥʘ ʚʠʟʥʘʯʠʪʠ ʪʘʢʠʤ ʯʠʥʦʤ: 

t P
m
@ Ö Ö- -3

10 6 1

a
     (3.3) 

 ʆʪʞʝ, ʯʘʩ ʘʜʩʦʨʙʮʽʾ ʤʦʥʦʰʘʨʫ tm, ʻ ʦʙʝʨʥʝʥʦ ʧʨʦʧʦʨʮʽʡʥʠʡ ʜʦ ʪʠʩʢʫ 

ʟʘʣʠʰʢʦʚʠʭ ʛʘʟʽʚ P, ʊʦʨ. ʏʘʩ ʘʜʩʦʨʙʮʽʾ ʤʦʥʦʰʘʨʫ ʧʨʠ a=1 ʩʪʘʥʦʚʠʪʴ ʧʨʠʙʣʠʟʥʦ 

3Ö10-6 ʩ ʧʨʠ ʈ= 1 ʊʦʨ, 3 ʩ - ʧʨʠ ʈ= 1Ö10-6 ʊʦʨ, ʤʘʡʞʝ 1 ʛʦʜ (@51 ʭʚ) - ʧʨʠ ʈ= 10-9 ʊʦʨ 

ʪʘ 8,1 ʛʦʜ - ʧʨʠ ʈ=10-10 ʊʦʨ. ʎʝ ʦʟʥʘʯʘʻ, ʱʦ ʷʢʱʦ ʚʩʽ ʘʪʦʤʠ ʘʙʦ ʤʦʣʝʢʫʣʠ ʛʘʟʫ, ʷʢʽ 

ʜʦʩʷʛʘʶʪʴ ʜʦʩʣʽʜʞʫʚʘʥʦʾ ʧʦʚʝʨʭʥʽ, ʜʽʡʩʥʦ ʧʨʠʣʠʧʘʶʪʴ ʜʦ ʥʝʾ, ʪʦ ʜʣʷ ʾʾ ʟʘʙʨʫʜʥʝʥʥʷ 

ʥʘ ʜʝʢʽʣʴʢʘ ʧʨʦʮʝʥʪʽʚ ʤʦʥʦʰʘʨʫ ʘʜʩʦʨʙʘʪʫ (q= 0,05-0,10) ʟʘ ʯʘʩ ʝʢʩʧʝʨʠʤʝʥʪʫ 

t= 0,5-1,0 ʛʦʜ ʥʝʦʙʭʽʜʥʠʡ ʚʘʢʫʫʤ 1Ö10-9 - 10-10 ʊʦʨ ʽ ʢʨʘʱʝ.  

 ʆʜʥʘʢ , ʟʛʽʜʥʦ [44] ʯʘʩʠ ʫʪʚʦʨʝʥʥʷ ʤʦʥʦʰʘʨʫ ʘʜʩʦʨʙʦʚʘʥʠʭ ʛʘʟʽʚ tm ̒  ʟʥʘʯʥʦ 

ʙʽʣʴʰʠʤʠ ʟʘ ʥʘʚʝʜʝʥʽ ʚʠʱʝ ʟʥʘʯʝʥʥʷ. ʎʝ ʧʦʷʩʥʶʻʪʴʩʷ ʪʠʤ, ʱʦ ʩʫʤʘʨʥʠʡ ʢʦʝʬʽʮʽʻʥʪ 

ʧʨʠʣʠʧʘʥʥʷ a ʤʦʣʝʢʫʣ ʟʘʣʠʰʢʦʚʠʭ ʛʘʟʽʚ ʟʘʣʝʞʠʪʴ ʚʽʜ ʩʪʫʧʝʥʷ ʧʦʢʨʠʪʪʷ ʧʦʚʝʨʭʥʽ q 

ʽ ʤʦʞʝ ʙʫʪʠ ʟʥʘʯʥʦ ʤʝʥʰʠʤ ʟʘ ʦʜʠʥʠʮʶ. ʆʩʦʙʣʠʚʦ ʮʝ ʘʢʪʫʘʣʴʥʦ, ʷʢʱʦ ʚʨʘʭʦʚʫʚʘʪʠ 

ʩʢʣʘʜ ʘʪʤʦʩʬʝʨʠ ʟʘʣʠʰʢʦʚʠʭ ʛʘʟʽʚ. 

 ʊʘʢʠʤ ʯʠʥʦʤ, ʜʦʩʪʦʚʽʨʥʽ ʨʝʟʫʣʴʪʘʪʠ ʋʌɽʉ ʜʣʷ ʟʦʥʥʦʾ ʩʪʨʫʢʪʫʨʠ, 

ʝʣʝʢʪʨʦʥʥʠʭ ʩʧʝʢʪʨʽʚ E(k) ʪʘ ʥʘʥʦʪʝʭʥʦʣʦʛʽʯʥʠʭ ʤʘʥʽʧʫʣʷʮʽʡ ʥʘ ʘʪʦʤʘʨʥʦ ʯʠʩʪʠʭ 

ʧʦʚʝʨʭʥʷʭ (100) In4Se3 ʤʦʞʥʘ ʦʪʨʠʤʘʪʠ ʧʨʠ ʝʢʩʧʦʟʠʮʽʾ ʧʦʚʝʨʭʦʥʴ ʫ ʅɺɺ ʜʦ 

ʧʨʠʙʣʠʟʥʦ 2 ʛʦʜ, ʧʨʦʪʝ ʧʦʚʝʨʭʥʽ ʩʢʦʣʶʚʘʥʥʷ ʟʘʣʠʰʘʶʪʴʩʷ çʜʦʩʪʘʪʥʴʦ ʯʠʩʪʠʤʠè ʜʦ 

12-13 ʛʦʜ ʚ ʅɺɺ. ʉʧʝʢʪʨʠ ʋʌɽʉ ʜʣʷ ʧʦʚʝʨʭʦʥʴ ʩʢʦʣʶʚʘʥʥʷ (100) In4Se3 ʧʽʩʣʷ 

ʦʯʠʱʝʥʥʷ ʽʥʪʝʨʬʝʡʩʥʠʭ ʰʘʨʽʚ ʽʦʥʘʤʠ Ar ʩʫʪʪʻʚʦ ʚʽʜʨʽʟʥʷʶʪʴʩʷ ʚʽʜ ʩʧʝʢʪʨʽʚ 

ʧʦʚʝʨʭʦʥʴ, ʦʪʨʠʤʘʥʠʭ ʽ ʚʠʪʨʠʤʘʥʠʭ ʫ ʅɺɺ. ʆʯʝʚʠʜʥʦ, ʱʦ ʥʽ ʧʝʨʰʽ, ʥʽ ʜʨʫʛʽ ʥʝ 
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ʧʽʜʭʦʜʷʪʴ ʜʣʷ ʜʦʩʣʽʜʞʝʥʴ ʟʦʥʥʦʾ ʩʪʨʫʢʪʫʨʠ ʯʠ ʝʣʝʢʪʨʦʥʥʠʭ ʩʧʝʢʪʨʽʚ E(k) ʧʦʚʝʨʭʦʥʴ 

ʩʢʦʣʶʚʘʥʥʷ ʢʨʠʩʪʘʣʘ. 

3.1.4. ɼʦʩʣʽʜʞʝʥʥʷ ʝʬʝʢʪʠʚʥʠʭ ʤʘʩ ʥʦʩʽʾʚ ʟʘʨʷʜʫ ʤʝʪʦʜʦʤ ʋʌɽʉʂʈ 

 ʆʜʥʠʤ ʽʟ ʢʣʶʯʦʚʠʭ ʧʘʨʘʤʝʪʨʽʚ, ʱʦ ʚʠʟʥʘʯʘʶʪʴ ʝʬʝʢʪʠʚʥʽʩʪʴ ʥʘʧʽʚʧʨʦʚʽʜʥʠʢʦʚʠʭ 

ʤʘʪʝʨʽʘʣʽʚ, ʻ ʝʬʝʢʪʠʚʥʽ ʤʘʩʠ ʥʦʩʽʾʚ ʟʘʨʷʜʫ, ʪʘʢʠʭ ʷʢ ʝʣʝʢʪʨʦʥʠ ʪʘ ʜʽʨʢʠ. ɽʬʝʢʪʠʚʥʘ ʤʘʩʘ 

ʥʦʩʽʾʚ ʚʠʟʥʘʯʘʻ ʾʭʥʶ ʨʫʭʣʠʚʽʩʪʴ ʫ ʢʨʠʩʪʘʣʽʯʥʽʡ ʛʨʘʪʮʽ[66, 67], ʚʧʣʠʚʘʶʯʠ ʥʘ 

ʝʣʝʢʪʨʦʧʨʦʚʽʜʥʽʩʪʴ, ʪʝʧʣʦʧʨʦʚʽʜʥʽʩʪʴ[68] ʪʘ ʽʥʰʽ ʝʣʝʢʪʨʦʥʥʽ ʚʣʘʩʪʠʚʦʩʪʽ ʤʘʪʝʨʽʘʣʫ. ɺ ʩʚʦʶ 

ʯʝʨʛʫ ʥʘʧʽʚʧʨʦʚʽʜʥʠʢʦʚʽ ʢʨʠʩʪʘʣʠ ʩʝʣʝʥʽʜʽʚ ʽʥʜʽʶ (In4Se3, InSe) ʧʨʦʜʦʚʞʫʶʪʴ ʧʨʠʚʝʨʪʘʪʠ 

ʫʚʘʛʫ ʜʦʩʣʽʜʥʠʢʽʚ ʟʘʚʜʷʢʠ ʩʚʦʾʤ ʘʥʽʟʦʪʨʦʧʥʠʤ ʚʣʘʩʪʠʚʦʩʪʷʤ [69, 70]. ɼʘʥʽ ʩʧʦʣʫʢʠ ʻ 

ʧʨʝʜʩʪʘʚʥʠʢʘʤʠ 2D hʘʨʫʚʘʪʠʭ ʢʨʠʩʪʘʣʽʚ ʚ ʷʢʠʭ ʟʦʥʥʘ ʩʪʨʫʢʪʫʨʘ ʤʘʻ ʥʘʜʟʚʠʯʘʡʥʦ 

ʘʥʽʟʦʪʨʦʧʥʫ ʩʪʨʫʢʪʫʨʫ [65]. ʊʦʤʫ ʩʣʽʜ ʦʯʽʢʫʚʘʪʠ ʱʦ, ʚ ʪʘʢʠʭ ʤʘʪʝʨʽʘʣʘʭ ʝʣʝʢʪʨʦʥʥʽ ʪʘ 

ʬʽʟʠʯʥʽ ʚʣʘʩʪʠʚʦʩʪʽ, ʚʢʣʶʯʥʦ ʽʟ ʝʬʝʢʪʠʚʥʦʶ ʤʘʩʦʶ, ʪʘʢʦʞ ʙʫʜʫʪʴ ʧʨʦʷʚʣʷʪʠ ʘʥʽʟʦʪʨʦʧʽʶ. 

 ɼʦʩʣʽʜʞʫʚʘʥʽ ʰʘʨʫʚʘʪʽ ʢʨʠʩʪʘʣʠ In4Se3 ʙʫʣʠ ʩʢʦʣʝʥʽ ʧʨʠ ʢʽʤʥʘʪʥʽʡ ʪʝʤʧʝʨʘʪʫʨʽ ʫ 

ʅɺɺ ʢʘʤʝʨʽ (ρπ ʊʦʨʨ) ʽʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʥʝʨʞʘʚʽʶʯʦʛʦ ʣʝʟʘ ʤʽʢʨʦʪʦʤʘ. ɯʥʬʦʨʤʘʮʽʶ 

ʧʨʦ ʢʨʠʩʪʘʣʽʯʥʫ ʪʘ ʧʦʚʝʨʭʥʝʚʫ ʩʪʨʫʢʪʫʨʫ ʙʫʣʦ ʦʪʨʠʤʘʥʦ ʚ ʨʦʙʦʪʽ [55] ʟʘ ʜʦʧʦʤʦʛʦʶ 

ʤʝʪʦʜʽʚ ʜʠʬʨʘʢʮʽʾ ʧʦʚʽʣʴʥʠʭ ʝʣʝʢʪʨʦʥʽʚ (ɼʇɽ) ʪʘ ʩʢʘʥʫʶʯʦʾ ʪʫʥʝʣʴʥʦʾ ʤʽʢʨʦʩʢʦʧʽʾ (ʉʊʄ) 

ʚʽʜʧʦʚʽʜʥʦ. ʆʜʝʨʞʘʥʽ ʩʪʘʣʽ ˇʨʘʪʢʠ (ʨʠʩ. 3.5ʘ) ʢʨʠʩʪʘʣʽʯʥʦʾ ʩʪʨʫʢʪʫʨʠ ʧʦʚʝʨʭʥʽ ʩʢʦʣʶʚʘʥʥʷ  

ʽ ñʛʨʘʥʠʯʥʽ ʪʦʯʢʠò ʧʦʚʝʨʭʥʝʚʦʾ ʟʦʥʠ ɹʨʽʣʶʝʥʘ (ʇɿɹ) ʜʦʙʨʝ ʫʟʛʦʜʞʫʶʪʴʩʷ ʟ ʧʦʩʪʽʡʥʠʤʠ 

ʦʙôʻʤʥʦʾ ˇʨʘʪʢʠ ʚʽʜʧʦʚʽʜʥʠʭ (100) ʛʨʘʥʝʡ ʩ(x)= 4,0810(5) ¡, b(y)=12,308(1) ¡, ʦʪʨʠʤʘʥʠʭ ʚ 

[71].  

 

ʈʠʩ. 3.5. ʈʝʟʫʣʴʪʘʪʠ ɼʇɽ ʪʘ ʉʊʄ ʜʣʷ ʇʉ (100) In4Se3: ʘ) ʚʚʝʨʭʫ ï ʢʘʨʪʠʥʢʘ ɼʇɽ; 

ʚʥʠʟʫ ï ʧʦʚʝʨʭʥʝʚʘ ʟʦʥʘ ɹʨʽʣʶʝʥʘ (ʧʨʦʩʪʽʨ ʦʙʝʨʥʝʥʦʾ ʛʨʘʪʢʠ) [55]; ʙ)  ʉʊʄ-

ʟʦʙʨʘʞʝʥʥʷ (36³36 ʥʤ2) ʧʦʚʝʨʭʥʽ ʪʘ ʣʘʥʮʶʞʢʠ ʚʟʜʦʚʞ ʥʘʧʨʷʤʢʫ ʭ (ʩ).  
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 ʈʝʟʫʣʴʪʘʪʠ ʉʊʄ (ʨʠʩ. 3.5ʙ) ʜʝʤʦʥʩʪʨʫʶʪʴ ʫʪʚʦʨʝʥʥʷ ʥʘ ʧʦʚʝʨʭʥʽ ʚʟʜʦʚʞ 

ʥʘʧʨʷʤʢʽʚ, ʧʘʨʘʣʝʣʴʥʠʭ ʦʩʽ ʩ, ʙʦʨʦʟʥʠʩʪʦ-ʣʘʥʮʶʛʦʚʦʾ ʩʪʨʫʢʪʫʨʠ, ʱʦ ʤʦʞʝ ʩʚʽʜʯʠʪʠ ʧʨʦ 

ʥʘʷʚʥʽʩʪʴ ʢʚʘʟʽʦʜʥʦʤʽʨʥʠʭ ʽʥʜʽʻʚʠʭ ʣʘʥʮʶʞʢʽʚ, ʚʽʜʧʦʚʽʜʥʦ ʜʦ ʩʪʨʫʢʪʫʨʠ ʢʨʠʩʪʘʣʫ 

(100) In4Se3. 

ʋʌɽʉʂʈ ʽ ʚʽʜʧʦʚʽʜʥʽ ʩʧʝʢʪʨʠ ʟ ʢʫʪʦʚʠʤ ʨʦʟʜʽʣʝʥʥʷʤ, ʦʪʨʠʤʘʥʦ ʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ 

ʧʣʦʩʢʦʧʦʣʷʨʠʟʦʚʘʥʦʛʦ ʩʠʥʭʨʦʪʨʦʥʥʦʛʦ ʚʠʧʨʦʤʽʥʶʚʘʥʥʷ, ʜʠʩʧʝʨʛʦʚʘʥʦʛʦ 3 ʤʝʪʨʦʚʠʤ 

ʪʦʨʦʾʜʥʠʤ ʤʦʥʦʭʨʦʤʘʪʦʨʦʤ (3m TGM). ɺʠʤʽʨʶʚʘʥʥʷ ʧʨʦʚʦʜʠʣʠ ʚ ʅɺɺ ʢʘʤʝʨʽ ʟ 

ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʧʽʚʩʬʝʨʠʯʥʦʛʦ ʝʥʝʨʛʦʘʥʘʣʽʟʘʪʦʨʘ ʝʣʝʢʪʨʦʥʽʚ ʟ ʢʫʪʦʚʠʤ ʨʦʟʜʽʣʝʥʥʷʤ 

°0,5 ï 1Á. ʉʫʤʘʨʥʘ ʨʦʟʜʽʣʴʥʘ ʟʜʘʪʥʽʩʪʴ ʝʤʽʪʦʚʘʥʠʭ ʬʦʪʦʝʣʝʢʪʨʦʥʽʚ ʟʘ ʝʥʝʨʛʽʷʤʠ ʙʣʠʟʴʢʘ 

ʜʦ 80 ʤʝɺ ʧʨʠ ʥʠʟʴʢʠʭ ʝʥʝʨʛʽʷʭ ʬʦʪʦʥʽʚ 15-40 ʝɺ. ɽʢʩʧʝʨʠʤʝʥʪʠ ʟ ʋʌɽʉʂʈ ʧʨʦʚʦʜʠʣʠ 

ʧʨʠ ʢʫʪʽ ʧʘʜʽʥʥʷ ʬʦʪʦʥʽʚ Y=45Á ʚʽʜʥʦʩʥʦ ʥʦʨʤʘʣʽ ʜʦ ʧʦʚʝʨʭʥʽ (s+p-ʧʦʣʷʨʠʟʦʚʘʥʠʡ ɺʋʌ) 

ʽ ʟ ʢʫʪʘʤʠ ʟʙʦʨʫ ʬʦʪʦʝʣʝʢʪʨʦʥʽʚ ʚʽʜʥʦʩʥʦ ʥʦʨʤʘʣʽ q, ̫ʢʽ ʚʢʘʟʘʥʽ ʫ ʢʦʞʥʦʤʫ ʚʠʧʘʜʢʫ 

ʟʘʧʠʩʘʥʦʛʦ ʩʧʝʢʪʨʫ. ɺʩʽ ʝʥʝʨʛʽʾ ʟʚôʷʟʢʫ ʚʽʜʨʘʭʦʚʘʥʽ ʚʽʜ ʨʽʚʥʷ ʌʝʨʤʽ ʢʨʠʩʪʘʣʫ, ʟôʷʩʫʚʘʚʰʠ 

ʨʦʙʦʪʫ ʚʠʭʦʜʫ ʧʦʚʝʨʭʥʽ ʩʢʦʣʶʚʘʥʥʷ (ʇʉ) (100) In4Se3 ʚʽʜʥʦʩʥʦ ʯʠʩʪʦʛʦ ʟʦʣʦʪʘ 

(ʧʦʟʠʪʠʚʥʠʡ ʝʣʝʢʪʨʦʜ). 

ɽʣʝʢʪʨʦʥʥʽ ʩʧʝʢʪʨʠ E(k//) ʇʉ (100) In4Se3 ʨʦʟʨʘʭʦʚʫʚʘʣʠʩʴ ʟʘ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʠʤʠ 

ʩʧʝʢʪʨʘʤʠ ʋʌɽʉʂʈ ʚʟʜʦʚʞ ʥʘʧʨʷʤʢʫ <001> In-ʣʘʥʮʶʞʢʽʚ ʪʘ ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦ ʜʦ 

ʥʠʭ ï <010>, ʪʦʙʪʦ ʚ ʇɿɹ ʧʦ ɜïὢ ʘʙʦ ʞ ʚʟʜʦʚʞ ɜïὣ ʥʘʧʨʷʤʢʽʚ ʚʽʜʧʦʚʽʜʥʦ: k//  ʟʘ ʨʽʚʥʷʥʥʷʤ 

(3.4), ʘ ʝʥʝʨʛʽʷ ʟʚôʷʟʢʫ Eʟʚ ï ʟʘ ʨʽʚʥʷʥʥʷʤ (2.1), ʚʠʢʦʨʠʩʪʦʚʫʶʯʠ ʚʽʜʦʤʽ ʝʥʝʨʛʽʾ ʧʘʜʘʶʯʠʭ 

ɺʋʌ-ʢʚʘʥʪʽʚ hn, ʋʌɽʉ-ʩʧʝʢʪʨʠ (ʢʽʥʝʪʠʯʥʽ ʝʥʝʨʛʽʾ ʝʤʽʪʦʚʘʥʠʭ ʬʦʪʦʝʣʝʢʪʨʦʥʽʚ Eʢn̔.) ʪʘ 

ʨʦʙʦʪʫ ʚʠʭʦʜʫ ej  ʝʣʝʢʪʨʦʥʽʚ (4,3 ʝɺ) ʇʉ (100) In4Se3.  

2

2
sinkin

m
k E q=      (3.4) 

ʜʝ: k// ï ʛʦʨʠʟʦʥʪʘʣʴʥʘ ʩʢʣʘʜʦʚʘ (ʚ ʧʣʦʱʠʥʽ (100) ʇʉ) ʭʚʠʣʴʦʚʦʛʦ ʚʝʢʪʦʨʘ k 

ʬʦʪʦʝʣʝʢʪʨʦʥʘ, ʝʤʽʪʫʶʯʦʛʦ ʟ ʢʨʠʩʪʘʣʫ; q ï ʢʫʪ ʝʤʽʩʽʾ (ʢʫʪ ʟʙʦʨʫ ʝʣʝʢʪʨʦʥʽʚ 

ʝʥʝʨʛʦʘʥʘʣʽʟʘʪʦʨʦʤ), ʘ Ekin ï ʾ ʭ ʢʽʥʝʪʠʯʥʘ ʝʥʝʨʛʽʷ.  

 ɺʠʢʦʨʠʩʪʦʚʫʶʯʠ ʨʽʚʥʷʥʥʷ (3.4) [72], ʤʦʞʥʘ ʦʜʝʨʞʘʪʠ ʝʣʝʢʪʨʦʥʥʽ ʩʧʝʢʪʨʠ E(k//) ʚ 

ʚʟʜʦʚʞ ɜïὢ ʪʘ ɜïὣ ʥʘʧʨʷʤʢʽʚ. ʅʘ ʨʠʩ. 3.6 ʪʘ 3.7 ʥʘʚʝʜʝʥʽ ʜʠʩʧʝʨʩʽʾ E(k//) ʝʣʝʢʪʨʦʥʽʚ ɺɿ ʫ 

ʇɿɹ ʚʟʜʦʚʞ ɜïὢ ʪʘ ɜ -ὣ ʥʘʧʨʷʤʢʽʚ, ʦʜʝʨʞʘʥʽ ʟ ʋʌɽʉʂʈ ʇʉ (100) In4Se3 ʧʨʠ 295 K, 
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hn=25 ʝɺ ʪʘ hn=23 ʝɺ ʚʽʜʧʦʚʽʜʥʦ ʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʨʽʚʥʷʥʴ (2.1) ʪʘ (3.4). ɼʣʷ ʨʦʟʨʘʭʫʥʢʫ 

ʝʬʝʢʪʠʚʥʠʭ ʤʘʩ ʙʫʣʦ ʚʠʢʦʨʠʩʪʘʥʦ ʨʽʚʥʷʥʥʷ (3.5):  
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µé ùê ú     (3.5) 

ʘ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʽ ʜʠʩʧʝʨʩʽʾ ʙʫʣʠ ʘʧʨʦʢʩʠʤʦʚʘʥʽ ʚʠʢʦʨʠʩʪʦʚʫʶʯʠ ʧʘʨʘʙʦʣʽʯʥʫ 

ʤʦʜʝʣʴ (3.6): 

2 2

0 *
( )

k
E k E

m
= +       (3.6) 

 ɿʛʽʜʥʦ ʨʠʩ. 3.6 ʚʽʜʩʪʘʥʴ ʚʽʜ ʮʝʥʪʨʫ ʧʨʠʚʝʜʝʥʦʾ ʇɿɹ ()ː ʜʦ ʮʝʥʪʨʫ ʜʨʫʛʦʾ 

@1,6°0,05 ¡-1, ʚ ʪʦʡ ʞʝ ʯʘʩ, ʢʨʘʡ ʧʝʨʰʦʾ ʇɿɹ ʻ ʧʨʠ 0,81°0,05 ¡-1. ʎʝ ʧʝʨʝʜʙʘʯʘʻ 

ʧʘʨʘʤʝʪʨ x(ʩ) ʧʨʷʤʦʾ ˇʨʘʪʢʠ 3,92°0,1 ¡, ɦʦ ʙʣʠʟʴʢʦ ʜʦ ʚʽʜʦʤʦʾ ʩʪʘʣʦʾ ˇʨʘʪʢʠ 

ʩ=4,08 ¡, ʚʢʘʟʫʶʯʠ ʥʘ ʘʜʝʢʚʘʪʥʽʩʪʴ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʠʭ ʨʝʟʫʣʴʪʘʪʽʚ ʽ ʧʨʦʚʝʜʝʥʠʭ ʟʘ 

ʥʠʤʠ ʨʦʟʨʘʭʫʥʢʽʚ. ɿ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʦʜʝʨʞʘʥʦʾ ʜʠʩʧʝʨʩʽʾ, ʚʠʟʥʘʯʝʥʘ ʚ ʦʢʦʣʽ 

ʪʦʯʢʠ ː(k=0), ʝʬʝʢʪʠʚʥʘ ʤʘʩʘ ʝʣʝʢʪʨʦʥʘ ʩʪʘʥʦʚʠʪʴ 1,62me. 

 

ʈʠʩ. 3.6. ɼʠʩʧʝʨʩʽʷ ὉὯȾȾ ʝʣʝʢʪʨʦʥʽʚ ɺɿ ʫ ʇɿɹ ʚʟʜʦʚʞ ʥʘʧʨʷʤʢʫ ïːs. 

 ʆʜʝʨʞʘʥʽ ʜʣʷ ʥʘʧʨʷʤʢʫ ïːὣ ʝʣʝʢʪʨʦʥʥʽ ʩʧʝʢʪʨʠ   ʜʘʶʪʴ ʨʦʟʤʽʨ ʇɿɹ ʟʘ ʮʠʤ 

ʥʘʧʨʷʤʢʦʤ @ 0,51°0,2 ¡-1, ʘʙʦ ʭʘʨʘʢʪʝʨʥʠʡ ʧʘʨʘʤʝʪʨ y(b) ʧʨʷʤʦʾ ˇʨʘʪʢʠ 12,2°0,1 ¡, 
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ʱʦ ʙʣʠʟʴʢʠʡ ʜʦ ʩʪʘʣʦʾ ˇʨʘʪʢʠ b=12,31 ¡. ɿ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʦʜʝʨʞʘʥʦʾ ʜʠʩʧʝʨʩʽʾ, 

ʚʠʟʥʘʯʝʥʘ ʚ ʦʢʦʣʽ ʪʦʯʢʠ(ːk=0), ʝʬʝʢʪʠʚʥʘ ʤʘʩʘ ʝʣʝʢʪʨʦʥʘ ʩʪʘʥʦʚʠʪʴ 0,43me. 

 

ʈʠʩ. 3.7. ɼʠʩʧʝʨʩʽʷ ὉὯȾȾ ʝʣʝʢʪʨʦʥʽʚ ɺɿ ʫ ʇɿɹ ʚʟʜʦʚʞ ʥʘʧʨʷʤʢʫ  ːïὣ. 

 ʗʢʱʦ ʞ ʚʠʭʦʜʠʪʠ ʟ ʧʦʨʽʚʥʷʥʥʷ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʠʭ ʰʠʨʠʥ ʜʠʩʧʝʨʩʽʡʥʠʭ ʩʤʫʛ 

ὉὯȾȾ ʜʣʷ ʥʘʧʨʷʤʢʽʚ ïːs ʪʘ ïːὣ, ʚʽʜʧʦʚʽʜʥʦ, ʚʟʜʦʚʞ In-ʣʘʥʮʶʞʢʽʚ ʪʘ ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦ 

ʜʦ ʥʠʭ (ʨʠʩ. 3.6 ʪʘ 3.7) ʩʪʘʻ ʟʨʦʟʫʤʽʣʠʤ, ʱʦ ʝʬʝʢʪʠʚʥʽ ʤʘʩʠ ʝʣʝʢʪʨʦʥʽʚ ʫ ʥʘʧʨʷʤʢʫ ïːὣ  

ʻ ʥʘʙʘʛʘʪʦ ʤʝʥʰʠʤʠ (ʧʨʠ kO 0), ʥʽʞ ʚʟʜʦʚʞ In-ʣʘʥʮʶʞʢʽʚ  (ïːs). 

3.2. ɼʦʩʣʽʜʞʝʥʥʷ ʩʪʨʫʢʪʫʨʠ, ʬʘʟʦʚʦʛʦ ʩʢʣʘʜʫ ʐʂ InTe ʪʘ ʝʣʝʤʝʥʪʥʦ-ʬʘʟʦʚʦʛʦ 

ʩʢʣʘʜʫ ʡʦʛʦ ʧʦʚʝʨʭʦʥʴ ʩʢʦʣʶʚʘʥʥʷ  

 ʇʝʨʝʜ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʧʦʚʝʨʭʦʥʴ ʩʢʦʣʶʚʘʥʥʷ (001) ʐʂ InTe ʚ ʷʢʦʩʪʽ 

ʰʘʙʣʦʥʽʚ ʜʣʷ ʬʦʨʤʫʚʘʥʥʷ ʥʠʟʴʢʦʚʠʤʽʨʥʠʭ ʩʪʨʫʢʪʫʨ ʚʠʭʽʜʥʽ ʢʨʠʩʪʘʣʠ 

ʘʥʘʣʽʟʫʚʘʣʠʩʴ ʤʝʪʦʜʘʤʠ ʍ-ʧʨʦʤʝʥʝʚʦʛʦ ʩʪʨʫʢʪʫʨʥʦʛʦ ʪʘ ʬʘʟʦʚʦʛʦ ʘʥʘʣʽʟʫ. ʅʘ 

ʨʠʩ. 3.8ʘ ʟʦʙʨʘʞʝʥʦ ʨʝʟʫʣʴʪʘʪʠ ʩʪʨʫʢʪʫʨʥʦʛʦ ʪʘ ʬʘʟʦʚʦʛʦ ʩʢʣʘʜʫ ʦʪʨʠʤʘʥʽ ʤʝʪʦʜʦʤ 

ʧʦʨʦʰʢʦʚʦʾ ʜʠʬʨʘʢʪʦʤʝʪʨʽʾ ʜʣʷ ʚʠʨʦʱʝʥʠʭ ʢʨʠʩʪʘʣʽʚ InTe. ʆʪʨʠʤʘʥʽ ʜʘʥʽ ʩʚʽʜʯʘʪʴ 
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ʧʨʦ ʪʝ, ʱʦ ʦʪʨʠʤʘʥ ̔ʟʨʘʟʢʠ ʧʨʘʢʪʠʯʥʦ ʯʠʩʪ ̔̔  ʦʜʥʦʬʘʟʥ ̔(ʬʘʟʘ ï ʩʧʦʣʫʢʘ InTe), 

ʤʘʶʪʴ ʦʙôʻʤʥʫ ʪʝʪʨʘʛʦʥʘʣʴʥʫ ʢʨʠʩʪʘʣʽʯʥʫ ʩʪʨʫʢʪʫʨʫ ʪʠʧʫ TlSe (ʧʨʦʩʪʦʨʦʚʘ ʛʨʫʧʘ 

I4/mcm (  ̄140), ʧʘʨʘʤʝʪʨʠ ʝʣʝʤʝʥʪʘʨʥʦʾ ʢʦʤʽʨʢʠ: a = 8.4414(6) ¡, c = 7.1333(5) ¡). 

ɺʦʜʥʦʯʘʩ, ʟʛʽʜʥʦ ʟ ʜʘʥʠʤʠ, ʦʪʨʠʤʘʥʠʤʠ ʤʝʪʦʜʦʤ ɼʇɽ (ʨʠʩ. 3.8ʙ), ʧʽʜʢʣʘʜʢʠ, 

ʦʪʨʠʤʘʥʽ ʰʣʷʭʦʤ ʩʢʦʣʶʚʘʥʥʷ, ʚʽʜʟʥʘʯʘʶʪʴʩʷ ʚʽʜʤʽʥʥʦʶ ʩʪʨʫʢʪʫʨʥʦʶ ʷʢʽʩʪʶ 

ʧʦʚʝʨʭʥʽ ʚ ʤʘʢʨʦʤʘʩʰʪʘʙʽ. 

ʈʠʩ. 3.8. ʘ ï ʨʝʟʫʣʴʪʘʪʠ ʧʦʨʦʰʢʦʚʦʾ ʜʠʬʨʘʢʪʦʤʝʨʽʾ: ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʘ (ʢʽʣʴʮʷ), 

ʪʝʦʨʝʪʠʯʥʘ (ʩʫʮʽʣʴʥʘ ʣʽʥʽʷ) ʜʠʬʨʘʢʪʦʛʨʘʤʠ ʟʨʘʟʢʘ InTe, ʧʦʣʦʞʝʥʥʷ ʙʨʝʛʽʚʩʴʢʠʭ 

ʢʫʪʽʚ (ʚʝʨʪʠʢʘʣʴʥʽ ʨʠʩʢʠ) ʜʣʷ ʩʧʦʣʫʢʠ InTe (ʩʪʨʫʢʪʫʨʥʠʡ ʪʠʧ TlSe, ʧʨʦʩʪʦʨʦʚʘ 

ʛʨʫʧʘ I4/mcm (  ̄140)). ʇʘʨʘʤʝʪʨʠ ʝʣʝʤʝʥʪʘʨʥʦʾ ʢʦʤʽʨʢʠ: a = 8.4414(6), 

c = 7.1333(5) ¡, ʦʙôʻʤ ʝʣʝʤʝʥʪʘʨʥʦʾ ʢʦʤʽʨʢʠ V = 508.30(6) ¡3. ʌʘʢʪʦʨʠ 

ʜʦʩʪʦʚʽʨʥʦʩʪʽ ʫʪʦʯʥʝʥʥʷ ʢʨʠʩʪʘʣʽʯʥʦʾ ʩʪʨʫʢʪʫʨʠ RI = 0.0753, Rp = 0.0935, 

Rwp = 0.127, Rexp = 0.121, ʜʦʙʨʦʪʥʽʩʪʴ ʫʟʛʦʜʞʫʚʘʣʴʥʦʩʪʽ GoF = 1.09. ɺʽʩʴ 

ʧʝʨʝʚʘʞʘʶʯʦʾ ʦʨʽʻʥʪʘʮʽʾ (ʪʝʢʩʪʫʨʠ) [1 1 0], ʧʘʨʘʤʝʪʨ ʪʝʢʩʪʫʨʠ 1.41(1). 

ɼʠʬʨʘʢʪʦʤʝʪʨ STOE STADI P, CuKŬ1-ʚʠʧʨʦʤʽʥʶʚʘʥʥʷ; ʙ ï ʜʠʬʨʘʢʮʽʡʥʘ ʢʘʨʪʠʥʘ 

ʦʪʨʠʤʘʥʘ ʤʝʪʦʜʦʤ ɼʇɽ ʜʣʷ ʧʦʚʝʨʭʥʽ (001) ʟʨʘʟʢʘ InTe ʧʽʩʣʷ ʩʢʦʣʶʚʘʥʥʷ (ʝʥʝʨʛʽʷ 

ʧʝʨʚʠʥʥʠʭ ʝʣʝʢʪʨʦʥʽʚ 58 ʝɺ). 
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 ɼʦʩʣʽʜʞʝʥʥʷ ʝʣʝʤʝʥʪʥʦ-ʬʘʟʦʚʦʛʦ ʩʢʣʘʜʫ ʧʨʦʚʦʜʠʣʠʩʴ ʷʢ ʜʣʷ ʥʝʦʯʠʱʝʥʠʭ ʪʘʢ ʽ 

ʜʣʷ ʦʯʠʱʝʥʠʭ ʧʦʚʝʨʭʦʥʴ, ʤʝʪʦʜʘʤʠ ʪʝʨʤʽʯʥʦʛʦ ʚʽʜʧʘʣʫ ʪʘ ʽʦʥʥʦʛʦ ʙʦʤʙʘʨʜʫʚʘʥʥʷ ʟ 

ʧʦʜʘʣʴʰʠʤ ʚʽʜʧʘʣʦʤ. ɿʘʧʠʩ ʧʘʥʦʨʘʤʥʠʭ ʩʧʝʢʪʨʽʚ ʜʣʷ ʚʩʽʭ ʧʦʚʝʨʭʦʥʴ, ʷʢʽ ʘʥʘʣʽʟʫʚʘʣʠʩʴ 

ʤʝʪʦʜʦʤ ʍʌɽʉ, ʚʽʜʙʫʚʘʚʩʷ ʫ ʜʽʘʧʘʟʦʥʽ ʢʽʥʝʪʠʯʥʠʭ ʝʥʝʨʛʽʡ ʝʤʽʪʦʚʘʥʠʭ ʝʣʝʢʪʨʦʥʽʚ 

100 - 1300 ʝɺ ʟ ʢʨʦʢʦʤ 1 ʝɺ. ʋ ʩʧʝʢʪʨʘʭ ʍʌɽʉ ʚʠʷʚʣʝʥʦ ʧʨʠʩʫʪʥʽʩʪʴ ʦʩʥʦʚʥʠʭ ʨʝʧʝʨʥʠʭ 

ʤʘʢʩʠʤʫʤʽʚ ʢʦʤʧʦʥʝʥʪ ʩʧʦʣʫʢʠ InTe (In 3d5/2, Te 3d5/2), ʪʘʢʦʞ ʥʘ ʧʦʚʝʨʭʥʽ (001) InTe 

ʧʨʠʩʫʪʥʽ ʤʘʢʩʠʤʫʤʠ ʚʫʛʣʝʮʶ C 1s, ʢʠʩʥʶ ʆ 1s. ʆʩʪʘʥʥʻ ʻ ʥʘʩʣʽʜʢʦʤ ʘʜʩʦʨʙʮʽʾ ʢʦʤʧʦʥʝʥʪ 

ʘʪʤʦʩʬʝʨʠ ʟʘʣʠʰʢʦʚʠʭ ʛʘʟʽʚ ʅɺɺ ʢʘʤʝʨʠ ʩʧʝʢʪʨʦʤʝʪʨʘ ʥʘ ʧʦʚʝʨʭʥʽ ʤʘʪʝʨʽʘʣʫ, ʢʨʽʤ ʪʦʛʦ 

ʧʨʠʩʫʪʥʽ ʤʘʢʩʠʤʫʤʠ ʆʞʝ-ʝʣʝʢʪʨʦʥʽʚ, ʱʦ ʟʫʤʦʚʣʝʥʽ ʦʞʝ-ʨʝʣʘʢʩʘʮʽʷʤʠ ʚ ʝʣʝʢʪʨʦʥʥʽʡ 

ʧʽʜʩʠʩʪʝʤʽ ï  In (MNN), Te (MNN), O (KLL). ɼʣʷ ʦʮʽʥʢʠ ʭʽʤʽʯʥʠʭ ʚʟʘʻʤʦʜʽʡ ʪʘ ʧʦʷʚʠ 

ʥʦʚʠʭ ʬʘʟ ʥʘ ʧʦʚʝʨʭʥʽ ʦʩʥʦʚʥʽ ʦʙʣʘʩʪʽ, ʥʘ ʷʢʠʭ ʧʨʠʩʫʪʥʽ ʤʘʢʩʠʤʫʤʠ ʷʢ ʦʩʥʦʚʥʠʭ ʪʘʢ ʽ ʥʝ 

ʦʩʥʦʚʥʠʭ ʢʦʤʧʦʥʝʥʪ, ʘʥʘʣʽʟʫʚʘʣʠʩʴ ʧʨʝʮʠʟʽʡʥʦ ʟ ʢʨʦʢʦʤ ʧʦ ʝʥʝʨʛʽʾ 0.1 ʝɺ ʚ ʝʥʝʨʛʝʪʠʯʥʠʭ 

ʚʽʢʥʘʭ 650 ʝɺ ï 700 ʝɺ ʜʣʷ ʪʝʣʫʨʫ ʪʘ 780 ʝɺ ï 825 ʝɺ ï ̔ʥʜʽʡ (ʚʽʢʥʘ ʚʢʘʟʘʥʽ ʚ ʢʽʥʝʪʠʯʥʠʭ 

ʝʥʝʨʛʽʷʭ). ɺ ʪʘʙ. 3.1 ʥʘʚʝʜʝʥʦ ʨʝʟʫʣʴʪʘʪʠ ʘʥʘʣʽʟʫ ʨʝʧʝʨʥʠʭ ʤʘʢʩʠʤʫʤʽʚ ʭʽʤʽʯʥʠʭ 

ʝʣʝʤʝʥʪʽʚ, ʧʨʠʩʫʪʥʽʭ ʥʘ ʧʦʚʝʨʭʥʽ, ʟʘ ʾʭ ʍʌɽʉ ï ʩʧʝʢʪʨʘʤʠ ʪʘ ʾʭ ʝʥʝʨʛʝʪʠʯʥʝ ʧʦʣʦʞʝʥʥʷ 

ʫ ʙʘʟʘʭ ʜʘʥʠʭ NIST. 

ʊʘʙʣʠʮʷ 3.1 

ʈʝʟʫʣʴʪʘʪʠ ʘʥʘʣʽʟʫ ʝʥʝʨʛʝʪʠʯʥʦʛʦ ʧʦʣʦʞʝʥʥʷ ʨʝʧʝʨʥʠʭ ʤʘʢʩʠʤʫʤʽʚ ʭʽʤʽʯʥʠʭ 

ʝʣʝʤʝʥʪʽʚ ʟʘ ʾʭ ʍʌɽʉ ï ʩʧʝʢʪʨʘʤʠ ʜʣʷ ʧʦʚʝʨʭʦʥʴ ʩʢʦʣʶʚʘʥʥʷ (001) ʐʂ InTe. 

ʈʝʧʝʨʥʠʡ 

ʤʘʢʩʠʤʫʤ 

ɽʣʝʢʪʨʦʥʥʽ 

ʚʟʘʻʤʦʜʽʾ 

(ʩʧʦʣʫʢʘ) 

ɽʥʝʨʛʽʷ ʟʚôʷʟʢʫ 

ʟʘ ʙʘʟʦʶ ʜʘʥʠʭ, 

ʝɺ 

ɽʥʝʨʛʽʷ ʟʚôʷʟʢʫ ʟʘ ʨʝʟʫʣʴʪʘʪʘʤʠ ʍʌɽʉ, ʝɺ 

ʅʝʦʯʠʱʝʥʘ 

ʧʦʚʝʨʭʥʷ 

ʆʯʠʱʝʥʘ 

ʧʨʦʛʨʽʚʦʤ 

ʆʯʠʱʝʥʘ ʽʦʥʥʠʤ 

ʙʦʤʙʘʨʜʫʚʘʥʥʷʤ 

In 3d5/2 

In-Te (InTe) 444.1 

444.1 444.3 444.5 In-Te (In2Te3) 444.5 

In-In (In) 443.6 

Te 3d5/2 

In-Te (InTe) 572.3 

572.1 572.2 572.5 In-Te (In2Te3) 572.4 

Te-O (TeO2) 576.4 

ʆ 1s 
In-O (InOx) 530.4 

530.2 529.9 531.5 Te-O(TeO2) 530.4 

 ʑʦʜʦ ʨʝʟʫʣʴʪʘʪʽʚ ʥʘʚʝʜʝʥʠʭ ʫ ʪʘʙ. 3.1, ʪʦ ʝʥʝʨʛʝʪʠʯʥʝ ʧʦʣʦʞʝʥʥʷ ʤʘʢʩʠʤʫʤʽʚ 

In 3d5/2 ʪʘ Te 3d5/2 ʦʩʥʦʚʥʠʭ ʭʽʤʽʯʥʠʭ ʝʣʝʤʝʥʪʽʚ ʫʟʛʦʜʞʫʻʪʴʩʷ ʽʟ ʨʝʟʫʣʴʪʘʪʘʤʠ ʥʘʚʝʜʝʥʠʤʠ 

ʚ ʙʘʟʘʭ ʜʘʥʠʭ [73] ʪʘ [74]. ʊʘʢʦʞ ʥʝʦʙʭʽʜʥʦ ʟʘʟʥʘʯʠʪʠ, ʱʦ ʚ ʨʝʟʫʣʴʪʘʪʽ ʦʯʠʱʝʥʥʷ ʧʦʚʝʨʭʥʽ 
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ʚʽʜʙʫʚʘʻʪʴʩʷ ʝʥʝʨʛʝʪʠʯʥʠʡ ʟʩʫʚ ʤʘʢʩʠʤʫʤʽʚ, ʱʦ ʤʦʞʣʠʚʦ ʦʙʫʤʦʚʣʝʥʦ ʧʦʷʚʦʶ ʥʦʚʠʭ 

ʝʣʝʢʪʨʦʥʥʠʭ ʚʟʘʻʤʦʜʽʡ. 

3.2.1. ɽʣʝʤʝʥʪʥʦ-ʬʘʟʦʚʠʡ ʩʢʣʘʜ ʥʝʦʯʠʱʝʥʦʾ ʧʦʚʝʨʭʥʽ ʐʂ (001) InTe 

 ʅʘ ʧʘʥʦʨʘʤʥʦʤʫ ʍʌɽʉ-ʩʧʝʢʪʨʽ, ʷʢʠʡ ʥʘʚʝʜʝʥʠʡ ʥʘ ʨʠʩ. 3.9, ʚʠʷʚʣʝʥʦ ʧʨʠʩʫʪʥʽʩʪʴ 

ʦʩʥʦʚʥʠʭ ʨʝʧʝʨʥʠʭ ʤʘʢʩʠʤʫʤʽʚ In 3d5/2, Te 3d5/2 , C 1s, ʆ 1s, ʘ ʪʘʢʦʞ ʥʘʷʚʥʽ ʤʘʢʩʠʤʫʤʠ, 

ʩʧʨʠʯʠʥʝʥʽ ʦʞʝ-ʨʝʣʘʢʩʘʮʽʡʥʠʤʠ ʧʨʦʮʝʩʘʤʠ ʚ ʝʣʝʢʪʨʦʥʥʽʡ ʧʽʜʩʠʩʪʝʤʽ ʚʢʘʟʘʥʠʭ ʘʪʦʤʽʚ, 

In (MNN), Te (MNN), O (KLL), C (KLL). 

 

ʈʠʩ. 3.9. ʇʘʥʦʨʘʤʥʠʡ ʩʧʝʢʪʨ (1-1100 ʝɺ) ʥʝʦʯʠʱʝʥʦʾ ʇʉ (001) ʐʂ InTe ʙʝʟ ʬʦʥʦʚʦʾ 

ʢʦʨʝʢʮʽʾ ʽʥʪʝʥʩʠʚʥʦʩʪʽ ʤʘʢʩʠʤʫʤʽʚ ʭʽʤʽʯʥʠʭ ʝʣʝʤʝʥʪʽʚ. 

 ɼʣʷ ʦʮʽʥʢʠ ʧʦʷʚʠ ʥʦʚʠʭ ʚʟʘʻʤʦʜʽʡ ʟ ʤʽʞʘʪʦʤʥʠʤ ʧʝʨʝʥʦʩʦʤ ʝʣʝʢʪʨʦʥʥʦʛʦ 

ʟʘʨʷʜʫ ʤʘʢʩʠʤʫʤʠ ʜʦʜʘʪʢʦʚʦ ʟʘʧʠʩʫʚʘʣʠʩʴ ʚ ñʧʨʝʮʠʟʽʡʥʽʡò ʰʢʘʣʽ ʝʥʝʨʛʽʡ. ɼʣʷ 

ʟʙʽʣʴʰʝʥʥʷ ʚʽʜʥʦʰʝʥʥʷ ʩʠʛʥʘʣ/ʰʫʤ ʩʢʘʥʫʚʘʥʥʷ ʧʨʦʚʦʜʠʣʦʩʴ ʧʦʚʪʦʨʥʦ ʜʝʢʽʣʴʢʘ 

ʨʘʟ. ɯʟ ʦʪʨʠʤʘʥʠʭ ʧʨʝʮʠʟʽʡʥʠʭ ʩʧʝʢʪʨʽʚ (ʨʠʩ. 3.10) ʙʫʣʦ ʨʦʟʨʘʭʦʚʘʥʦ, 

ʚʠʢʦʨʠʩʪʦʚʫʶʯʠ ʧʨʦʛʨʘʤʥʝ ʟʘʙʝʟʧʝʯʝʥʥʷ ñSpecsLab Prodigyò, ʧʣʦʱʽ ʤʘʢʩʠʤʫʤʽʚ 

In 3d5/2, Te 3d5/2 , C 1s, ʆ 1s , ʷʢʽ ʚ ʧʦʜʘʣʴʰʦʤʫ ʙʫʣʠ ʚʠʢʦʨʠʩʪʘʥʽ ʜʣʷ ʨʦʟʨʘʭʫʥʢʫ 

ʚʽʜʥʦʩʥʠʭ ʧʦʚʝʨʭʥʝʚʠʭ ʢʦʥʮʝʥʪʨʘʮʽʡ (ʪʘʙ. 3.2). 
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ʊʘʙʣʠʮʷ 3.2 

ʂʽʣʴʢʽʩʥʠʡ ʘʥʘʣʽʟ ʧʦʚʝʨʭʦʥʴ ʩʢʦʣʶʚʘʥʥʷ (001) InTe ʟ ʚʨʘʭʫʚʘʥʥʷʤ ʽ ʙʝʟ ʚʨʘʭʫʚʘʥʥʷ 

ʘʜʩʦʨʙʦʚʘʥʠʭ ʚʫʛʣʝʮʶ ʽ ʢʠʩʥʶ. 

ʽʟ 

ʚʨʘʭʫʚʘʥʥʷʤ 

ʘʜʩʦʨʙʘʪʽʚ 

ʍʽʤʽʯʥʠʡ 

ʝʣʝʤʝʥʪ 

ɽʥʝʨʛʽʷ 

ʟʚôʷʟʢʫ, 

ʝɺ 

ʐʠʨʠʥʘ 

ʤʘʢʩʠʤʫʤʘ 

ʥʘ ʧʽʚʚʠʩʦʪʽ, 

ʝɺ 

ʇʣʦʱʘ 

ʤʘʢʩʠʤʫʤʘ, 

ʽʤʧ/ʩ*ʝɺ 

ʌʘʢʪʦʨ 

ʝʣʝʤʝʥʪ. 

ʯʫʪʣʠʚ., 

ʚ.ʦ. 

ɸʪʦʤʥʽ 

ʢʦʥʮʝʥʪʨʘʮ.,% 

ʉ 1s 284.5 1.685 77452 1 65.85 

O 1s 530.2 2.363 50919 2.85 15.19 

In 3d5/2 444.1 1.525 192991 13.23 12.40 

Te 3d5/2 572.1 1.595 136461 17.7 6.56 

ʙʝʟ 

ʚʨʘʭʫʚʘʥʥʷ 

ʘʜʩʦʨʙʘʪʽʚ 

In 3d5/2 444.1 1.525 192991 13.23 65.42 

Te 3d5/2 572.1 1.595 136461 17.7 34.58 

 

ʘ  

 

ʙ 

 

ʚ 

 

ʛ 

ʈʠʩ. 3.10. ʈʦʟʰʠʨʝʥʽ ʍʌɽʉ-ʩʧʝʢʪʨʠ ʢʦʤʧʦʥʝʥʪʽʚ: ʘ) In 3d5/2 ʪʘ In 3d3/2; ʙ) Te 3d5/2 ʪʘ 

Te 3d3/2; ʚ) O 1s; ʛ) ʉ 1s. 



83 

 

 ʈʝʟʫʣʴʪʘʪʠ ʢʽʣʴʢʽʩʥʦʛʦ ʘʥʘʣʽʟʫ ʚʢʘʟʫʶʪʴ ʥʘ ʜʦʩʠʪʴ ʩʠʣʴʥʝ ʟʘʙʨʫʜʥʝʥʥʷ 

ʧʦʚʝʨʭʥʽ ʚʫʛʣʝʮʝʤ ʽ ʚ ʤʝʥʰʽʡ ʤʽʨʽ ʢʠʩʥʝʤ; ʢʦʥʮʝʥʪʨʘʮʽʷ ʦʩʥʦʚʥʠʭ ʢʦʤʧʦʥʝʥʪ ʻ 

ʥʠʟʴʢʦʶ. ʊʦʤʫ ʩʘʤʝ ʟ ʮʠʭ ʤʽʨʢʫʚʘʥʴ ʙʫʣʦ ʟʘʩʪʦʩʦʚʘʥʦ ʦʯʠʩʪʢʫ ʧʦʚʝʨʭʥʽ ʧʨʦʛʨʽʚʦʤ. 

3.2.2. ɽʣʝʤʝʥʪʥʦ-ʬʘʟʦʚʠʡ ʩʢʣʘʜ ʦʯʠʱʝʥʠʭ ʧʦʚʝʨʭʦʥʴ ʐʂ (001) InTe 

 ɺ ʧʝʨʰʫ ʯʝʨʛʫ ʟʨʘʟʢʠ ʚʩʪʘʚʣʝʥʽ ʫ ʅɺɺ ʢʘʤʝʨʫ ʧʨʦʛʨʽʚʘʣʠ ʜʦ ʪʝʤʧʝʨʘʪʫʨʠ 400  

ʧʨʦʪʷʛʦʤ ʜʝʩʷʪʠ ʭʚʠʣʠʥ. ʇʦʚʪʦʨʥʠʡ ʟʘʧʠʩ ʧʘʥʦʨʘʤʥʦʛʦ ʩʧʝʢʪʨʫ (ʨʠʩ. 3.11) ʥʝ ʧʦʢʘʟʘʚ 

ʩʫʪʪʻʚʠʭ ʟʤʽʥ. ʊʘʢʦʞ ʙʫʚ ʧʨʦʚʝʜʝʥʠʡ ʟʘʧʠʩ ʨʦʟʰʠʨʝʥʠʭ ʍʌɽʉ-ʩʧʝʢʪʨʽʚ (ʨʠʩ. 3.12) ʜʣʷ 

ʚʠʷʚʣʝʥʥʷ ʧʦʷʚʠ ʥʦʚʠʭ ʬʘʟ. 

 

ʈʠʩ. 3.11. ʇʘʥʦʨʘʤʥʠʡ ʩʧʝʢʪʨ (1-1100 ʝɺ) ʦʯʠʱʝʥʦʾ ʧʨʦʛʨʽʚʦʤ ʇʉ (001) ʐʂ InTe 

ʙʝʟ ʬʦʥʦʚʦʾ ʢʦʨʝʢʮʽʾ ʽʥʪʝʥʩʠʚʥʦʩʪʽ ʤʘʢʩʠʤʫʤʽʚ ʭʽʤʽʯʥʠʭ ʝʣʝʤʝʥʪʽʚ. 

 ɸʥʘʣʽʟʫʶʯʠ ʍʌɽʉ-ʩʧʝʢʪʨ Te 3d5/2 ʪʘ Te 3d3/2 ʚʠʷʚʣʝʥʦ, ʱʦ ʚʥʘʩʣʽʜʦʢ ʧʨʦʛʨʽʚʫ ʟʥʠʢ 

ʤʘʢʩʠʤʫʤ, ʷʢʠʡ ʚʽʜʧʦʚʽʜʘʻ ʦʢʠʩʥʽʡ ʬʘʟʽ ʪʝʣʫʨʫ. ʆʜʥʘʢ, ʷʢ ʧʦʢʘʟʘʚ ʢʽʣʴʢʽʩʥʠʡ ʘʥʘʣʽʟ 

(ʪʘʙ. 3.3), ʚʽʜʥʦʩʥʘ ʢʦʥʮʝʥʪʨʘʮʽʷ ʦʩʥʦʚʥʦʾ ʟʘʙʨʫʜʥʶʶʯʦʾ ʢʦʤʧʦʥʝʥʪʠ (ʚʫʛʣʝʮʶ) 

ʧʨʘʢʪʠʯʥʦ ʥʝ ʟʤʽʥʠʣʘʩʴ. ʊʦʤʫ ʜʣʷ ʦʯʠʱʝʥʥʷ ʧʦʚʝʨʭʥʽ, ʚʽʜ ʟʘʙʨʫʜʥʶʶʯʠʭ ʢʦʤʧʦʥʝʥʪ, 

ʙʫʣʦ ʟʘʩʪʦʩʦʚʘʥʦ ʦʯʠʱʝʥʥʷ ʽʦʥʘʤʠ ὃὶ ʟ ʝʥʝʨʛʽʻʶ 1ʢʝɺ ʧʨʦʪʷʛʦʤ 5 ʭʚ ʪʘ ʧʨʦʛʨʽʚ ʜʦ 500 ᴈ 

ʧʨʦʪʷʛʦʤ 20 ʭʚ. 
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ʊʘʙʣʠʮʷ 3.3 

ʂʽʣʴʢʽʩʥʠʡ ʘʥʘʣʽʟ ʧʦʚʝʨʭʦʥʴ ʩʢʦʣʶʚʘʥʥʷ (001) InTe ʧʽʩʣʷ ʧʨʦʛʨʽʚʫ ʟ ʚʨʘʭʫʚʘʥʥʷʤ ʽ 

ʙʝʟ ʚʨʘʭʫʚʘʥʥʷ ʘʜʩʦʨʙʦʚʘʥʠʭ ʚʫʛʣʝʮʶ ʽ ʢʠʩʥʶ. 

ʽʟ 

ʚʨʘʭʫʚʘʥʥʷʤ 

ʘʜʩʦʨʙʘʪʽʚ 

ʍʽʤʽʯʥʠʡ 

ʝʣʝʤʝʥʪ 

ɽʥʝʨʛʽʷ 

ʟʚôʷʟʢʫ, ʝɺ 

ʐʠʨʠʥʘ 

ʤʘʢʩʠʤʫʤʘ 

ʥʘ ʧʽʚʚʠʩʦʪʽ, 

ʝɺ 

ʇʣʦʱʘ 

ʤʘʢʩʠʤʫʤʘ, 

ʽʤʧ/ʩ*ʝɺ 

ʌʘʢʪʦʨ 

ʝʣʝʤʝʥʪ. 

ʯʫʪʣʠʚ., 

ʚ.ʦ. 

ɸʪʦʤʥʽ 

ʢʦʥʮʝʥʪʨʘʮ

.,% 

ʉ 1s 284.5 1.505 70942 1 65.64 

O 1s 529.9 1.357 28464 2.85 9.24 

In 3d5/2 444.3 1.276 240558 13.23 16.83 

Te 3d5/2 572.2 1.227 158582 17.7 8.29 

ʙʝʟ 

ʚʨʘʭʫʚʘʥʥʷ 

ʘʜʩʦʨʙʘʪʽʚ 

In 3d5/2 444.3 1.276 240558 13.23 66.99 

Te 3d5/2 572.2 1.227 158582 17.7 33.01 

 
ʘ 

 
ʙ 

 
ʚ 

 
ʛ 

ʈʠʩ. 3.12. ʈʦʟʰʠʨʝʥʽ ʍʌɽʉ-ʩʧʝʢʪʨʠ ʢʦʤʧʦʥʝʥʪʽʚ: ʘ) In 3d5/2 ʪʘ In 3d3/2; ʙ) Te 3d5/2 ʪʘ 

Te 3d3/2; ʚ) O 1s; ʛ) ʉ 1s. 
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 ɺʥʘʩʣʽʜʦʢ ʽʦʥʥʦʛʦ ʦʯʠʱʝʥʥʷ ʽʥʪʝʥʩʠʚʥʦʩʪʽ ʤʘʢʩʠʤʫʤʽʚ C1s ʽ O1s ʩʫʪʪʻʚʦ 

ʟʤʝʥʰʠʣʠʩʴ (ʨʠʩ. 3.13), ʱʦ ʩʚʽʜʯʠʪʴ ʧʨʦ ʾʭ ʜʝʩʦʨʙʮʽʶ. ʆʜʥʘʢ, ʪʘʢ ʷʢ ʚʥʘʩʣʽʜʦʢ ʽʦʥʥʦʛʦ 

ʦʯʠʱʝʥʥʷ ʤʦʞʣʠʚʝ ʧʦʨʫʰʝʥʥʷ ʩʪʝʭʽʦʤʝʪʨʽʾ ʧʦʚʝʨʭʥʽ, ʯʝʨʝʟ ʧʝʨʝʚʘʞʘʶʯʫ ʜʝʩʦʨʙʮʽʶ 

ʦʜʥʽʻʾ ʟ ʦʩʥʦʚʥʠʭ ʢʦʤʧʦʥʝʥʪ, ʙʫʣʦ ʧʨʦʚʝʜʝʥʦ ʘʥʘʣʽʟ ʧʦʣʦʞʝʥʥʷ ʤʘʢʩʠʤʫʤʽʚ In 3d5/2 ʪʘ 

Te 3d5/2.  

 

ʈʠʩ. 3.13. ʇʘʥʦʨʘʤʥʠʡ ʩʧʝʢʪʨ (1-1100 ʝɺ) ʦʯʠʱʝʥʦʾ ʽʦʥʥʠʤ ʙʦʤʙʘʨʜʫʚʘʥʥʷʤ ʇʉ 

(001) ʐʂ InTe ʙʝʟ ʬʦʥʦʚʦʾ ʢʦʨʝʢʮʽʾ ʽʥʪʝʥʩʠʚʥʦʩʪʽ ʤʘʢʩʠʤʫʤʽʚ ʭʽʤʽʯʥʠʭ ʝʣʝʤʝʥʪʽʚ. 

 ɿʛʽʜʥʦ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʠʭ ʜʘʥʠʭ (ʨʠʩ. 3.14) ʝʥʝʨʛʽʷ ʟʚôʷʟʢʫ In 3d5/2 ʨʽʚʥʘ 

ɽbin=444.5 ʝɺ, ʊʝ 3d5/2 ɽbin=572.5 ʝɺ. ʆʪʨʠʤʘʥʽ ʟʥʘʯʝʥʥʷ ʜʦʙʨʝ ʫʟʛʦʜʞʫʶʪʴʩʷ ʟ 

ʨʝʟʫʣʴʪʘʪʘʤʠ, ʷʢʽ ʥʘʚʝʜʝʥʽ ʚ ʙʘʟʽ ʜʘʥʠʭ NIST, ʜʣʷ ʩʧʦʣʫʢʠ In2Te3 (ɽbin(In 3d5/2)=444.5 ʝɺ, 

ɽbin(Te 3d5/2)=572.4 ʝɺ). ʄʦʞʥʘ ʧʨʠʧʫʩʪʠʪʠ, ʱʦ ʚʥʘʩʣʽʜʦʢ ʽʦʥʥʦʛʦ ʙʦʤʙʘʨʜʫʚʘʥʥʷ ʽ 

ʚʽʜʧʘʣʫ ʤʦʛʣʘ ʟʤʽʥʠʪʠʩʴ ʢʨʠʩʪʘʣʦʛʨʘʬʽʯʥʘ ʩʪʨʫʢʪʫʨʘ ʧʦʚʝʨʭʥʽ. 

ʂʽʣʴʢʽʩʥʠʡ ʘʥʘʣʽʟ, ʨʝʟʫʣʴʪʘʪʠ ʷʢʦʛʦ ʥʘʚʝʜʝʥʽ ʚ ʪʘʙ. 3.4, ʧʦʢʘʟʫʻ, ʱʦ ʚʽʜʥʦʩʥʘ 

ʢʦʥʮʝʥʪʨʘʮʽʷ ʦʩʥʦʚʥʠʭ ʢʦʤʧʦʥʝʥʪ ʚʽʜʧʦʚʽʜʘʻ ʩʪʝʭʽʦʤʝʪʨʽʾ ʧʦʚʝʨʭʥʽ ʜʣʷ ʩʧʦʣʫʢʠ InTe. 

ʅʝʚʽʜʧʦʚʽʜʥʽʩʪʴ ʤʽʞ ʚʽʜʥʦʩʥʦʶ ʢʦʥʮʝʥʪʨʘʮʽʻʶ ʪʘ ʝʥʝʨʛʝʪʠʯʥʠʤ ʧʦʣʦʞʝʥʥʷʤ ʧʽʢʽʚ 

ʤʦʞʥʘ ʧʦʷʩʥʠʪʠ, ʷʢʱʦ ʧʨʠʧʫʩʪʠʪʠ ʥʘʷʚʥʽʩʪʴ ʥʘ ʧʦʚʝʨʭʥʽ ʤʝʪʘʣʽʯʥʦʛʦ ʽʥʜʽʶ. 

ʊʘʢ ʷʢ ʢʦʝʬʽʮʽʻʥʪʠ ʨʦʟʧʠʣʝʥʥʷ ʜʣʷ Te ʪʘ In ʽʩʪʦʪʥʦ ʚʽʜʨʽʟʥʷʶʪʴʩʷ, ʘ ʚʥʘʩʣʽʜʦʢ ʪʝʨʤʽʯʥʦʛʦ 

ʚʽʜʧʘʣʫ ʤʦʞʣʠʚʘ ʜʠʬʫʟʽʷ ʽʥʜʽʶ ʽʟ ʦʙôʻʤʫ ʟʨʘʟʢʘ, ʪʦ ʥʘ ʧʦʚʝʨʭʥʽ ʩʧʦʣʫʢʠ ʽʥʜʽʡ ʚʩʪʫʧʘʻ ʥʝ 

ʣʠʰʝ ʫ ʟʚôʷʟʢʠ In-Te, ʘʣʝ ʡ ʫʪʚʦʨʶʻ ʤʝʪʘʣʽʯʥʠʡ ʟʚôʷʟʦʢ In-In. ɺ ʪʘʢʦʤʫ ʚʠʧʘʜʢʫ 
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ʧʦʣʦʞʝʥʥʷ ʤʘʢʩʠʤʫʤʫ ʜʣʷ ʤʝʪʘʣʽʯʥʦʛʦ ʽʥʜʽʶ, ʟʛʽʜʥʦ ʙʘʟʠ NIST, ɽbin(In 3d5/2)=443.6 ʝɺ, 

ʦʜʥʘʢ ʡʦʛʦ ʥʝ ʚʠʜʥʦ ʥʘ ʧʨʝʮʠʟʽʡʥʦʤʫ ʩʧʝʢʪʨʽ ʯʝʨʝʟ ʚʝʣʠʢʫ ʽʥʪʝʥʩʠʚʥʽʩʪʴ ʤʘʢʩʠʤʫʤʫ, ʱʦ 

ʚʽʜʧʦʚʽʜʘʻ ʭʽʤʽʯʥʽʡ ʚʟʘʻʤʦʜʽʾ In-Te. 

 

ʘ 

 

ʙ 

 

ʚ 

 

ʛ 

ʈʠʩ. 3.14. ʈʦʟʰʠʨʝʥʽ ʍʌɽʉ-ʩʧʝʢʪʨʠ ʢʦʤʧʦʥʝʥʪʽʚ: ʘ) In 3d5/2 ʪʘ In 3d3/2; ʙ) Te 3d5/2 ʪʘ 

Te 3d3/2; ʚ) O 1s; ʛ) ʉ 1s. 
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ʊʘʙʣʠʮʷ 3.4 

ʂʽʣʴʢʽʩʥʠʡ ʘʥʘʣʽʟ ʧʦʚʝʨʭʦʥʴ ʩʢʦʣʶʚʘʥʥʷ (001) InTe ʧʽʩʣʷ ʽʦʥʥʦʛʦ ʙʦʤʙʘʨʜʫʚʘʥʥʷ ʟ 

ʚʨʘʭʫʚʘʥʥʷʤ ʽ ʙʝʟ ʚʨʘʭʫʚʘʥʥʷ ʘʜʩʦʨʙʦʚʘʥʠʭ ʚʫʛʣʝʮʶ ʽ ʢʠʩʥʶ. 

ʽʟ 

ʚʨʘʭʫʚʘʥʥʷʤ 

ʘʜʩʦʨʙʘʪʽʚ 

ʍʽʤʽʯʥʠʡ 

ʝʣʝʤʝʥʪ 

ɽʥʝʨʛʽʷ 

ʟʚôʷʟʢʫ, 

ʝɺ 

ʐʠʨʠʥʘ 

ʤʘʢʩʠʤʫʤʘ 

ʥʘ ʧʽʚʚʠʩʦʪʽ, 

ʝɺ 

ʇʣʦʱʘ 

ʤʘʢʩʠʤʫʤʘ, 

ʽʤʧ/ʩ*ʝɺ 

ʌʘʢʪʦʨ 

ʝʣʝʤʝʥʪ. 

ʯʫʪʣʠʚ., 

ʚ.ʦ. 

ɸʪʦʤʥʽ 

ʢʦʥʮʝʥʪʨʘʮ.,

% 

ʉ 1s 284.5 1.487 24094 1 32.41 

O 1s 531.5 2.624 10872 2.85 5.13 

In 3d5/2 444.5 1.114 308787 13.23 31.40 

Te 3d5/2 572.5 1.131 408678 17.7 31.06 

ʙʝʟ 

ʚʨʘʭʫʚʘʥʥʷ 

ʘʜʩʦʨʙʘʪʽʚ 

In 3d5/2 444.5 1.114 308787 13.23 50.27 

Te 3d5/2 572.5 1.131 408678 17.7 49.73 

 

3.3. ɺʠʩʥʦʚʢʠ ʜʦ ʨʦʟʜʽʣʫ 3 

1. ɺʩʪʘʥʦʚʣʝʥʦ, ʱʦ ʋʌɽʉ-ʩʧʝʢʪʨʠ ʜʣʷ ʧʦʚʝʨʭʦʥʴ ʩʢʦʣʫ (100) In4Se3, 

ʦʯʠʱʝʥʠʭ ʚʽʜ ʽʥʪʝʨʬʝʡʩʥʠʭ ʥʘʰʘʨʫʚʘʥʴ ʽʦʥʘʤʠ Ar, ʩʫʪʪʻʚʦ ʚʽʜʨʽʟʥʷʶʪʴʩʷ ʚʽʜ 

ʩʧʝʢʪʨʽʚ, ʦʪʨʠʤʘʥʠʭ ʜʣʷ ʘʪʦʤʘʨʥʦ ʯʠʩʪʠʭ ʧʦʚʝʨʭʦʥʴ ʤʝʪʦʜʦʤ ʩʢʦʣʶʚʘʥʥʷ in situ. 

ɺʥʘʩʣʽʜʦʢ ʽʦʥʥʦʛʦ ʨʦʟʧʠʣʝʥʥʷ ʧʦʚʝʨʭʥʷ ʩʢʦʣʫ (100) ʟʙʘʛʘʯʫʻʪʴʩʷ ʘʪʦʤʘʤʠ ʽʥʜʽʶ, 

ʱʦ ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʟʤʽʥ ʚ ʋʌɽʉ-ʩʧʝʢʪʨʽ ʛʫʩʪʠʥʠ ʝʣʝʢʪʨʦʥʥʠʭ ʩʪʘʥʽʚ ʚʘʣʝʥʪʥʦʾ ʟʦʥʠ, 

ʟʤʽʱʝʥʥʷ ʨʽʚʥʷ ʌʝʨʤʽ ʽ, ʚʽʜʧʦʚʽʜʥʦ, ʟʤʽʥʠ ʨʦʙʦʪʠ ʚʠʭʦʜʫ ʧʦʚʝʨʭʥʽ. ʂʨʽʤ ʪʦʛʦ, 

ʛʫʩʪʠʥʘ ʝʣʝʢʪʨʦʥʥʠʭ ʩʪʘʥʽʚ ʥʘ ʪʘʢʠʭ ʧʦʚʝʨʭʥʷʭ ʟʘʣʝʞʠʪʴ ʚʽʜ ʫʤʦʚ ʽʦʥʥʦʛʦ 

ʨʦʟʧʠʣʝʥʥʷ, ʘ ʪʘʢʦʞ ʚʽʜ ʧʦʜʘʣʴʰʠʭ ʦʙʨʦʙʦʢ ʽ "ʟʙʝʨʽʛʘʥʥʷ" ʧʦʚʝʨʭʦʥʴ ʥʘʚʽʪʴ ʫ ʅɺɺ. 

2. ʈʦʟʨʘʭʦʚʘʥʦ, ʤʝʪʦʜʦʤ ʬʫʥʢʮʽʦʥʘʣʫ ʝʣʝʢʪʨʦʥʥʦʾ ʛʫʩʪʠʥʠ ʟ 

ʫʟʘʛʘʣʴʥʝʥʠʤ ʛʨʘʜʽʻʥʪʥʠʤ ʥʘʙʣʠʞʝʥʥʷʤ (DFT-GGA) ʽʟ ʟʘʩʪʦʩʫʚʘʥʥʷʤ ʬʫʥʢʮʽʦʥʘʣʘ 

ʦʙʤʽʥʫ-ʢʦʨʝʣʷʮʽʾ ʇʝʨʜʴʶ-ɹʝʨʢʘ-ɽʥʮʝʨʛʦʬʘ, ʚʠʭʦʜʷʯʠ ʟʽ ʩʪʨʫʢʪʫʨʥʦʾ ʽʥʬʦʨʤʘʮʽʾ ʪʘ 

ʰʘʨʫʚʘʪʦʩʪʽ ʢʨʠʩʪʘʣʫ, ʝʣʝʢʪʨʦʥʥʽ ʩʧʝʢʪʨʠ ʪʘ ʛʫʩʪʠʥʠ ʝʣʝʢʪʨʦʥʥʠʭ ʩʪʘʥʽʚ ʜʣʷ In4Se3. 

ʆʜʝʨʞʘʥʽ ʨʝʟʫʣʴʪʘʪʠ, ʜʦʟʚʦʣʠʣʠ ʟôʷʩʫʚʘʪʠ ʷʢ ̔ʝʥʝʨʛʝʪʠʯʥʽ ʩʪʘʥʠ ʽ ʷʢʠʭ ʘʪʦʤʽʚ 

ʚʠʟʥʘʯʘʶʪʴ ʝʣʝʢʪʨʦʥʥʽ ʚʣʘʩʪʠʚʦʩʪʽ ʇʉ (100) In4Se3 ̔  ʜʘʶʪʴ ʦʩʥʦʚʥʠʡ ʚʥʝʩʦʢ ʚ 

ʘʜʩʦʨʙʮʽʡʥʽ ʝʣʝʢʪʨʦʥʥʽ ʧʨʦʮʝʩʠ ʡ ʬʦʨʤʫʚʘʥʥʷ ʽʥʪʝʨʬʝʡʩʥʦʛʦ ʧʦʢʨʠʪʪʷ. ɿʛʽʜʥʦ ʮʠʭ 

ʨʝʟʫʣʴʪʘʪʽʚ ʟʦʥʘ ʧʨʦʚʽʜʥʦʩʪʽ In4Se3 ʬʦʨʤʫʻʪʴʩʷ ʧʝʨʝʚʘʞʥʦ In-p- ʪʘ Se-p-ʦʨʙʽʪʘʣʷʤʠ, 

ʟʙʽʣʴʰʠʤ ʚʥʝʩʢʦʤ In-p, ʘ ʚʘʣʝʥʪʥʘ ʟʦʥʘ ʚ ʜʽʘʧʘʟʦʥʽ ʝʥʝʨʛʽʡ ʟʚôʷʟʢʫ ʚʽʜ -2,5 ʜʦ -4,5 ʝɺ 

ʬʦʨʤʫʻʪʴʩʷ ʧʝʨʝʚʘʞʥʦ In-5p ʪʘ Se-4p ʩʪʘʥʘʤʠ, ʟ ʙʽʣʴʰʠʤ ʚʥʝʩʢʦʤ Se-p-ʦʨʙʽʪʘʣʽ. 
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3. ʆʜʝʨʞʘʥʦ ʝʣʝʢʪʨʦʥʥʽ ʩʧʝʢʪʨʠ E(k//) ʧʦʚʝʨʭʥʽ ʩʢʦʣʶʚʘʥʥʷ (100) 

ʢʨʠʩʪʘʣʘ In4Se3 ʚʟʜʦʚʞ ʥʘʧʨʷʤʢʫ <001> In-ʣʘʥʮʶʞʢʽʚ ʪʘ ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦ ʜʦ 

ʥʠʭ ï <010>, ʪʦʙʪʦ ʚ ʥʘʧʨʷʤʢʘʭ ɜïὢ ʪʘ ɜïὣ. ɿ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʦʜʝʨʞʘʥʠʭ 

ʜʠʩʧʝʨʩʽʡ E(k//) ʚʠʟʥʘʯʝʥʽ ʚ ʦʢʦʣʽ ʪʦʯʢʠ ː(k=0), ʝʬʝʢʪʠʚʥʽ ʤʘʩʠ ʝʣʝʢʪʨʦʥʽʚ 

ʩʪʘʥʦʚʣʷʪʴ 1,62me  ʪʘ  0,43me ʚʟʜʦʚʞ ʥʘʧʨʷʤʢʽʚ ɜïὢ ʪʘ ɜïὣ ʚʽʜʧʦʚʽʜʥʦ. 

4. ʍʌɽʉ ʜʦʩʣʽʜʞʝʥʥʷ ʧʦʚʝʨʭʥʽ (001) ʩʢʦʣʫ ʢʨʠʩʪʘʣʘ InTe ʚʠʷʚʠʣʠ 

ʤʘʢʩʠʤʫʤʠ ʭʽʤʽʯʥʠʭ ʝʣʝʤʝʥʪʽʚ In 3d5/2, Te 3d5/2, ʉ 1s, ʆ 1s, ɦʦ ʻ ʨʝʧʝʨʥʠʤʠ ʜʣʷ 

ʚʢʘʟʘʥʠʭ ʘʪʦʤʽʚ. ʂʽʣʴʢʽʩʥʠʡ ʝʣʝʤʝʥʪʥʠʡ ʘʥʘʣʽʟ ʧʦʚʝʨʭʦʥʴ ʧʦʢʘʟʘʚ, ʱʦ ʥʘ 

ʥʝʦʯʠʱʝʥʽʡ ʧʦʚʝʨʭʥʽ ʢʦʥʮʝʥʪʨʘʮʽʷ ʘʜʩʦʨʙʦʚʘʥʠʭ ʟʘʙʨʫʜʥʶʶʯʠʭ ʢʦʤʧʦʥʝʥʪ 

(ʚ ʦʩʥʦʚʥʦʤʫ ʚʫʛʣʝʮʶ ʽ ʚ ʤʝʥʰʽʡ ʤʽʨʽ ʢʠʩʥʶ) ʥʘʚʽʪʴ ʫ ʅɺɺ ̒  ʥʘʙʘʛʘʪʦ ʙʽʣʴʰʦʶ ʟʘ 

ʢʦʥʮʝʥʪʨʘʮʽʶ ʦʩʥʦʚʥʠʭ ʭʽʤʽʯʥʠʭ ʝʣʝʤʝʥʪʽʚ ʧʦʚʝʨʭʥʽ (001) InTe. ʇʨʠ ʮʴʦʤʫ ʥʘ ʪʘʢʽʡ 

ʧʦʚʝʨʭʥʽ ʚʠʷʚʣʝʥʦ ʧʦʷʚʫ ʦʢʠʩʥʦʾ ʬʘʟʠ ʪʝʣʫʨʫ ï TeO2. 

5. ɺʠʷʚʣʝʥʦ, ʱʦ ʧʨʦʛʨʽʚ ʢʨʠʩʪʘʣʘ InTe ʜʦ ʪʝʤʧʝʨʘʪʫʨʠ 400  ʧʨʦʪʷʛʦʤ 

ʜʝʩʷʪʠ ʭʚʠʣʠʥ ʥʝ ʜʘʻ ʟʘʜʦʚʽʣʴʥʠʭ ʨʝʟʫʣʴʪʘʪʽʚ ʚ ʦʯʠʱʝʥʥʽ ʧʦʚʝʨʭʥʽ ʚʽʜ ʚʫʛʣʝʮʶ. 

ʆʜʥʘʢ ʟ ʧʦʚʝʨʭʥʽ ʩʧʦʩʪʝʨʽʛʘʻʪʴʩʷ ʜʝʩʦʨʙʮʽʷ ʢʠʩʥʶ, ʷʢʘ ʩʫʧʨʦʚʦʜʞʫʻʪʴʩʷ 

ʟʥʠʢʥʝʥʥʷʤ ʬʘʟʠ TeO2. ʃʠʰʝ ʟʘʩʪʦʩʫʚʘʥʥʷ ʽʦʥʥʦʛʦ ʙʦʤʙʘʨʜʫʚʘʥʥʷ  ʧʨʠʟʚʦʜʠʪʴ ʜʦ 

ʫʩʫʥʝʥʥʷ ʚʽʜʥʦʩʥʦ ʚʝʣʠʢʦʾ ʢʽʣʴʢʦʩʪʽ ʚʫʛʣʝʮʝʚʦʾ ʟʘʙʨʫʜʥʶʶʯʦʾ ʢʦʤʧʦʥʝʥʪʠ ʟ 

ʧʦʚʝʨʭʥʽ, ʭʦʯ ʽ ʚʠʢʣʠʢʘʻ ʟʤʽʥʫ ʩʪʝʭʽʦʤʝʪʨʽʾ ʧʦʚʝʨʭʥʽ, ʪʘʢ ʷʢ ʢʦʝʬʽʮʽʻʥʪʠ ʨʦʟʧʠʣʝʥʥʷ 

ʜʣʷ Te ʪʘ In ʽʩʪʦʪʥʦ ʚʽʜʨʽʟʥʷʶʪʴʩʷ. 
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ʈʆɿɼɯʃ 4. ʌʆʈʄʋɺɸʅʅʗ ʅʀɿʂʆɺʀʄɯʈʅʀʍ ʄɽʊɸʃɯʏʅʀʍ ʆɹôɭʂʊɯɺ 

ɯʅɼɯʖ ʅɸ ʇʆɺɽʈʍʅʗʍ ʉʂʆʃʖɺɸʅʅʗ  ʐʂ ɸ3ɺ6 

 ʐʘʨʫʚʘʪʽ ʭʘʣʴʢʦʛʝʥʽʜʥʽ ʥʘʧʽʚʧʨʦʚʽʜʥʠʢʠ, ʪʘʢʽ ʷʢ In4Se3 ʯʠ InTe, 

ʧʨʝʜʩʪʘʚʣʷʶʪʴ ʩʦʙʦʶ ʥʦʚʠʡ ʢʣʘʩ ʤʘʪʝʨʽʘʣʽʚ, ʱʦ ʤʘʶʪʴ ʧʦʪʝʥʮʽʘʣ ʜʣʷ ʚʠʢʦʨʠʩʪʘʥʥʷ 

ʚ ʥʘʥʦʝʣʝʢʪʨʦʥʽʮʽ [69, 75-77]. ɰʭʥʷ ʘʥʽʟʦʪʨʦʧʥʘ ʩʪʨʫʢʪʫʨʘ ʟ ʤʽʞʰʘʨʦʚʠʤʠ ʟʚôʷʟʢʘʤʠ 

ɺʘʥ ʜʝʨ ɺʘʘʣʴʩʘ ʚʽʜʽʛʨʘʻ ʥʘʜʟʚʠʯʘʡʥʦ ʚʘʞʣʠʚʫ ʨʦʣʴ. ɿ ʪʦʯʢʠ ʟʦʨʫ ʩʪʚʦʨʝʥʥʷ 

ʥʘʥʦʨʦʟʤʽʨʥʠʭ ʝʣʝʢʪʨʦʥʥʠʭ ʧʨʠʩʪʨʦʾʚ ʮʝ ʜʘʻ ʟʤʦʛʫ ʦʪʨʠʤʫʚʘʪʠ ʜʫʞʝ ʪʦʥʢʽ ʰʘʨʠ 

ʪʘʢʠʭ ʤʘʪʝʨʽʘʣʽʚ, ʪʘʢ ʟʚʘʥʽ çʧʣʘʩʪʽʚʮʽè, ʘ ʪʘʢʦʞ ʜʦʟʚʦʣʷʻ ʣʝʛʢʦ ʦʪʨʠʤʫʚʘʪʠ 

ʘʪʦʤʘʨʥʦ ʯʠʩʪʽ ʧʦʚʝʨʭʥʽ ʤʝʪʦʜʦʤ ʤʝʭʘʥʽʯʥʦʛʦ ʩʢʦʣʶʚʘʥʥʷ ̫ ʢ ex situ ʪʘʢ ʽ in situ. 

ɺʦʜʥʦʯʘʩ, ʤʦʞʣʠʚʽʩʪʴ ʩʪʚʦʨʝʥʥʷ ʤʝʪʘʣʝʚʠʭ ʢʦʥʪʘʢʪʽʚ ʽʟ ʥʘʧʽʚʧʨʦʚʽʜʥʠʢʦʚʠʤʠ 

ʧʦʚʝʨʭʥʷʤʠ ʻ ʥʘʜʟʚʠʯʘʡʥʦ ʚʘʞʣʠʚʦʶ, ʦʩʢʽʣʴʢʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʪʘʢʠʭ ʢʦʥʪʘʢʪʽʚ 

ʤʘʶʪʴ ʟʥʘʯʥʠʡ ʚʧʣʠʚ ʥʘ ʝʬʝʢʪʠʚʥʽʩʪʴ ʥʦʚʽʪʥʽʭ ʝʣʝʢʪʨʦʥʥʠʭ ʧʨʠʩʪʨʦʾʚ. 

 ʅʘʧʽʚʧʨʦʚʽʜʥʠʢ n-ʪʠʧʫ In4Se3 ʢʣʘʩʠʬʽʢʫʻʪʴʩʷ ʷʢ ʦʜʠʥ ʽʟ ʧʝʨʝʭʽʜʥʠʭ 

ʤʝʪʘʣʝʚʠʭ ʪʨʠʭʘʣʴʢʦʛʝʥʽʜʽʚ, ɦ ʦ ʤʘʻ ʢʚʘʟʽ-ʦʜʥʦʚʠʤʽʨʥʫ (ʢʚʘʟʽ-1D) ʩʪʨʫʢʪʫʨʫ ʧʦ 

ʥʘʧʨʷʤʢʫ <001> ̔  ʰʠʨʠʥʫ ʟʘʙʦʨʦʥʝʥʦʾ ʟʦʥʠ 0,68 ʝɺ ï 0,7 ʝɺ, ʱʦ ʨʦʙʠʪʴ ʡʦʛʦ 

ʧʝʨʩʧʝʢʪʠʚʥʠʤ ʜʣʷ ʟʘʩʪʦʩʫʚʘʥʴ ʫ ʥʠʟʴʢʦʚʠʤʽʨʥʠʭ ʧʨʠʩʪʨʦʷʭ, ʦʩʢʽʣʴʢʠ ʚʽʥ ʥʝ ʤʘʻ 

ʥʝʙʘʞʘʥʠʭ ʢʨʘʡʦʚʠʭ ʝʬʝʢʪʽʚ, ʭʘʨʘʢʪʝʨʥʠʭ ʜʣʷ ʽʥʰʠʭ ʜʦʩʣʽʜʞʝʥʠʭ ʜʚʦʚʠʤʽʨʥʠʭ 

ʤʘʪʝʨʽʘʣʽʚ (ʥʘʧʨʠʢʣʘʜ, ʤʘʪʝʨʽʘʣʽʚ ʥʘ ʦʩʥʦʚʽ ʛʨʘʬʝʥʫ ʪʘ ʜʠʭʘʣʴʢʦʛʝʥʽʜʽʚ ʧʝʨʝʭʽʜʥʠʭ 

ʤʝʪʘʣʽʚ) [78]. ɸʚʪʦʨʠ [69] ʨʦʟʛʣʷʜʘʶʪʴ ʢʨʠʩʪʘʣ In4Se3 ̫ ʢ ʤʘʪʝʨʽʘʣ ʜʣʷ ʪʦʯʢʦʚʠʭ 

ʥʘʥʦʪʨʘʥʟʠʩʪʦʨʽʚ ʪʘ ʬʦʪʦʪʨʘʥʟʠʩʪʦʨʽʚ ʪʘ ʘʥʘʣʽʟʫʶʪʴ ʤʦʞʣʠʚʦʩʪʽ ʩʪʚʦʨʝʥʥʷ 

ʢʦʥʪʘʢʪʽʚ ʤʝʪʘʣ-ʥʘʧʽʚʧʨʦʚʽʜʥʠʢ ʜʣʷ ʝʣʝʢʪʨʦʥʥʠʭ ʧʨʠʩʪʨʦʾʚ ʥʘ ʙʘʨôʻʨʽ ʐʦʪʢʽ. 

 ʋ ʚʠʧʘʜʢʫ InTe ʦʩʪʘʥʥʽ ʜʦʩʣʽʜʞʝʥʥʷ ʨʦʟʛʣʷʜʘʶʪʴ ʡʦʛʦ ʷʢ ʤʘʪʝʨʽʘʣ ʽʟ ʚʠʩʦʢʦʶ 

ʘʥʽʟʦʪʨʦʧʽʻʶ ʟ ʪʦʯʢʠ ʟʦʨʫ ʜʠʥʘʤʽʢʠ ʥʦʩʽʾʚ ʟʘʨʷʜʫ, ʘ ʩʘʤʝ ʜʽʨʦʢ ʥʠʟʴʢʦʾ ʝʥʝʨʛʽʾ, ʱʦ 

ʨʦʙʠʪʴ ʡʦʛʦ ʧʝʨʩʧʝʢʪʠʚʥʠʤ ʜʣʷ ʟʘʩʪʦʩʫʚʘʥʥʷ ʪʝʨʤʦʝʣʝʢʪʨʠʯʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ ʚ 

ʘʥʽʟʦʪʨʦʧʥʽʡ ʥʘʧʽʚʧʨʦʚʽʜʥʠʢʦʚʽʡ ʝʣʝʢʪʨʦʥʽʮʽ [77]. 

 ʊʘʢʠʤ ʯʠʥʦʤ, ʟ ʪʦʯʢʠ ʟʦʨʫ ʧʦʜʘʣʴʰʦʛʦ ʨʦʟʚʠʪʢʫ ʥʘʥʦʨʦʟʤʽʨʥʠʭ ʝʣʝʢʪʨʦʥʥʠʭ 

ʧʨʠʩʪʨʦʾʚ ʽʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ 2D-ʤʘʪʝʨʽʘʣʽʚ, ʮʽʢʘʚʦ ʜʦʩʣʽʜʠʪʠ ʤʦʞʣʠʚʦʩʪʽ 

ʬʦʨʤʫʚʘʥʥʷ ʧʨʦʩʪʦʨʦʚʦ ʚʧʦʨʷʜʢʦʚʘʥʠʭ ʤʘʩʠʚʽʚ ʤʝʪʘʣʝʚʠʭ ʥʘʥʦʩʪʨʫʢʪʫʨ ʥʘ ʾʭʥʽʭ 

ʧʦʚʝʨʭʥʷʭ. ɼʣʷ ʪʘʢʠʭ ʜʦʩʣʽʜʞʝʥʴ ʟʘʟʚʠʯʘʡ ʚʠʢʦʨʠʩʪʦʚʫʶʪʴʩʷ ʤʝʪʦʜʠ ʩʢʘʥʫʶʯʦʾ 
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ʟʦʥʜʦʚʦʾ ʤʽʢʨʦʩʢʦʧʽʾ, ʟʦʢʨʝʤʘ ʩʢʘʥʫʶʯʦʾ ʪʫʥʝʣʴʥʦʾ ʤʽʢʨʦʩʢʦʧʽʾ (ʉʊʄ), ʟ ʦʛʣʷʜʫ ʥʘ 

ʥʘʥʦʤʘʩʰʪʘʙʥʠʡ ʭʘʨʘʢʪʝʨ ʦʙôʻʢʪʽʚ [79], ʘ ʜʦʩʣʽʜʞʝʥʥʷ ʷʢ ʧʦʯʘʪʢʦʚʠʭ ʧʦʚʝʨʭʦʥʴ, 

ʪʘʢ ʽ ʢʽʥʝʪʠʢʠ ʫʪʚʦʨʝʥʥʷ ʛʝʪʝʨʦʥʘʥʦʩʪʨʫʢʪʫʨ ʤʘʶʪʴ ʚʘʞʣʠʚʝ ʟʥʘʯʝʥʥʷ. 

4.1. ɿʘʩʪʦʩʫʚʘʥʥʷ ʧʦʚʝʨʭʥʽ (001) InTe ʷʢ ʰʘʙʣʦʥʫ ʜʣʷ ʬʦʨʤʫʚʘʥʥʷ ʽʥʜʽʻʚʠʭ 

ʥʘʥʦʩʠʩʪʝʤ In0/(001) InTe 

 ʋ ʮʴʦʤʫ ʨʦʟʜʽʣʽ ʨʦʟʛʣʷʥʫʪʦ ʚʠʢʦʨʠʩʪʘʥʥʷ ʧʦʚʝʨʭʦʥʴ (001) ʩʢʦʣʶʚʘʥʥʷ 

ʐʂ  InTe ̫ ʢ ʽʜʝʘʣʴʥʠʭ ʰʘʙʣʦʥʽʚ ʜʣʷ ʬʦʨʤʫʚʘʥʥʷ ʤʝʪʘʣʝʚʠʭ ʥʘʥʦʩʪʨʫʢʪʫʨ ʟ 

ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʷʚʠʱʘ ʚʪʦʨʠʥʥʦʛʦ ʪʚʝʨʜʦʪʽʣʴʥʦʛʦ ʟʤʦʯʫʚʘʥʥʷ ʧʽʩʣʷ ʪʝʨʤʽʯʥʦʛʦ 

ʦʩʘʜʞʝʥʥʷ ʤʝʪʘʣʫ. 

 ʏʝʨʝʟ ʚʥʫʪʨʽʰʥʶ ʘʥʽʟʦʪʨʦʧʽʶ InTe ʡʦʛʦ ʧʦʚʝʨʭʥʶ (001) ʤʦʞʥʘ ʣʝʛʢʦ 

ʦʪʨʠʤʘʪʠ ʰʣʷʭʦʤ ʩʢʦʣʶʚʘʥʥʷ ʥʘʚʽʪʴ ʫ ʥʘʜʚʠʩʦʢʦʤʫ ʚʘʢʫʫʤʽ, ʱʦ ʨʦʙʠʪʴ ʾʾ 

ʧʨʠʜʘʪʥʦʶ ʜʣʷ ʩʪʚʦʨʝʥʥʷ ʥʘʥʦʩʠʩʪʝʤ ʟ ʦʙʤʝʞʝʥʠʤʠ ʨʦʟʤʽʨʘʤʠ, ʟʘʩʪʦʩʦʚʫʶʯʠ 

ʪʚʝʨʜʦʪʽʣʴʥʝ ʟʤʦʯʫʚʘʥʥʷ in situ. ɺ ʨʝʟʫʣʴʪʘʪʽ ʜʦʩʣʽʜʞʝʥʴ [80, 81] ʩʣʽʜ ʟʘʟʥʘʯʠʪʠ, ʱʦ 

ʜʘʥʠʡ ʤʝʪʦʜ ʫ ʧʦʻʜʥʘʥʥʽ ʟ ʧʨʠʨʦʜʥʦʶ ʨʝʣʴʻʬʥʦʶ ʪʦʧʦʛʨʘʬʽʻʶ ʧʦʚʝʨʭʥʽ 

ʜʚʦʚʠʤʽʨʥʠʭ ʰʘʨʫʚʘʪʠʭ ʢʨʠʩʪʘʣʽʚ ʪʘ ʧʦʛʘʥʦʶ ʘʜʛʝʟʽʻʶ ʾʭ ʧʦʚʝʨʭʦʥʴ ʻ ʦʜʥʠʤ ʽʟ 

ʧʝʨʩʧʝʢʪʠʚʥʠʭ ʧʽʜʭʦʜʽʚ ʜʣʷ ʩʘʤʦʦʨʛʘʥʽʟʘʮʽʾ ʤʝʪʘʣʝʚʠʭ ʥʘʥʦʩʪʨʫʢʪʫʨ, ʩʪʚʦʨʶʶʯʠ 

ʤʘʩʠʚʠ ʥʘʥʦʤʘʩʰʪʘʙʥʠʭ ʬʦʨʤ ʜʣʷ ʝʣʝʢʪʨʦʥʥʠʭ ʪʘ ʬʦʪʦʥʥʠʭ ʧʨʠʩʪʨʦʾʚ, ʘ ʪʘʢʦʞ ʜʣʷ 

ʢʘʪʘʣʽʟʫʚʘʥʥʷ ʨʦʩʪʫ ʥʘʥʦʪʦʯʦʢ, ʥʘʥʦʪʨʫʙʦʢ ʽ ʥʘʥʦʜʨʦʪʽʚ 

4.1.1. ɼʦʩʣʽʜʞʝʥʥʷ ʪʦʧʦʛʨʘʬʽʾ ʧʦʚʝʨʭʥʽ (001) InTe ʚʠʢʦʨʠʩʪʘʥʦʾ ʚ ʷʢʦʩʪʽ 

ʰʘʙʣʦʥʫ ʜʦ ʪʘ ʧʽʩʣʷ ʦʩʘʜʞʝʥʥʷ ʽʥʜʽʶ  ʤʝʪʦʜʘʤʠ ɸʉʄ ʪʘ ʉʊʄ  

 ɿʨʘʟʢʠ ʜʣʷ ʜʦʩʣʽʜʞʝʥʴ ʤʝʪʦʜʘʤʠ ʩʢʘʥʫʶʯʦʾ ʪʫʥʝʣʴʥʦʾ 

ʤʽʢʨʦʩʢʦʧʽʾ/ʩʧʝʢʪʨʦʩʢʦʧʽʾ (ʉʊʄ/ʉʊʉ) ʪʘ ʘʪʦʤʥʦ-ʩʠʣʦʚʦʾ ʤʽʢʨʦʩʢʦʧʽʾ (ɸʉʄ) ʤʘʣʠ 

ʩʧʝʮʽʘʣʴʥʫ ʬʦʨʤʫ ʨʦʟʤʽʨʦʤ 3Ĭ4Ĭ6 ʤʤį ʜʣʷ ʩʢʦʣʶʚʘʥʥʷ in situ. InTe ʙʫʚ ʩʢʦʣʝʥʠʡ ʚ 

ʅɺɺ ʧʨʫʞʥʦʶ ʛʦʣʢʦʶ ʟ ʩʪʘʣʽ, ʽ ʦʜʨʘʟʫ ʦʪʨʠʤʘʥʘ ʧʦʚʝʨʭʥ ̫(001) ʜʦʩʣʽʜʞʫʚʘʣʘʩʷ 

ʤʝʪʦʜʘʤʠ ʉʊʄ/ʉʊʉ ʪʘ ɸʉʄ. ɼʘʥʽ ɸʉʄ ʙʫʣʠ ʦʪʨʠʤʘʥʽ ʚ ʢʦʥʪʘʢʪʥʦʤʫ ʨʝʞʠʤʽ 

ʧʦʩʪʽʡʥʦʾ ʩʠʣʠ ʚʟʘʻʤʦʜʽʾ ʤʽʞ ʟʦʥʜʦʤ ʽ ʧʦʚʝʨʭʥʝʶ ʟʨʘʟʢʘ ʥʘ ʫʩʪʘʥʦʚʮʽ Omicron Nano 

Technology STM/AFM System, ʫ ʅɺɺ ~ 10-10 ʊʦʨʨ ʧʨʠ ʢʽʤʥʘʪʥʽʡ ʪʝʤʧʝʨʘʪʫʨʽ. 

ʆʪʨʠʤʘʥʥʷ ʜʘʥʠʭ ʉʊʄ ʟʜʽʡʩʥʶʚʘʣʦʩʷ ʚ ʨʝʞʠʤʽ ʧʦʩʪʽʡʥʦʛʦ ʩʪʨʫʤʫ. ɼʣʷ ʘʥʘʣʽʟʫ ʪʘ 
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ʦʙʨʦʙʢʠ ʜʘʥʠʭ ʩʢʘʥʫʶʯʦʾ ʟʦʥʜʦʚʦʾ ʤʽʢʨʦʩʢʦʧʽʾ ʚʠʢʦʨʠʩʪʦʚʫʚʘʣʦʩʴ ʧʨʦʛʨʘʤʥʝ 

ʟʘʙʝʟʧʝʯʝʥʥʷ WSxM v.4.0 ʚʽʜ Nanotec Electronica[82]. 

 ʅʘ ʨʠʩ. 4.1 ʧʨʝʜʩʪʘʚʣʝʥʽ ʨʝʟʫʣʴʪʘʪʠ ʜʦʩʣʽʜʞʝʥʥʷ ɸʉʄ ʧʦʯʘʪʢʦʚʦʾ ʧʦʚʝʨʭʥʽ 

(001) InTe, ʦʪʨʠʤʘʥʦʾ ʤʝʪʦʜʦʤ ʩʢʦʣʶʚʘʥʥʷ in situ. ɹʝʟʧʦʩʝʨʝʜʥʴʦ ʦʪʨʠʤʘʥʽ 

ʟʦʙʨʘʞʝʥʥʷ ʻ ʜʦʚʦʣʽ çʟʘʰʫʤʣʝʥʠʤʠè, ʷʢ ʧʦʢʘʟʘʥʦ ʥʘ ʨʠʩ. 4.1a ̔ 4.1b, ʘʣʝ 2D hʚʠʜʢʝ 

ʧʝʨʝʪʚʦʨʝʥʥʷ ʌʫʨ'ʻ (2D FFT), ʷʢ ʟʦʙʨʘʞʝʥʦ ʥʘ ʨʠʩ. 4.1c, ʯʽʪʢʦ ʚʠʷʚʣʷʻ ʧʦʚʝʨʭʥʝʚʠʡ 

ʧʝʨʽʦʜʠʯʥʠʡ ʚʽʟʝʨʫʥʦʢ, ʱʦ ʚʽʜʧʦʚʽʜʘʻ ʩʢʣʘʜʥʽʡ ʪʝʪʨʘʛʦʥʘʣʴʥʽʡ ʢʨʠʩʪʘʣʽʯʥʽʡ 

ʩʪʨʫʢʪʫʨʽ InTe. 

 

ʈʠʩ. 4.1. ɼʦʩʣʽʜʞʝʥʥʷ ʧʦʯʘʪʢʦʚʦʾ ʧʦʚʝʨʭʥʽ (001) InTe[80]:  

ʜʘʥʽ ɸʉʄ ï a) 3D - ʟʦʙʨʘʞʝʥʥʷ ʨʦʟʤʽʨʦʤ 21,8Ĭ21,8 ʥʤĮ ʫ ʨʝʞʠʤʽ ʧʦʩʪʽʡʥʦʾ ʩʠʣʠ 

0,459 ʥʅ; b) ʟʙʽʣʴʰʝʥʘ ʜʽʣʷʥʢʘ ʨʦʟʤʽʨʦʤ 9,1Ĭ9,2 ʥʤĮ ʽʟ ʟʦʙʨʘʞʝʥʥʷ (a); c) ʪʨʠʚʠʤʽʨʥʘ 

ʚʽʟʫʘʣʽʟʘʮʽʷ 2D FFT ʚʽʜʬʽʣʴʪʨʦʚʘʥʦʛʦ ʟʦʙʨʘʞʝʥʥʷ (b) ʟ ʧʦʟʥʘʯʝʥʥʷʤ ʧʨʦʬʽʣʶ ʚʠʩʦʪ, 

ʷʢʠʡ ʧʦʢʘʟʘʥʦ ʥʘ (d);  

ʜʘʥʽ ʉʊʄ ï e) 2D FFT ʚʽʜʬʽʣʴʪʨʦʚʘʥʝ ʟʦʙʨʘʞʝʥʥʷ ʨʦʟʤʽʨʦʤ 24,8Ĭ25,9 ʥʤĮ (ʥʘʧʨʫʛʘ 

ʟʤʽʱʝʥʥʷ +1,6 ɺ, ʪʫʥʝʣʴʥʠʡ ʩʪʨʫʤ 59 ʧɸ) ʟ ʚʽʜʧʦʚʽʜʥʠʤ ʪʦʧʦʛʨʘʬʽʯʥʠʤ ʧʨʦʬʽʣʝʤ ʥʘ (f). 

ʇʝʨʽʦʜʠʯʥʽʩʪʴ ~8,45 ¡, ʦʪʨʠʤʘʥʘ ʟ ʪʦʧʦʛʨʘʬʽʯʥʠʭ ʧʨʦʬʽʣʽʚ, ʜʦʙʨʝ ʚʽʜʧʦʚʽʜʘʻ ʧʘʨʘʤʝʪʨʫ 

ˇʨʘʪʢʠ ʧʦʚʝʨʭʥʽ (001) InTe. 
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 ɼʚʦʚʠʤʽʨʥʝ FFT-ʬʽʣʴʪʨʫʚʘʥʥʷ ʟʦʙʨʘʞʝʥʥʷ ʉʊʄ (ʜʠʚ. ʨʠʩ. 4.1e) ʪʘʢʦʞ 

ʜʦʟʚʦʣʷʻ ʧʦʙʘʯʠʪʠ ʪʫ ʞ ʩʘʤʫ ʧʝʨʽʦʜʠʯʥʫ ʩʪʨʫʢʪʫʨʫ ʧʦʚʝʨʭʥʽ. ʈʠʩ. 4.1d (ɸʉʄ) ʪʘ 

4.1f (ʉʊʄ) ʧʦʢʘʟʫʶʪʴ ʧʝʨʽʦʜʠʯʥʽʩʪʴ ~8,45 ¡ ʫ ʧʦʚʝʨʭʥʝʚʽʡ ˇʨʘʪʮʽ (001) InTe, ʱʦ 

ʫʟʛʦʜʞʫʻʪʴʩʷ ʟ ʜʘʥʠʤʠ X-ʧʨʦʤʝʥʝʚʦʾ ʜʠʬʨʘʢʮʽʾ ʜʣʷ ʪʝʪʨʘʛʦʥʘʣʴʥʦʾ ʢʨʠʩʪʘʣʽʯʥʦʾ 

ʩʪʨʫʢʪʫʨʠ ʪʠʧʫ TlSe. ʊʘʢʠʤ ʯʠʥʦʤ, ʜʦʩʣʽʜʞʝʥʥʷ ʩʢʘʥʫʶʯʦʾ ʤʽʢʨʦʩʢʦʧʽʾ ʧʦʚʝʨʭʥʽ  

(001) InTe, ʦʪʨʠʤʘʥʦʾ ʤʝʪʦʜʦʤ ʩʢʦʣʶʚʘʥʥʷ, ʧʽʜʪʚʝʨʜʞʫʻ ʚʽʜʩʫʪʥʽʩʪʴ ʨʝʢʦʥʩʪʨʫʢʮʽʾ 

ʧʦʚʝʨʭʥʽ, ʱʦ ʜʦʙʨʝ ʚʽʜʦʤʦ ʫ ʚʠʧʘʜʢʫ ʽʥʰʠʭ ʰʘʨʫʚʘʪʠʭ ʭʘʣʴʢʦʛʝʥʽʜʽʚ ʽʥʜʽʶ [83-85]. 

ʆʪʞʝ, ʤʦʞʥʘ ʟʨʦʙʠʪʠ ʚʠʩʥʦʚʦʢ, ʱʦ ʢʨʠʩʪʘʣʽʯʥʘ ʧʦʚʝʨʭʥʷ (001) InTe, ʟʦʢʨʝʤʘ 

ʦʪʨʠʤʘʥʘ ʰʣʷʭʦʤ ʩʢʦʣʶʚʘʥʥʷ in situ, ʤʦʞʝ ʟʘʩʪʦʩʦʚʫʚʘʪʠʩʴ ʷʢ ʩʪʘʙʽʣʴʥʠʡ 

ʧʝʨʽʦʜʠʯʥʠʡ ʰʘʙʣʦʥ ʜʣʷ ʬʦʨʤʫʚʘʥʥʷ ʥʘʥʦʩʪʨʫʢʪʫʨ ʤʝʪʦʜʦʤ ʚʪʦʨʠʥʥʦʛʦ 

ʪʚʝʨʜʦʪʽʣʴʥʦʛʦ ʟʤʦʯʫʚʘʥʥʷ [80, 81]. 

 ɼʣʷ ʦʩʘʜʞʝʥʥʷ ʽʥʜʽʶ in situ ʙʫʣʦ ʟʘʩʪʦʩʦʚʘʥʦ ʚʠʧʘʨʦʚʫʚʘʯ EFM-3. ʉʠʣʘ 

ʽʦʥʥʦʛʦ ʩʪʨʫʤʫ ̔ ʥʜʽʶ ʫʩʝʨʝʜʠʥʽ ʝʬʫʟʽʡʥʦʾ ʢʦʤʽʨʢʠ ʧʽʜʪʨʠʤʫʚʘʣʘʩʷ ʥʘ ʧʦʩʪʽʡʥʦʤʫ 

ʨʽʚʥʽ ʧʽʜ ʯʘʩ ʥʘʥʝʩʝʥʥʷ ʽʥʜʽʶ. ʐʚʠʜʢʽʩʪʴ ʦʩʘʜʞʝʥʥʷ ʧʽʜʪʨʠʤʫʚʘʣʘʩʷ ʧʨʠʙʣʠʟʥʦ ʥʘ 

ʨʽʚʥʽ 0,07 ʤʰ/ʭʚ. ʊʘʢʽ ʰʚʠʜʢʦʩʪʽ ʜʦʟʚʦʣʷʣʠ ʨʝʘʣʽʟʦʚʫʚʘʪʠ ʘʢʪʠʚʘʮʽʡʥʦ-ʤʽʛʨʘʮʽʡʥʠʡ 

ʨʫʭ ʥʘʥʝʩʝʥʠʭ ʘʪʦʤʽʚ ʽʥʜʽʶ ʟ ʣʦʢʘʣʽʟʘʮʽʻʶ ʥʘ ʮʝʥʪʨʘʭ ʘʢʪʠʚʘʮʽʾ ʨʦʩʪʫ ʧʽʜ ʯʘʩ 

ʧʦʜʘʣʴʰʦʛʦ ʚʽʜʧʘʣʫ ʧʨʦʪʷʛʦʤ 3ï5 ʭʚʠʣʠʥ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʽ ʜʦ 475 ʂ. 

 ɼʦʩʣʽʜʞʝʥʥʷ ʉʊʄ ʧʽʜʪʚʝʨʜʞʫʻ ʥʘʷʚʥʽʩʪʴ ʪʝʨʤʽʯʥʦ ʘʢʪʠʚʦʚʘʥʦʛʦ 

ʤʽʛʨʘʮʽʡʥʦʛʦ ʤʝʭʘʥʽʟʤʫ ʬʦʨʤʫʚʘʥʥʷ ʥʘʥʦʩʪʨʫʢʪʫʨ ʽʥʜʽʶ ʧʽʩʣʷ ʡʦʛʦ ʦʩʘʜʞʝʥʥʷ ʥʘ 

ʧʦʚʝʨʭʥʶ (001) InTe. ʎʝ ʙʫʣʦ ʧʨʦʘʥʘʣʽʟʦʚʘʥʦ ʥʘ ʦʩʥʦʚʽ ʨʦʟʧʦʜʽʣʫ ʚʠʩʦʪ ʧʽʢʩʝʣʽʚ ʥʘ 

ʟʦʙʨʘʞʝʥʥʷʭ ʉʊʄ, ʦʪʨʠʤʘʥʠʭ ʟʘ ʚʽʜʧʦʚʽʜʥʠʭ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʠʭ ʫʤʦʚ. 

ʉʪʘʪʠʩʪʠʯʥʠʡ ʘʥʘʣʽʟ ʪʦʧʦʛʨʘʬʽʾ ʧʦʚʝʨʭʥʽ ʙʫʚ ʚʠʢʦʥʘʥʠʡ ʟʘ ʜʦʧʦʤʦʛʦʶ ʽʥʩʪʨʫʤʝʥʪʫ 

Roughness Analysis ʫ ʧʨʦʛʨʘʤʽ WSxM ̔ ʧʦʜʘʥʠʡ ʥʘ ʨʠʩ. 4.2. 

 ʊʘʢʽ ʧʘʨʘʤʝʪʨʠ, ʷʢ ʩʝʨʝʜʥʴʦʢʚʘʜʨʘʪʠʯʥʘ ʰʦʨʩʪʢʽʩʪʴ, ʘʩʠʤʝʪʨʽʷ ʧʦʚʝʨʭʥʽ ʪʘ 

ʝʢʩʮʝʩ ʧʦʚʝʨʭʥʽ, ʜʦʟʚʦʣʷʶʪʴ ʟʨʦʟʫʤʽʪʠ ʧʦʯʘʪʢʦʚʽ ʚʣʘʩʪʠʚʦʩʪʽ ʧʦʚʝʨʭʥʽ ʪʘ 

ʦʩʦʙʣʠʚʦʩʪʽ ʬʦʨʤʫʚʘʥʥʷ ʦʩʘʜʞʝʥʦʛʦ ʰʘʨʫ ʥʘ ʧʦʚʝʨʭʥʽ ʪʘ ʯʘʩʪʦ ʚʠʢʦʨʠʩʪʦʚʫʶʪʴʩʷ 

ʫ ʜʦʩʣʽʜʞʝʥʥʷʭ ʤʦʨʬʦʣʦʛʽʾ ʧʦʚʝʨʭʥʽ ʥʘ ʦʩʥʦʚʽ ʜʘʥʠʭ, ʦʪʨʠʤʘʥʠʭ ʤʝʪʦʜʘʤʠ 

ʩʢʘʥʫʶʯʠʭ ʟʦʥʜʽʚ, ʟʦʢʨʝʤʘ, ɸʉʄ ʪʘ ʉʊʄ [86-88]. 

 ɺʝʣʠʯʠʥʘ ʩʝʨʝʜʥʴʦʢʚʘʜʨʘʪʠʯʥʦʾ ʰʦʨʩʪʢʦʩʪʽ ʨʦʟʨʘʭʦʚʫʻʪʴʩʷ ʧʨʦʛʨʘʤʥʠʤ 

ʟʘʙʝʟʧʝʯʝʥʥʷʤ WSxM [82] ̫ʢ: 
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ʜʝ N  = 400Ĭ400 = 160 000 ʪʦʯʦʢ ʘʥʘʣʽʟʫ ʟ  hi,j  ʚʠʩʦʪʦʶ ʥʘ ʟʘʜʘʥʦʤʫ ʧʽʢʩʝʣʽ (i,j)  

ʉʊʄ-ʟʦʙʨʘʞʝʥʥʷ, <h> ï ʩʝʨʝʜʥʷ ʪʦʚʱʠʥʘ ʘʥʘʣʽʟʦʚʘʥʦʛʦ ʥʘʥʝʩʝʥʦʛʦ ʰʘʨʫ. 

 ɹʽʣʴʰ ʩʢʣʘʜʥʽ ʦʮʽʥʢʠ ʰʦʨʩʪʢʦʩʪʽ ʤʦʞʣʠʚʽ ʪʘʢʦʞ ʟʘ ʧʘʨʘʤʝʪʨʘʤʠ ʘʩʠʤʝʪʨʽʾ ʪʘ 

ʝʢʩʮʝʩʫ. ʅʘʧʨʠʢʣʘʜ, ʘʩʠʤʝʪʨʽʷ ʟʨʘʟʢʘ, ʱʦ ʜʘʻ ʦʮʽʥʢʫ ʘʩʠʤʝʪʨʽʾ ʨʝʣʴʻʬʫ ʧʦʚʝʨʭʥʽ, 

ʨʦʟʨʘʭʦʚʫʻʪʴʩʷ ʷʢ: 
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ʏʠʩʣʦʚʝ ʟʥʘʯʝʥʥʷ ʘʩʠʤʝʪʨʽʾ ʜʘʻ ʥʘʤ ʽʥʬʦʨʤʘʮʽʶ ʧʨʦ ʥʘʧʨʷʤʦʢ ʘʩʠʤʝʪʨʽʾ ʨʦʟʧʦʜʽʣʫ 

ʚʠʩʦʪ, ʘ ʩʘʤʝ: ʩʠʤʝʪʨʠʯʥʠʡ ʨʦʟʧʦʜʽʣ ʧʽʢʩʝʣʽʚ ʧʦ ʚʠʩʦʪʽ ʚʽʜʧʦʚʽʜʘʻ ʚʠʧʘʜʢʫ ʢʦʣʠ 

ʘʩʠʤʝʪʨʽʷ ʨʽʚʥʘ ʥʫʣʶ, ʟʥʘʯʝʥʥʷ ʚʠʱʝ ʥʫʣʷ ʧʦʢʘʟʫʻ ʧʦʟʠʪʠʚʥʫ ʘʩʠʤʝʪʨʽʶ ʽ ʥʘʚʧʘʢʠ. 

ʉʣʽʜ ʟʘʟʥʘʯʠʪʠ, ʱʦ ʥʘ ʟʥʘʢ ʚʝʣʠʯʠʥʠ ʘʩʠʤʝʪʨʽʾ, ʚʠʟʥʘʯʝʥʠʡ ʟʘ ʜʦʧʦʤʦʛʦʶ ʜʘʥʠʭ 

ʉʊʄ, ʚʧʣʠʚʘʻ ʧʦʣʷʨʥʽʩʪʴ ʥʘʧʨʫʛʠ ʟʤʽʱʝʥʥʷ, ʪʦʤʫ ʜʣʷ ʦʪʨʠʤʘʥʥʷ ʜʦʩʪʦʚʽʨʥʠʭ 

ʜʘʥʠʭ ʥʝʦʙʭʽʜʥʦ ʧʦʨʽʚʥʶʚʘʪʠ ʥʘʙʦʨʠ ʜʘʥʠʭ ʟʦʙʨʘʞʝʥʴ, ʦʪʨʠʤʘʥʠʭ ʟ ʦʜʥʘʢʦʚʦʶ 

ʧʦʣʷʨʥʽʩʪʶ ʥʘʧʨʫʛʠ ʟʤʽʱʝʥʥʷ. 

 ɽʢʩʮʝʩ ʜʘʻ ʽʥʬʦʨʤʘʮʽʶ ʧʨʦ ʢʨʘʾ ʨʦʟʧʦʜʽʣʫ ʟʥʘʯʝʥʴ ʚʠʩʦʪʠ (z-ʚʠʩʦʪʠ) ʥʘ 

ʧʦʚʝʨʭʥʽ ʘʙʦ, ʽʥʰʠʤʠ ʩʣʦʚʘʤʠ, ʮʝ ʤʽʨʘ ʧʽʢʦʚʦʛʦ ʨʦʟʧʦʜʽʣʫ ʚʠʩʦʪ ʥʘ ʧʦʚʝʨʭʥʽ ʟʨʘʟʢʘ 

ʰʣʷʭʦʤ ʧʦʨʽʚʥʷʥʥʷ ʡʦʛʦ ʟ ʥʦʨʤʘʣʴʥʠʤ ʨʦʟʧʦʜʽʣʦʤ ʽ ʚʠʟʥʘʯʘʻʪʴʩʷ ʷʢ: 

( )
4

,,

4

N

i ji j
K r

h
u tosis

h

N RMS

-

³
=
ä

     (4.3) 

ʏʠʩʣʦʚʝ ʟʥʘʯʝʥʥʷ ʧʘʨʘʤʝʪʨʘ ʝʢʩʮʝʩʫ, ʨʽʚʥʝ ʪʨʴʦʤ, ʧʦʢʘʟʫʻ ʥʦʨʤʘʣʴʥʠʡ  ʨʦʟʧʦʜʽʣ 

ʚʠʩʦʪ ʧʽʢʩʝʣʽʚ, ʟʥʘʯʝʥʥʷ ʚʠʱʝ ʪʨʴʦʭ ʚʢʘʟʫʻ ʥʘ ʩʠʣʴʥʠʡ ʨʽʟʢʠʡ ʽ ʤʝʥʰʝ ʪʨʴʦʭ - ʥʘ 

ʙʽʣʴʰ ʧʣʦʩʢʠʡ, ʥʽʞ ʥʦʨʤʘʣʴʥʠʡ ʨʦʟʧʦʜʽʣ ʚʠʩʦʪ ʧʽʢʩʝʣʽʚ ʚʽʜʧʦʚʽʜʥʦ. 

 ʅʘ ʨʠʩ. 4.2 ʧʦʢʘʟʘʥʦ ʚʽʜʧʦʚʽʜʥʽ ʛʽʩʪʦʛʨʘʤʠ ʨʦʟʧʦʜʽʣʫ ʚʠʩʦʪ ʧʽʢʩʝʣʽʚ, ʱʦ ʻ 

ʪʠʧʦʚʠʤʠ ʜʣʷ ʧʦʯʘʪʢʦʚʦʾ ʧʦʚʝʨʭʥʽ ʧʽʩʣʷ ʩʢʦʣʶʚʘʥʥʷ ʫ ʅɺɺ, ʧʦʚʝʨʭʥʽ ʟ ʦʩʘʜʞʝʥʠʤ 

ʽʥʜʽʻʤ ʽ ʧʽʩʣʷ ʧʦʜʘʣʴʰʦʛʦ ʚʽʜʧʘʣʫ ʟʘ ʨʽʟʥʠʭ ʪʝʤʧʝʨʘʪʫʨ. ʇʨʝʜʩʪʘʚʣʝʥʽ ʨʝʟʫʣʴʪʘʪʠ 

ʙʫʣʠ ʦʪʨʠʤʘʥʽ ʜʣʷ ʤʘʣʠʭ ʩʪʫʧʝʥʽʚ ʧʦʢʨʠʪʪʷ ʽʥʜʽʻʤ, ʱʦ ʟʘʙʝʟʧʝʯʫʻ ʢʣʶʯʦʚʫ ʨʦʣʴ 

ʢʨʠʩʪʘʣʽʯʥʦʾ ʧʦʚʝʨʭʥʽ ʷʢ ʰʘʙʣʦʥʫ. 
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ʈʠʩ. 4.2. ʈʦʟʧʦʜʽʣ ʚʠʩʦʪ ʧʽʢʩʝʣʽʚ ʜʣʷ ʉʊʄ ʟʦʙʨʘʞʝʥʴ ʨʦʟʤʽʨʦʤ 150Ĭ150 ʥʤĮ ʥʘ 

ʧʦʚʝʨʭʥʽ InTe (001) ʜʦ (ʢʨʠʚʘ 1) ʪʘ ʧʽʩʣʷ ʦʩʘʜʞʝʥʥʷ ʽʥʜʽʶ: ʢʨʠʚʘ 2 ï ʧʽʩʣʷ 

ʦʩʘʜʞʝʥʥʷ ʧʨʦʪʷʛʦʤ 5 ʩ, 3 ï ʧʽʩʣʷ ʚʽʜʧʘʣʫ (125 ÁC), 4 ï ʧʽʩʣʷ ʚʽʜʧʘʣʫ (200 ÁC) [81]. 

 ʅʘ ʨʠʩ. 4.2. (ʢʨʠʚʽ 1 ʽ 2) ʧʦʢʘʟʘʥʦ ʥʝʟʥʘʯʥʫ ʟʤʽʥʫ ʨʦʟʧʦʜʽʣʫ ʚʠʩʦʪ ʧʽʢʩʝʣʽʚ 

ʦʜʨʘʟʫ ʧʽʩʣʷ ʦʩʘʜʞʝʥʥʷ ʽʥʜʽʶ, ʧʨʦʪʝ ʥʘʛʨʽʚʘʥʥʷ ʩʠʩʪʝʤʠ In0/(001) InTe ʜʦ 

ʪʝʤʧʝʨʘʪʫʨʠ 125 ÁC, ɦʦ ʥʠʞʯʝ ʪʦʯʢʠ ʧʣʘʚʣʝʥʥʷ ʽʥʜʽʶ, ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʤʽʛʨʘʮʽʾ 

ʘʪʦʤʽʚ ʽʥʜʽʶ ʟ ʫʪʚʦʨʝʥʥʷʤ ʙʽʣʴʰ ʥʝʦʜʥʦʨʽʜʥʦʾ ʩʪʨʫʢʪʫʨʠ ʧʦʚʝʨʭʥʽ. ʅʘʛʨʽʚʘʥʥʷ ʮʽʻʾ 

ʩʠʩʪʝʤʠ ʚʠʱʝ ʪʦʯʢʠ ʧʣʘʚʣʝʥʥʷ ʽʥʜʽʶ ʩʧʨʠʯʠʥʷʻ ʫʪʚʦʨʝʥʥʷ ʥʦʚʦʾ ʧʦʚʝʨʭʥʽ ʟ 

ʨʝʣʴʻʬʦʤ, ʧʦʜʽʙʥʠʤ ʜʦ ʧʦʯʘʪʢʦʚʦʾ ʧʦʚʝʨʭʥʽ InTe. ʂʨʽʤ ʪʦʛʦ, ʽʥʰʽ ʧʘʨʘʤʝʪʨʠ, ʱʦ 

ʜʦʟʚʦʣʷʶʪʴ ʘʥʘʣʽʟʫʚʘʪʠ ʩʪʘʪʠʩʪʠʯʥʽ ʤʘʩʠʚʠ ʜʘʥʠʭ ʱʦʜʦ ʨʝʣʴʻʬʫ ʧʦʚʝʨʭʥʽ, ʪʘʢʽ ʷʢ 

ʩʝʨʝʜʥʴʦʢʚʘʜʨʘʪʠʯʥʘ ʰʦʨʩʪʢʽʩʪʴ (RMS), ʘʩʠʤʝʪʨʽʷ ʪʘ ʝʢʩʮʝʩ ʜʣʷ ʩʠʩʪʝʤʠ 

In0/(001) InTe, ʧʨʝʜʩʪʘʚʣʝʥʦ ʾʥʘ ʨʠʩ. 4.2, ʥʘʚʝʜʝʥʽ ʫ ʪʘʙ. 4.1. 

ʊʘʙʣʠʮʷ 4.1 

ʇʦʨʽʚʥʷʥʥʷ ʧʘʨʘʤʝʪʨʽʚ ʩʠʩʪʝʤʠ In0/(001) InTe, ʦʪʨʠʤʘʥʠʭ ʟʘ ʜʦʧʦʤʦʛʦʶ 

ʽʥʩʪʨʫʤʝʥʪʫ ʘʥʘʣʽʟʫ ʰʦʨʩʪʢʦʩʪʽ (Roughness Analysis). 

ʇʘʨʘʤʝʪʨʠ 

ʧʦʚʝʨʭʥʽ 

ʇʦʯʘʪʢʦʚʠʡ ʩʪʘʥ 

ʰʘʙʣʦʥʫ InTe 

ʇʽʩʣʷ 

ʦʩʘʜʞʝʥʥʷ In 

ʇʽʩʣʷ ʚʽʜʧʘʣʫ 

ʧʨʠ 125 ÁC 

ʇʽʩʣʷ ʚʽʜʧʘʣʫ 

ʧʨʠ 200 ÁC 

RMS, ʥʤ 0,0893 0,1793 0,0804 0,0885 

ɸʩʠʤʝʪʨʽʷ 

(Skewness) 
-0,0699 0,212 0,8043 0,1408 

ɽʢʩʮʝʩ 

(Kurtosis) 
11,8652 9,2719 3,4145 3,3098 
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 ʇʘʨʘʤʝʪʨ RMS ʚʢʘʟʫʻ ʥʘ ʙʽʣʴʰʫ ʥʝʦʜʥʦʨʽʜʥʽʩʪʴ ʧʦʚʝʨʭʥʽ ʧʽʩʣʷ ʦʩʘʜʞʝʥʥʷ 

ʽʥʜʽʶ, ʫ ʧʦʨʽʚʥʷʥʥʽ ʟ ʧʦʯʘʪʢʦʚʠʤ ʩʪʘʥʦʤ ʰʘʙʣʦʥʫ (001) InTe. ɿʥʘʯʝʥʥʷ ʘʩʠʤʝʪʨʽʾ 

(ʧʦʢʘʟʥʠʢ ʥʝʩʠʤʝʪʨʠʯʥʦʩʪʽ) ʧʦʢʘʟʫʻ ʟʙʽʣʴʰʝʥʥʷ ʥʝʩʠʤʝʪʨʠʯʥʦʛʦ ʨʦʟʧʦʜʽʣʫ ʚʠʩʦʪʠ 

ʧʽʢʩʝʣʽʚ ʟʦʙʨʘʞʝʥʥʷ (ʨʦʟʧʦʜʽʣ ʩʠʤʝʪʨʠʯʥʠʡ ʧʨʠ ʟʥʘʯʝʥʥʽ ʧʘʨʘʤʝʪʨʘ, ʱʦ ʜʦʨʽʚʥʶʻ 

ʥʫʣʶ) ʜʣʷ ʧʦʚʝʨʭʦʥʴ InTe ʧʽʩʣʷ ʦʩʘʜʞʝʥʥʷ ʽʥʜʽʶ, ʽ, ʦʩʦʙʣʠʚʦ, ʥʘ ʧʦʯʘʪʢʦʚʽʡ ʩʪʘʜʽʾ 

ʪʝʨʤʽʯʥʦ ʩʪʠʤʫʣʴʦʚʘʥʦʛʦ ʧʨʦʮʝʩʫ ʩʘʤʦʦʨʛʘʥʽʟʘʮʽʾ ʽʥʜʽʶ ʟ ʪʝʥʜʝʥʮʽʻʶ ʜʦ ʙʽʣʴʰʦʾ 

ʩʠʤʝʪʨʽʾ ʧʽʩʣʷ ʚʪʦʨʠʥʥʦʛʦ ʪʚʝʨʜʦʪʽʣʴʥʦʛʦ ʟʤʦʯʫʚʘʥʥʷ ʟʘʚʜʷʢʠ ʚʽʜʧʘʣʫ ʟʨʘʟʢʽʚ.  

 ɿʤʽʥʠ ʧʘʨʘʤʝʪʨʘ ʝʢʩʮʝʩʫ ʪʘʢʦʞ, ʡʤʦʚʽʨʥʦ, ʩʚʽʜʯʘʪʴ ʧʨʦ ʟʘʧʦʚʥʝʥʥʷ 

ʥʝʨʽʚʥʦʩʪʝʡ ʧʦʚʝʨʭʥʽ ʚ ʧʨʦʮʝʩʽ ʟʤʦʯʫʚʘʥʥʷ. ɺʽʜʦʤʦ, ʱʦ ʜʣʷ ʛʘʫʩʽʚʩʴʢʦʛʦ ʨʦʟʧʦʜʽʣʫ 

ʝʢʩʮʝʩ ʥʘʙʣʠʞʘʻʪʴʩʷ ʜʦ ʟʥʘʯʝʥʥʷ 3,0 [89]. ɹʽʣʴʰʽ ʟʥʘʯʝʥʥʷ ʜʣʷ ʧʦʯʘʪʢʦʚʦʾ ʧʦʚʝʨʭʥʽ 

(001) InTe ʽ ʜʝʱʦ ʤʝʥʰʽ ʜʣʷ ʧʦʚʝʨʭʦʥʴ ʟ ʥʘʥʝʩʝʥʠʤ ̔ ʥʜʽʻʤ ʩʚʽʜʯʘʪʴ ʧʨʦ ʚʫʞʯʠʡ 

ʨʦʟʧʦʜʽʣ ʚʠʩʦʪ ʧʽʢʩʝʣʽʚ ʟʦʙʨʘʞʝʥʥʷ ʉʊʄ ʧʦʨʽʚʥʷʥʦ ʟ ʚʽʜʧʘʣʝʥʠʤʠ ʟʨʘʟʢʘʤʠ. 

 ʆʩʢʽʣʴʢʠ ʜʦʩʣʽʜʞʝʥʥʷ ʪʦʧʦʣʦʛʽʾ ʧʦʚʝʨʭʥʽ ʟʘ ʜʦʧʦʤʦʛʦʶ ʤʝʪʦʜʽʚ ʩʢʘʥʫʶʯʦʾ 

ʟʦʥʜʦʚʦʾ ʤʽʢʨʦʩʢʦʧʽʾ ɸʉʄ/ʉʊʄ ʧʦʢʘʟʘʣʠ, ʱʦ ʧʦʚʝʨʭʥʷ ʢʨʠʩʪʘʣʘ InTe ʥʝ ʻ ʽʜʝʘʣʴʥʦ 

ʨʽʚʥʦʶ ʚ ʥʘʥʦʤʘʩʰʪʘʙʽ, ʩʪʘʻ ʦʯʝʚʠʜʥʠʤ, ʱʦ, ʷʢ ʽ ʫ ʚʠʧʘʜʢʫ ʟ ʽʥʰʠʤʠ ʰʘʨʫʚʘʪʠʤʠ 

ʭʘʣʴʢʦʛʝʥʽʜʘʤʠ ʽʥʜʽʶ [84, 85], ʤʦʞʥʘ ʦʯʽʢʫʚʘʪʠ ʚʽʜʧʦʚʽʜʥʠʭ ʨʝʟʫʣʴʪʘʪʽʚ ʱʦʜʦ 

ʬʦʨʤʫʚʘʥʥʷ ʚʧʦʨʷʜʢʦʚʘʥʠʭ ʥʘʥʦʩʪʨʫʢʪʫʨ ʟʘʚʜʷʢʠ ʟʘʩʪʦʩʫʚʘʥʥʶ ʤʝʪʦʜʫ 

ʚʪʦʨʠʥʥʦʛʦ ʪʚʝʨʜʦʪʽʣʴʥʦʛʦ ʟʤʦʯʫʚʘʥʥʷ. 

 ʅʘ ʨʠʩ. 4.3 ʧʨʝʜʩʪʘʚʣʝʥʽ ʜʘʥʽ ʉʊʄ, ʦʪʨʠʤʘʥʽ ʟ ʧʦʚʝʨʭʥʽ (001) InTe  ʧʽʩʣʷ 

ʦʩʘʜʞʝʥʥʷ ʽʥʜʽʶ ʧʨʦʪʷʛʦʤ 95 ʩ ʽʟ ʧʦʜʘʣʴʰʠʤ ʚʽʜʧʘʣʦʤ ʜʦ 200 ÁC. 2D FFT ʬʽʣʴʪʨʘʮʽʷ 

ʥʝʦʙʨʦʙʣʝʥʦʛʦ ʟʦʙʨʘʞʝʥʥʷ ʉʊʄ ʚʠʷʚʣʷʻ ʥʘʷʚʥʽʩʪʴ ʧʝʨʽʦʜʠʯʥʠʭ ʩʪʨʫʢʪʫʨ, ʪʦʧʦʣʦʛʽʷ 

ʧʦʚʝʨʭʥʽ ʷʢʠʭ ʧʨʠ ʜʝʪʘʣʴʥʦʤʫ ʨʦʟʛʣʷʜʽ (ʜʠʚ. ʨʠʩ. 4.3b) ʚʽʜʧʦʚʽʜʘʻ ʩʠʤʝʪʨʽʾ 

ʪʝʪʨʘʛʦʥʘʣʴʥʦʾ ˇʨʘʪʢʠ ʪʝʣʫʨʠʜʫ ʽʥʜʽʶ, ʦʜʥʘʢ ʧʝʨʽʦʜʠʯʥʽʩʪʴ ʮʠʭ ʩʪʨʫʢʪʫʨ ʟʘ 

ʚʽʜʧʦʚʽʜʥʠʭ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʠʭ ʫʤʦʚ ʩʪʘʥʦʚʠʪʴ ʧʨʠʙʣʠʟʥʦ 5 ʥʤ. 

 ʄʦʞʥʘ ʧʨʠʧʫʩʪʠʪʠ, ʱʦ ʛʝʦʤʝʪʨʠʯʥʽ ʨʦʟʤʽʨʠ ʩʬʦʨʤʦʚʘʥʠʭ ʧʦʚʝʨʭʥʝʚʠʭ 

ʥʘʥʦʩʪʨʫʢʪʫʨ ʧʝʨʝʚʠʱʫʶʪʴ ʧʘʨʘʤʝʪʨʠ ˇʨʘʪʢʠ ʧʦʚʝʨʭʥʽ ʰʘʙʣʦʥʫ [90] ʯʝʨʝʟ ʝʬʝʢʪ 

ɻʽʙʙʩʘ-ʊʦʤʩʦʥʘ [91], ʷʢʠʡ ʟʥʘʯʥʦ ʚʧʣʠʚʘʻ ʥʘ ʨʽʩʪ ʥʘʥʦʩʪʨʫʢʪʫʨ. ʇʽʜ ʯʘʩ ʧʨʦʮʝʩʫ 

ʩʘʤʦʦʨʛʘʥʽʟʘʮʽʾ, ʽʥʜʫʢʦʚʘʥʦʛʦ ʤʝʪʦʜʦʤ ʚʪʦʨʠʥʥʦʛʦ ʪʚʝʨʜʦʪʽʣʴʥʦʛʦ ʟʤʦʯʫʚʘʥʥʷ, 

ʜʨʽʙʥʽʰʽ ʦʩʘʜʞʝʥʽ ʯʘʩʪʠʥʢʠ ʽʥʜʽʶ ʜʝʩʦʨʙʫʶʪʴ ʙʽʣʴʰʝ ʘʪʦʤʽʚ, ʥʽʞ ʙʽʣʴʰʽ, ʱʦ 

ʧʨʠʧʠʥʷʻ ʨʽʩʪ ʥʘʥʦʩʪʨʫʢʪʫʨ ʽʟ ʯʘʩʪʠʥʦʢ ʤʝʥʰʠʭ ʟʘ ʧʝʚʥʠʡ ʢʨʠʪʠʯʥʠʡ ʨʘʜʽʫʩ. 
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ʈʠʩ. 4.3. ɼʦʩʣʽʜʞʝʥʥʷ ʉʊʄ ʧʦʚʝʨʭʥʽ ʥʘʥʦʩʠʩʪʝʤʠ In0/(001) InTe[81]: a) 2D FFT 

ʚʽʜʬʽʣʴʪʨʦʚʘʥʝ ʟʦʙʨʘʞʝʥʥʷ ʨʦʟʤʽʨʦʤ 153,5Ĭ153,5 ʥʤĮ ʧʽʩʣʷ ʥʘʥʝʩʝʥʥʷ ̔ ʥʜʽʶ 

ʧʨʦʪʷʛʦʤ 95 ʩ ʟ ʧʦʜʘʣʴʰʠʤ ʚʽʜʧʘʣʦʤ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʽ 200 ÁC, ʟʤʽʱʝʥʥʷ +1,6 ɺ, 

ʪʫʥʝʣʴʥʠʡ ʩʪʨʫʤ 84 ʧɸ; b) ʪʨʠʚʠʤʽʨʥʘ ʚʽʟʫʘʣʽʟʘʮʽʷ ʟʙʽʣʴʰʝʥʦʛʦ ʬʨʘʛʤʝʥʪʘ 

ʟʦʙʨʘʞʝʥʥʷ (a) ʽʟ ʥʘʩʪʫʧʥʠʤ ʧʨʦʬʽʣʶʚʘʥʥʷʤ ʪʦʧʦʣʦʛʽʾ; c) ʧʨʦʬʽʣʴ ʽʟ ʧʝʨʽʦʜʠʯʥʽʩʪʶ 

~5 ʥʤ ʫ ʤʘʩʠʚʽ ʥʘʥʦʩʪʨʫʢʪʫʨ; d) ʟʘʣʝʞʥʽʩʪʴ ʧʝʨʽʦʜʠʯʥʦʩʪʽ ʩʘʤʦʦʨʛʘʥʽʟʦʚʘʥʠʭ 

ʥʘʥʦʩʪʨʫʢʪʫʨ ʚʽʜ ʯʘʩʫ ʥʘʥʝʩʝʥʥʷ ʽʥʜʽʶ (ʪʦʯʢʠ ʧʦʟʥʘʯʘʶʪʴ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʽ ʜʘʥʽ, 

ʦʪʨʠʤʘʥʽ ʟʘ ʜʦʧʦʤʦʛʦʶ ʉʊʄ). 

 ɺ ʙʘʛʘʪʴʦʭ ʜʦʩʣʽʜʞʝʥʥʷʭ ʙʫʣʦ ʚʠʚʯʝʥʦ ʚʧʣʠʚ ʩʪʫʧʝʥʷ ʧʦʢʨʠʪʪʷ ʧʦʚʝʨʭʥʽ 

ʰʘʙʣʦʥʫ ʥʘ ʤʦʨʬʦʣʦʛʽʶ ʥʘʥʦʩʪʨʫʢʪʫʨ, ʦʪʨʠʤʘʥʠʭ ʥʘ ʧʦʚʝʨʭʥʽ [92ï94]. ɿʛʽʜʥʦ 

ʦʪʨʠʤʘʥʠʭ ʨʝʟʫʣʴʪʘʪʽʚ (ʜʠʚ. ʨʠʩ. 4.3.d) ʚʜʘʣʦʩʷ ʚʩʪʘʥʦʚʠʪʠ ʝʢʩʧʦʥʝʥʮʽʡʥʫ 

ʟʘʣʝʞʥʽʩʪʴ ʢʽʥʝʪʠʢʠ ʨʦʩʪʫ ʧʝʨʽʦʜʠʯʥʦʩʪʽ ʩʬʦʨʤʦʚʘʥʠʭ ʥʘʥʦʩʪʨʫʢʪʫʨ ʥʘ ʧʦʚʝʨʭʥʽ 

ʰʘʙʣʦʥʫ ʚʽʜ ʩʪʫʧʝʥʷ ʧʦʢʨʠʪʪʷ ʽʥʜʽʻʤ ʟ ʧʦʜʘʣʴʰʠʤ ʚʧʣʠʚʦʤ ʧʨʦʮʝʩʫ ʟʤʦʯʫʚʘʥʥʷ. 

ʇʨʝʜʩʪʘʚʣʝʥʘ ʢʨʠʚʘ, ʦʪʨʠʤʘʥʘ ʰʣʷʭʦʤ ʘʧʨʦʢʩʠʤʘʮʽʾ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʠʭ ʟʥʘʯʝʥʴ 

ʧʝʨʽʦʜʠʯʥʦʩʪʽ ʧʦʚʝʨʭʥʝʚʠʭ ʥʘʥʦʩʪʨʫʢʪʫʨ ʽʥʜʽʶ, ʧʨʦʚʝʜʝʥʦʾ ʥʘ ʦʩʥʦʚʽ ʘʥʘʣʽʟʫ 

ʚʽʜʧʦʚʽʜʥʠʭ ʪʦʧʦʣʦʛʽʯʥʠʭ ʧʨʦʬʽʣʽʚ ʟʦʙʨʘʞʝʥʴ ʉʊʄ. ʗʢ ʚʠʜʥʦ ʟ ʨʠʩ. 4.3.d, ʰʚʠʜʢʝ 

ʟʙʽʣʴʰʝʥʥʷ ʧʝʨʽʦʜʫ ʧʦʚʝʨʭʥʝʚʠʭ ʥʘʥʦʩʪʨʫʢʪʫʨ ʚʽʜʙʫʚʘʻʪʴʩʷ ʜʦ ʤʦʤʝʥʪʫ, ʢʦʣʠ 
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ʩʪʫʧʽʥʴ ʧʦʢʨʠʪʪʷ ʽʥʜʽʻʤ ʥʘʙʣʠʞʘʻʪʴʩʷ ʜʦ ʤʦʥʦʰʘʨʫ. ʆʯʝʚʠʜʥʦ, ʱʦ ʚ ʮʴʦʤʫ ʚʠʧʘʜʢʫ 

ʚʟʘʻʤʦʜʽʷ ʥʘʥʝʩʝʥʦʛʦ ʽʥʜʽʶ ʟ ʧʦʚʝʨʭʥʝʶ ʰʘʙʣʦʥʫ ʚʽʜʽʛʨʘʻ ʦʩʥʦʚʥʫ ʨʦʣʴ ʫ 

ʬʦʨʤʫʚʘʥʥʽ ʥʘʥʦʩʪʨʫʢʪʫʨ ʫ ʧʨʦʮʝʩʽ ʚʪʦʨʠʥʥʦʛʦ ʪʚʝʨʜʦʪʽʣʴʥʦʛʦ ʟʤʦʯʫʚʘʥʥʷ, ʪʦʜʽ ʷʢ 

ʟʘ ʙʽʣʴʰʠʭ ʩʪʫʧʝʥʽʚ ʧʦʢʨʠʪʪʷ ʽʥʜʽʻʤ ʥʘʥʦʩʪʨʫʢʪʫʨʠ ʬʦʨʤʫʶʪʴʩʷ ʧʽʜ ʚʧʣʠʚʦʤ 

ʚʟʘʻʤʦʜʽʡ ʫ ʪʦʥʢʦʤʫ ʰʘʨʽ ʽʥʜʽʻʚʦʾ ʧʣʽʚʢʠ. 

4.1.2. ʉʊʉ ʨʝʟʫʣʴʪʘʪʠ ʜʣʷ ʧʦʚʝʨʭʥʽ (001) InTe 

 ɿʤʽʥʠ ʤʦʨʬʦʣʦʛʽʾ ʧʦʚʝʨʭʥʽ (001) InTe ʚ ʨʝʟʫʣʴʪʘʪʽ ʦʩʘʜʞʝʥʥʷ ʽʥʜʽʶ ʪʘʢʦʞ 

ʯʽʪʢʦ ʩʧʦʩʪʝʨʽʛʘʶʪʴʩʷ ʟʘ ʜʦʧʦʤʦʛʦʶ ʜʘʥʠʭ ʉʊʉ. ʅʘ ʨʠʩ. 4.4 ʧʦʢʘʟʘʥʽ ʥʦʨʤʘʣʽʟʦʚʘʥʽ 

ʟʘʣʝʞʥʦʩʪʽ ʧʦʭʽʜʥʠʭ (dI/dV)/(I/V) ʚʽʜ ʟʤʽʱʝʥʥʷ ʤʽʞ ʟʦʥʜʦʤ ʽ ʜʦʩʣʽʜʞʫʚʘʥʦʶ 

ʧʦʚʝʨʭʥʝʶ, ʜʽʣʷʥʢʠ ʨʦʟʤʽʨʦʤ 50Ĭ50 ʥʤĮ ʜʣʷ ʧʦʯʘʪʢʦʚʦʛʦ ʰʘʙʣʦʥʫ (ʚʠʭʽʜʥʦʾ 

ʧʦʚʝʨʭʥʽ) (ʢʨʠʚʘ 1) ʪʘ ʥʘʩʪʫʧʥʦʛʦ ʥʘʥʝʩʝʥʥʷ ̔ ʥʜʽʶ (ʢʨʠʚʽ 2, 3, 4). ʊʘʢʽ ʟʘʣʝʞʥʦʩʪʽ 

ʬʘʢʪʠʯʥʦ ʚʽʜʦʙʨʘʞʘʶʪʴ ʛʫʩʪʠʥʫ ʩʪʘʥʽʚ ʧʦʚʝʨʭʥʽ, ʷʢʽ ʙʝʨʫʪʴ ʫʯʘʩʪʴ ʫ ʪʫʥʝʣʴʥʠʭ 

ʧʨʦʮʝʩʘʭ. ʋʩʝʨʝʜʥʝʥʥʷ ʣʦʢʘʣʴʥʠʭ ʩʧʝʢʪʨʽʚ ʥʘ ʜʦʩʣʽʜʞʝʥʽʡ ʧʦʚʝʨʭʥʝʚʽʡ ʜʽʣʷʥʮʽ 

ʜʦʟʚʦʣʷʻ ʦʜʥʦʟʥʘʯʥʦ ʽʥʪʝʨʧʨʝʪʫʚʘʪʠ ʟʤʽʥʠ ʚ ʛʫʩʪʠʥʽ ʩʪʘʥʽʚ ʥʘ ʧʦʚʝʨʭʥʽ, ʱʦ 

ʧʦʚôʷʟʘʥʽ ʟʽ ʟʙʽʣʴʰʝʥʥʷʤ ʩʪʫʧʝʥʷ ʧʦʢʨʠʪʪʷ ʽʥʜʽʻʤ. 

 

ʈʠʩ. 4.4. ɼʘʥʽ ʉʊʉ [80], ʫʩʝʨʝʜʥʝʥʽ ʜʣʷ ʦʙʣʘʩʪʽ 50Ĭ50 ʥʤĮ ʥʘ ʧʦʚʝʨʭʥʽ (001) InTe: ʜʦ 

ʥʘʥʝʩʝʥʥʷ ʽʥʜʽʶ ï ʢʨʠʚʘ 1 (ʟʝʣʝʥʘ ʢʨʠʚʘ); ʧʽʩʣʷ ʥʘʥʝʩʝʥʥʷ ʽʥʜʽʶ ï ʢʨʠʚʘ 2 (ʩʠʥʷ ʢʨʠʚʘ) 

ʧʽʩʣʷ 5 ʩʝʢʫʥʜ, ʢʨʠʚʘ 3 (ʯʝʨʚʦʥʘ ʢʨʠʚʘ) ʧʽʩʣʷ 35 ʩʝʢʫʥʜ, ʢʨʠʚʘ 4 (ʯʦʨʥʘ ʢʨʠʚʘ) ʧʽʩʣʷ 95 

ʩʝʢʫʥʜ. ɺʩʪʘʚʢʘ ï ʟʙʽʣʴʰʝʥʠʡ ʬʨʘʛʤʝʥʪ ʜʘʥʠʭ ʉʊʉ ʫ ʤʝʞʘʭ ʟʘʙʦʨʦʥʝʥʦʾ ʟʦʥʠ InTe. 
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 ɺʘʨʪʦ ʟʘʟʥʘʯʠʪʠ, ʱʦ ʟʥʘʯʝʥʥʷ ʟʘʙʦʨʦʥʝʥʦʾ ʟʦʥʠ InTe, ʚʠʟʥʘʯʝʥʝ ʟʘ ʜʦʧʦʤʦʛʦʶ 

ʉʊʉ ʽʟ ʨʠʩ. 4.4, ʢʨʠʚʘ 1, ʫʟʛʦʜʞʫʻʪʴʩʷ ʟ ʨʘʥʽʰʝ ʦʧʫʙʣʽʢʦʚʘʥʠʤʠ ʜʘʥʠʤʠ [95]. 

ɺʽʜʦʤʦ, ʱʦ  ʢʨʠʩʪʘʣ InTe ʤʘʻ ʦʧʪʠʯʥʫ ʰʠʨʠʥʫ ʟʘʙʦʨʦʥʝʥʦʾ ʟʦʥʠ, ʨʽʚʥʫ 1,16 ʝɺ. 

ʆʙʯʠʩʣʝʥʽ ʩʪʨʫʢʪʫʨʥʽ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ, ʝʣʝʢʪʨʦʥʥʽ ʪʘ ʦʧʪʠʯʥʽ ʚʣʘʩʪʠʚʦʩʪʽ ʚʢʘʟʫʶʪʴ, 

ʱʦ ʤʦʥʦʢʨʠʩʪʘʣ InTe ʻ ʥʝʧʨʷʤʦʟʦʥʥʠʤ ʟ hʠʨʠʥʦʶ ʟʘʙʦʨʦʥʝʥʦʾ ʟʦʥʠ 1,286 ʝɺ [21].  

 ɿʥʘʯʥʘ ʛʫʩʪʠʥʘ ʩʪʘʥʽʚ ʟôʷʚʣʷʻʪʴʩʷ ʚ ʤʝʞʘʭ ʟʘʙʦʨʦʥʝʥʦʾ ʟʦʥʠ ʥʘʧʽʚʧʨʦʚʽʜʥʠʢʘ 

InTe ʽ ʟʙʽʣʴʰʫʻʪʴʩʷ ʨʘʟʦʤ ʽʟ ʥʘʨʦʩʪʘʥʥʷʤ ʧʦʢʨʠʪʪʷ ʽʥʜʽʻʤ (ʜʠʚ. ʨʠʩ. 4.4, ʢʨʠʚʘ 3). 

ʇʨʠ ʧʦʜʘʣʴʰʦʤʫ ʟʙʽʣʴʰʝʥʥʽ ʧʦʢʨʠʪʪʷ ʽʥʜʽʻʤ (ʜʠʚ. ʨʠʩ. 4.4, ʢʨʠʚʘ 4) 

ʩʧʦʩʪʝʨʽʛʘʻʪʴʩʷ ʚʽʜʥʦʩʥʦ ʤʘʣʘ ʢʽʣʴʢʽʩʪʴ ʣʦʢʘʣʴʥʠʭ ʪʦʯʦʢ ʘʥʘʣʽʟʫ ʟ ʭʘʨʘʢʪʝʨʥʠʤ 

ʪʫʥʝʣʴʥʠʤ ʢʦʥʪʘʢʪʦʤ ʟʦʥʜʘ ʪʘ ʥʘʧʽʚʧʨʦʚʽʜʥʠʢʘ. ʋ ʮʴʦʤʫ ʚʠʧʘʜʢʫ ʪʫʥʝʣʴʥʠʡ ʩʪʨʫʤ 

ʜʦʩʣʽʜʞʫʻ ʥʘʥʦʩʠʩʪʝʤʫ In0/(001) InTe, ɦʦ ʚʽʜʦʙʨʘʞʘʻʪʴʩʷ ʥʘ ʢʨʠʚʽʡ 4, ʽ 

ʧʨʦʷʚʣʷʻʪʴʩʷ ʫ ʟʚʫʞʝʥʥʽ ʰʠʨʠʥʠ ʟʘʙʦʨʦʥʝʥʦʾ ʟʦʥʠ ʜʦ 0,5ï0,6 ʝɺ.  

 ɿʙʽʣʴʰʝʥʠʡ ʬʨʘʛʤʝʥʪ ʥʘ ʨʠʩ. 4.4 ʽʣʶʩʪʨʫʻ ʨʦʟʧʦʜʽʣ ʛʫʩʪʠʥʠ ʩʪʘʥʽʚ ʚ ʤʝʞʘʭ 

ʜʽʘʧʘʟʦʥʫ ʥʘʧʨʫʛʠ ʟʤʽʱʝʥʥʷ, ʱʦ ʚʽʜʧʦʚʽʜʘʻ ʟʘʙʦʨʦʥʝʥʽʡ ʟʦʥʽ InTe. ʆʜʥʘʢ ʥʝʦʙʭʽʜʥʦ 

ʟʘʟʥʘʯʠʪʠ, ʱʦ ʥʘ ʦʩʥʦʚʽ ʪʘʢʠʭ ʜʘʥʠʭ ʉʊʉ ʥʝ ʤʦʞʥʘ ʩʪʚʝʨʜʞʫʚʘʪʠ ʧʨʦ ʬʦʨʤʫʚʘʥʥʷ 

ʩʫʮʽʣʴʥʦʛʦ ʧʦʚʝʨʭʥʝʚʦʛʦ ʧʦʢʨʠʪʪʷ ʟʘ ʟʘʜʘʥʠʭ ʰʚʠʜʢʦʩʪʝʡ ʦʩʘʜʞʝʥʥʷ. ʈʦʟʜʽʣʴʥʘ 

ʟʜʘʪʥʽʩʪʴ ʜʣʷ ʦʪʨʠʤʘʥʠʭ ʜʘʥʠʭ ʉʊʉ ʩʢʣʘʜʘʣʘ 80Ĭ80 ʪʦʯʦʢ ʘʥʘʣʽʟʫ ʥʝʟʘʣʝʞʥʦ ʚʽʜ 

ʨʦʟʤʽʨʫ ʜʦʩʣʽʜʞʫʚʘʥʦʾ ʦʙʣʘʩʪʽ, ʪʦʙʪʦ, ʜʣʷ ʜʽʣʷʥʢʠ 50Ĭ50 ʥʤĮ, ʜʠʩʢʨʝʪʥʽʩʪʴ ʪʦʯʦʢ 

ʘʥʘʣʽʟʫ ʩʪʘʥʦʚʠʪʴ 6,25 ¡. ʇʨʠ ʮʴʦʤʫ ʚʽʜʦʤʦ, ʱʦ ʪʫʥʝʣʴʥʠʡ ʩʪʨʫʤ ʘʥʘʣʽʟʫʻʪʴʩʷ ʟ 

ʧʦʚʝʨʭʥʽ ʜʽʘʤʝʪʨʦʤ ʚʩʴʦʛʦ 2ï3 ¡. ʊʘʢʠʤ ʯʠʥʦʤ, ʜʘʥʽ ʉʊʉ, ʦʪʨʠʤʘʥʽ ʥʘʚʽʪʴ ʜʣʷ 

ʚʽʜʥʦʩʥʦ ʤʘʣʠʭ ʜʽʣʷʥʦʢ ʩʢʘʥʫʚʘʥʥʷ ʟʦʥʜʘ, ʥʝ ʜʘʶʪʴ ʧʦʚʥʦʾ ʽʥʬʦʨʤʘʮʽʾ ʧʨʦ ʬʘʟʦʚʠʡ 

ʩʪʘʥ ʫʩʽʻʾ ʜʦʩʣʽʜʞʫʚʘʥʦʾ ʧʦʚʝʨʭʥʽ. 

4.2.  ʌʦʨʤʫʚʘʥʥʷ ʥʘʥʦʩʠʩʪʝʤ In0/(100) In4Se3 ʥʘ ʧʦʚʝʨʭʥʽ ʢʨʠʩʪʘʣʽʯʥʦʛʦ In4Se3 

ʟʤʽʥʦ  ʁʾʾ ʩʪʝʭʽʦʤʝʪʨʽʾ ʽʦʥʥʠʤ ʨʦʟʧʠʣʝʥʥʷʤ 

 ɺʽʜʦʤʦ, ʱʦ ʚʥʘʩʣʽʜʦʢ ʚʽʜʥʦʩʥʦ ʩʣʘʙʢʦʾ ʤʽʞʰʘʨʦʚʦʾ ɺʘʥ-ʜʝʨ-ɺʘʘʣʴʩʽʚʩʴʢʦʾ 

ʚʟʘʻʤʦʜʽʾ, ʰʘʨʫʚʘʪʽ ʥʘʧʽʚʧʨʦʚʽʜʥʠʢʦʚʽ ʢʨʠʩʪʘʣʽʯʥʽ ʟʨʘʟʢʠ In4Se3 ʩʢʦʣʶʶʪʴʩʷ ʚʟʜʦʚʞ 

ʤʽʞʰʘʨʦʚʠʭ ʧʨʦʤʽʞʢʽʚ [83]. ʂʨʽʤ ʪʦʛʦ, ʭʘʨʘʢʪʝʨʥʦʶ ʦʩʦʙʣʠʚʽʩʪʶ ʧʦʚʝʨʭʥʽ (100) In4Se3 ̒ 

ʙʦʨʦʟʥʠʩʪʠʡ ʽ ʣʘʥʮʶʞʢʦʚʦʧʦʜʽʙʥʠʡ ʘʥʽʟʦʪʨʦʧʥʠʡ ʨʝʣʴʻʬ, ʷʢʠʡ ʤʦʞʥʘ ʧʦʙʘʯʠʪʠ ʧʨʠ 

ʜʦʩʣʽʜʞʝʥʥʽ ʧʦʚʝʨʭʦʥʴ ʩʢʦʣʶʚʘʥʥʷ (100) ʤʝʪʦʜʦʤ ʉʊʄ ʽ ʱʦ ʥʘʚʝʜʝʥʦ ʥʘ ʨʠʩ. 4.8. 
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ɿʘʚʜʷʢʠ ʩʚʦʾʡ ʧʦʚʝʨʭʥʝʚʽʡ ʛʦʬʨʦʚʘʥʽʡ ʩʪʨʫʢʪʫʨʽ In4Se3 ʤʦʞʥʘ ʚʠʢʦʨʠʩʪʦʚʫʚʘʪʠ ʚ ʨʦʣʽ 

ʧʽʜʢʣʘʜʢʠ ʜʣʷ ʦʪʨʠʤʘʥʥʷ ʦʜʥʦʤʽʨʥʠʭ ʤʝʪʘʣʝʚʠʭ ʥʘʥʦʩʪʨʫʢʪʫʨ. ɼʘʥʠʡ ʩʧʦʩʽʙ ʦʧʠʩʘʥʠʡ 

ʫ ʨʦʙʦʪʽ [96]. ʇʦʜʽʙʥʠʡ ʧʽʜʭʽʜ ʙʫʣʦ ʟʘʩʪʦʩʦʚʘʥʦ ʜʣʷ ʩʪʚʦʨʝʥʥʷ ʥʠʟʴʢʦʚʠʤʽʨʥʠʭ ʩʪʨʫʢʪʫʨ 

ʥʘ ʧʦʚʝʨʭʥʽ ʩʢʦʣʶʚʘʥʥʷ InTe, ʜʝ  ʽʥʜʽʡ ʦʩʘʜʞʫʶʪʴ ʥʘ ʧʦʚʝʨʭʥʶ ʢʨʠʩʪʘʣʫ ʪʝʨʤʽʯʥʠʤ 

ʚʠʧʘʨʦʚʫʚʘʥʥʷʤ, ʱʦ ʚʠʤʘʛʘʻ ʧʨʝʮʠʟʽʡʥʦʛʦ ʢʦʥʪʨʦʣʶ ʛʫʩʪʠʥʠ ʧʦʪʦʢʫ ʘʪʦʤʽʚ ʽʥʜʽʶ, 

ʛʝʦʤʝʪʨʽʾ ʧʦʪʦʢʫ, ʪʝʤʧʝʨʘʪʫʨʠ ʽ ʯʘʩʫ ʥʘʥʝʩʝʥʥʷ, ʘ ʦʩʘʜʞʫʚʘʥʠʡ ʤʘʪʝʨʽʘʣ ʧʦʚʠʥʝʥ ʤʘʪʠ 

ʚʠʩʦʢʫ ʩʪʫʧʽʥʴ ʦʯʠʩʪʢʠ (ʆʉʏ-̔ ʥʜʽʡ). 

 ʋ ʨʦʟʜʽʣʽ ʦʧʠʩʘʥʦ ʘʣʴʪʝʨʥʘʪʠʚʥʠʡ ʤʝʪʦʜ ʬʦʨʤʫʚʘʥʥʷ ʣʽʥʽʡʥʠʭ ʦʜʥʦʤʽʨʥʠʭ (1D) 

ʧʨʦʚʽʜʥʠʭ ʥʘʥʦʜʨʦʪʽʚ ʟ ʽʥʜʽʶ ʥʘ ʥʘʥʦʩʪʨʫʢʪʫʨʦʚʘʥʽʡ ʧʦʚʝʨʭʥʽ ʩʢʦʣʶʚʘʥʥʷ (100) 

ʥʘʧʽʚʧʨʦʚʽʜʥʠʢʦʚʦʛʦ ʢʨʠʩʪʘʣʫ In4Se3. ʄʝʪʦʜ ʙʘʟʫʻʪʴʩʷ ʥʘ ʘʩʠʤʝʪʨʠʯʥʦʤʫ ʽʦʥʥʦʤʫ 

ʨʦʟʧʠʣʝʥʥ ̔ʮʽʻʾ ʧʦʚʝʨʭʥʽ ʽʦʥʘʤʠ ʘʨʛʦʥʫ (Ar+), ʱʦ ʟʫʤʦʚʣʝʥʦ ʨʽʟʥʠʤʠ ʢʦʝʬʽʮʽʻʥʪʘʤʠ 

ʨʦʟʧʠʣʝʥʥʷ ʜʣʷ ʘʪʦʤʽʚ ʩʝʣʝʥʫ (Se) ʪʘ ʽʥʜʽʶ (In) ʽʦʥʘʤʠ ʘʨʛʦʥʫ (Ar+) (ʜʠʚ. ʊʘʙʣ. 4.2) ʽ 

ʟʘʧʨʦʧʦʥʦʚʘʥʠʡ ʤʝʪʦʜ ʟʘʭʠʱʝʥʠʡ ʇʘʪʝʥʪʦʤ ʥʘ ʢʦʨʠʩʥʫ ʤʦʜʝʣʴ [97]. 

ɯʦʥʥʝ ʪʨʘʚʣʝʥʥʷ ʻ ʫʥʽʚʝʨʩʘʣʴʥʠʤ ʤʝʪʦʜʦʤ ʚʠʜʘʣʝʥʥʷ ʘʪʦʤʽʚ ʤʘʪʝʨʽʘʣʫ ʟ ʧʦʚʝʨʭʥʽ 

ʰʣʷʭʦʤ ʡʦʛʦ ʨʦʟʧʠʣʝʥʥʷ ʧʨʠ ʙʦʤʙʘʨʜʫʚʘʥʥʷ ʧʦʚʝʨʭʥʽ ʽʦʥʥʠʤ ʧʨʦʤʝʥʝʤ (Ar+) ʩʝʨʝʜʥʽʭ 

ʝʥʝʨʛʽʡ ʽʦʥʽʚ. ʅʘ ʩʴʦʛʦʜʥʽ ʮʝʡ ʤʝʪʦʜ ʰʠʨʦʢʦ ʟʘʩʪʦʩʦʚʫʻʪʴʩʷ ʚ ʽʦʥʥʽʡ ʣʽʪʦʛʨʘʬʽʾ ʜʣʷ 

ʦʙʨʦʙʢʠ ʥʘʧʽʚʧʨʦʚʽʜʥʠʢʦʚʠʭ ʧʦʚʝʨʭʦʥʴ, ʱʦ ʜʘʻ ʟʤʦʛʫ ʩʪʚʦʨʶʚʘʪʠ ʥʘʥʦʨʦʟʤʽʨʥʽ 

ʩʪʨʫʢʪʫʨʠ, ʪʘʢʽ ʷʢ ʢʚʘʥʪʦʚʽ ʰʥʫʨʠ ʫ ʧʦʻʜʥʘʥʥʽ ʟ ʤʦʣʝʢʫʣʷʨʥʦ-ʧʨʦʤʝʥʝʚʦʶ ʝʧʽʪʘʢʩʽʻʶ. 

4.2.1.  ʆʮʽʥʢʘ ʢʽʣʴʢʦʩʪʽ ʨʦʟʧʠʣʝʥʦʾ ʨʝʯʦʚʠʥʠ ʧʨʠ ʽʦʥʥʦʤʫ ʙʦʤʙʘʨʜʫʚʘʥʥʽ ʧʦʚʝʨʭʥʽ 

ʢʨʠʩʪʘʣʫ In4Se3 

 ɼʣʷ ʚʠʟʥʘʯʝʥʥʷ ʰʚʠʜʢʦʩʪʽ ʨʦʟʧʠʣʝʥʥʷ ʘʪʦʤʽʚ ʜʚʦʢʦʤʧʦʥʝʥʪʥʦʾ ʩʧʦʣʫʢʠ 

In4Se3 ʟ ʾʾ ʧʦʚʝʨʭʥʽ (100), ʷʢʘ ʟʘʟʥʘʻ ʙʦʤʙʘʨʜʫʚʘʥʥʷ ʽʦʥʘʤʠ, ʚʠʢʦʨʠʩʪʦʚʫʶʪʴ 

ʢʦʝʬʽʮʽʻʥʪʠ ʨʦʟʧʠʣʝʥʥʷ ʾʾ ʩʢʣʘʜʦʚʠʭ ï ʘʪʦʤʽʚ In ʪʘ Se (ʜʠʚ. ʊʘʙʣ. 4.2). ʎʽ ʢʦʝʬʽʮʽʻʥʪʠ 

ʟʘʣʝʞʘʪʴ ʚʽʜ ʤʘʩʠ ʪʘ ʝʥʝʨʛʽʾ ʽʦʥʽʚ Arϕ, ʢʫʪʘ ʾʭʥʴʦʛʦ ʧʘʜʽʥʥʷ ʥʘ ʧʦʚʝʨʭʥʶ, ʘ ʪʘʢʦʞ 

ʚʽʜ ʤʘʩʠ ʘʪʦʤʽʚ, ʱʦ ʚʠʣʫʯʘʶʪʴʩʷ ʟ ʧʦʚʝʨʭʥʽ. ɸʨʛʦʥ ʦʙʨʘʥʦ ʷʢ ʦʧʪʠʤʘʣʴʥʠʡ ʚʘʨʽʘʥʪ 

ʯʝʨʝʟ ʢʦʤʧʨʦʤʽʩ ʤʽʞ ʝʬʝʢʪʠʚʥʽʩʪʶ ʨʦʟʧʠʣʝʥʥʷ ʤʘʪʝʨʽʘʣʫ (ʢʦʝʬʽʮʽʻʥʪ ʨʦʟʧʠʣʝʥʥʷ 

ʘʪʦʤʽʚ ʭʽʤʽʯʥʠʭ ʝʣʝʤʝʥʪʽʚ ʽʦʥʘʤʠ Arϕ ʟ ʝʥʝʨʛʽʻʶ 1 ʢʝɺ ʟʥʘʭʦʜʠʪʴʩʷ ʚ ʤʝʞʘʭ 0,5ï

4,5), ʷʢʘ ʟʙʽʣʴʰʫʻʪʴʩʷ ʟʽ ʟʨʦʩʪʘʥʥʷʤ ʘʪʦʤʥʦʾ ʤʘʩʠ ʽʥʝʨʪʥʠʭ ʛʘʟʽʚ ʫ ʨʷʜʫ (He, Ar, Kr). 
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 ʗʢʱʦ ʚʽʜʦʤʽ ʩʪʨʫʤ I  ʧʝʨʚʠʥʥʠʭ ʽʦʥʽʚ ʽ ʯʘʩ ʦʧʨʦʤʽʥʝʥʥʷ t ʟʨʘʟʢʘ, ʪʦ ʢʦʝ-

ʬʽʮʽʻʥʪ ʨʦʟʧʠʣʝʥʥʷ S (ʘʪʦʤ/ʽʦʥ) ʤʦʞʥʘ ʚʠʟʥʘʯʠʪʠ ʟʘ ʬʦʨʤʫʣʦʶ [98]: 

26,6
m

S
A I t

D
= ³

³ ³
      (4.4) 

ʜʝ  mD  ï ʚʪʨʘʪʘ ʤʘʩʠ ʨʝʯʦʚʠʥʠ ʟʨʘʟʢʘ, ʚʠʨʘʞʝʥʘ ʚ ʤʽʢʨʦʛʨʘʤʘʭ, I  ï ʚ ʤʽʢʨʦʘʤ-

ʧʝʨʘʭ, t  ï ʚ ʛʦʜʠʥʘʭ, A ï  ʤʘʩʦʚʝ ʯʠʩʣʦ ʘʪʦʤʽʚ ʟʨʘʟʢʘ (ʢʛ/ʤʦʣʴ). ɻʣʠʙʠʥʘ ʧʨʦ-

ʥʠʢʥʝʥʥʷ ʽʦʥʽʚ ʚ ʧʨʦʮʝʩʽ ʪʨʘʚʣʝʥʥʷ ʧʦʚʝʨʭʥʽ ʻ ʟʥʘʯʥʦʶ (ʽʦʥʠ Ar+ ʧʨʠ ɽ=1 ʢʝɺ  

ʧʨʦʥʠʢʘʶʪʴ ʚ ʟʨʘʟʦʢ ʥʘ ʛʣʠʙʠʥʫ ʜʦ 1 ʥʤ). 

 ɯʦʥʥʝ ʪʨʘʚʣʝʥʥʷ ʟʤʽʥʶʻ ʩʪʝʭʽʦʤʝʪʨʽʶ ʪʘ ʭʽʤʽʯʥʠʡ ʩʢʣʘʜ ʧʦʚʝʨʭʥʽ (100) 

ʢʨʠʩʪʘʣʫ In4Se3, ʚʥʘʩʣʽʜʦʢ ʚʽʜʤʽʥʥʦʩʪʽ ʚ ʢʦʝʬʽʮʽʻʥʪʘʭ ʨʦʟʧʠʣʝʥʥʷ ʾʾ ʩʢʣʘʜʦʚʠʭ ï 

ʘʪʦʤʽʚ In ̔ Se ï ʧʽʜ ʜʽʻʶ ʙʦʤʙʘʨʜʫʶʯʠʭ ʽʦʥʽʚ Arϕ, ʘ ʪʘʢʦʞ ʯʝʨʝʟ ʽʥʰʽ ʧʘʨʘʤʝʪʨʠ 

ʧʨʦʮʝʩʫ, ʟʦʢʨʝʤʘ ʯʘʩʫ ʙʦʤʙʘʨʜʫʚʘʥʥʷʤ ʟ ʤʦʞʣʠʚʽʩʪʶ ʫʪʚʦʨʝʥʥʷ ʢʣʘʩʪʝʨʽʚ ʪʘ 

ʚʠʜʽʣʝʥʥʷ ʬʘʟʠ ʦʜʥʽʻʾ ʟ ʢʦʤʧʦʥʝʥʪ ï ʽʥʜʽʶ (ɯn0). 

 ɼʣʷ ʪʦʯʥʦʛʦ ʚʠʟʥʘʯʝʥʥʷ ʩʢʣʘʜʫ ʧʦʚʝʨʭʥʽ ʧʽʜ ʯʘʩ ʽʦʥʥʦʛʦ ʪʨʘʚʣʝʥʥʷ ʥʝʦʙʭʽʜʥʦ 

ʚʥʝʩʪʠ ʚʽʜʧʦʚʽʜʥʽ ʧʦʧʨʘʚʢʠ ʜʦ ʦʪʨʠʤʘʥʦʛʦ ʩʢʣʘʜʫ ʨʝʯʦʚʠʥʠ. ʎʽ ʧʦʧʨʘʚʢʠ 

ʚʨʘʭʦʚʫʶʪʴ ʤʘʩʫ ʤʘʪʝʨʽʘʣʫ, ʱʦ ʨʦʟʧʠʣʶʻʪʴʩʷ. ʄʘʩʘ ʨʦʟʧʠʣʝʥʦʾ ʨʝʯʦʚʠʥʠ ʟʘʣʝʞʠʪʴ 

ʚʽʜ ʝʥʝʨʛʽʾ ʽʦʥʽʚ, ʩʪʨʫʤʫ, ʩʪʚʦʨʝʥʦʛʦ ʽʦʥʥʠʤ ʧʨʦʤʝʥʝʤ, ʢʫʪʘ ʧʘʜʽʥʥʷ ʽʦʥʽʚ, 

ʪʨʠʚʘʣʦʩʪʽ ʪʨʘʚʣʝʥʥʷ, ʘ ʪʘʢʦʞ ʚʣʘʩʪʠʚʦʩʪʝʡ ʨʝʯʦʚʠʥʠ, ʷʢʘ ʨʦʟʧʠʣʶʻʪʴʩʷ (ʟʦʢʨʝʤʘ, 

ʨʽʟʥʠʭ ʢʦʝʬʽʮʽʻʥʪʽʚ ʨʦʟʧʠʣʝʥʥʷ ʪʘ ʘʪʦʤʥʠʭ ʤʘʩ ʜʣʷ ʘʪʦʤʽʚ In ʽ Se). 

 ʅʘ ʦʩʥʦʚʽ ʧʦʯʘʪʢʦʚʦʾ ʤʘʩʠ ʟʨʘʟʢʘ ʪʘ ʚʠʟʥʘʯʝʥʦʾ ʤʘʩʠ ʢʦʞʥʦʛʦ ʟ ʝʣʝʤʝʥʪʽʚ, ʷʢʽ 

ʙʫʣʠ ʨʦʟʧʠʣʝʥʽ, ʦʙʯʠʩʣʶʻʪʴʩʷ ʯʘʩʪʢʘ ʽʥʜʠʚʽʜʫʘʣʴʥʠʭ ʢʦʤʧʦʥʝʥʪʽʚ (In ʽ Se) ʫ ʩʢʣʘʜʽ 

ʨʝʯʦʚʠʥʠ ʧʽʩʣʷ ʧʝʚʥʦʛʦ ʯʘʩʫ ʪʨʘʚʣʝʥʥʷ. ʂʣʶʯʦʚʠʤ ʬʘʢʪʦʨʦʤ ʫ ʬʦʨʤʫʚʘʥʥʽ 

ʥʘʥʦʩʠʩʪʝʤ In0/(100)In4Se3 ̒  ʘʩʠʤʝʪʨʽʷ ʰʚʠʜʢʦʩʪʽ ʨʦʟʧʠʣʝʥʥʷ ʢʦʤʧʦʥʝʥʪʽʚ ï ʘʪʦʤʽʚ 

In ̔ Se. ʎʷ ʘʩʠʤʝʪʨʽʷ ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʟʤʽʥʠ ʩʪʝʭʽʦʤʝʪʨʽʾ ʧʦʚʝʨʭʥʽ, ʩʧʨʷʤʦʚʘʥʦʾ ʥʘ 

ʟʙʽʣʴʰʝʥʥʷ ʢʽʣʴʢʦʩʪʽ ʘʪʦʤʽʚ ʽʥʜʽʶ. ʎʝ, ʫ ʩʚʦʶ ʯʝʨʛʫ, ʽʥʽʮʽʶʻ ʬʘʟʦʚʠʡ ʧʝʨʝʭʽʜ ʽʟ 

ʫʪʚʦʨʝʥʥʷʤ ʢʣʘʩʪʝʨʽʚ ʤʝʪʘʣʽʯʥʦʾ ʬʘʟʠ ʽʥʜʽʶ ï In0 (ʨʠʩ. 4.5)ʥʘ ʧʦʚʝʨʭʥʽ (100)In4Se3. 
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ʈʠʩ. 4.5. ʌʦʨʤʫʚʘʥʥʷ ʢʣʘʩʪʝʨʫ ʘʪʦʤʽʚ ʽʥʜʽʶ ʪʘ ʡʦʛʦ ʤʝʪʘʣʽʯʥʦʾ ʬʘʟʠ In0 ʥʘ ʧʦʚʝʨʭʥʽ 

ʩʢʦʣʶʚʘʥʥʷ ʢʨʠʩʪʘʣʫ ʚʥʘʩʣʽʜʦʢ ʽʦʥʥʦʛʦ ʪʨʘʚʣʝʥʥʷ ʚʧʨʦʜʦʚʞ: ʘ ï ʩʭʝʤʘʪʠʯʥʝ 

ʟʦʙʨʘʞʝʥʥʷ ʧʨʦʮʝʩʫ ʪʨʘʚʣʝʥʥʷ; ʙ ï ʉʊʄ-ʟʦʙʨʘʞʝʥʥʷ (ʩʪʨʫʤ ʪʫʥʝʣʶʚʘʥʥʷ ʚʽʩʪʨʷ-

ʧʦʚʝʨʭʥʷ ʟʨʘʟʢʘ ʩʪʘʥʦʚʠʚ 80 ʧɸ ʧʨʠ ʥʘʧʨʫʟʽ ʟʤʽʱʝʥʥʷ 0,2 ɺ)[52]. 

 ɼʣʷ ʨʦʟʨʘʭʫʥʢʫ ʢʽʣʴʢʦʩʪʽ ʨʝʯʦʚʠʥʠ, ʱʦ ʨʦʟʧʠʣʠʣʘʩʴ ʚʠʢʦʨʠʩʪʦʚʫʻʪʴʩʷ 

ʥʘʩʪʫʧʥʝ ʩʧʽʚʚʽʜʥʦʰʝʥʥʷ: 

sin

1596

A I S
m t

a³ ³ ³
D = ³      (4.5) 

ʜʝ  mD  ï ʚʪʨʘʪʘ ʤʘʩʠ ʨʝʯʦʚʠʥʠ ʟʨʘʟʢʘ; A  ï ʤʘʩʦʚʝ ʯʠʩʣʦ ʘʪʦʤʽʚ ʟʨʘʟʢʘ ʚ ʢʛ/ʤʦʣʴ; 

I  ï ʩʪʨʫʤ, ʩʪʚʦʨʝʥʠʡ ʧʦʪʦʢʦʤ ʽʦʥʽʚ, ʱʦ ʙʦʤʙʘʨʜʫʶʪʴ ʢʨʠʩʪʘʣ, ʚ 

ʤʽʢʨʦʘʤʧʝʨʘʭ; S ï ʢʦʝʬʽʮʽʻʥʪ ʨʦʟʧʠʣʝʥʥʷ (ʙʝʨʝʪʴʩʷ ʟ ʪʘʙʣʠʯʥʠʭ ʜʘʥʠʭ ʚ ʟʘʣʝʞ-

ʥʦʩʪʽ ʚʽʜ ʭʽʤʽʯʥʦʛʦ ʝʣʝʤʝʥʪʘ, ʱʦ ʨʦʟʧʠʣʶʻʪʴʩʷ ʪʘ ʝʥʝʨʛʽʾ ʽʦʥʽʚ) [98]; a ï ʢʫʪ, ʷʢʠʡ 

ʫʪʚʦʨʶʻ ʽʦʥʥʠʡ ʧʨʦʤʽʥʴ ʟ ʧʦʚʝʨʭʥʝʶ, ʷʢʘ ʨʦʟʧʠʣʶʻʪʴʩʷ, t  ï  ʯʘʩ ʧʦʨʦʤʽʥʝʥʥʷ, ʚ 

ʭʚʠʣʠʥʘʭ. 

ʊʘʙʣʠʮʷ 4.2  

ʂʦʝʬʽʮʽʻʥʪ ʨʦʟʧʠʣʝʥʥʷ ʘʪʦʤʽʚ ʢʨʠʩʪʘʣʫ In4Se3 ̔ ʦʥʘʤʠ Ar+ ʨʽʟʥʠʭ ʝʥʝʨʛʽʡ[98] 

ʍʽʤʽʯʥʠʡ 

ʝʣʝʤʝʥʪ 

ʄʘʩʦʚʝ ʯʠʩʣʦ 

A, ʢʛ/ʤʦʣʴ 

ʂʦʝʬʽʮʽʻʥʪ 

ʨʦʟʧʠʣʝʥʥʷ ʽʦʥʘʤʠ 

Arϕ (E = 1,0 ʢʝɺ) 

ʂʦʝʬʽʮʽʻʥʪ 

ʨʦʟʧʠʣʝʥʥʷ ʽʦʥʘʤʠ 

Arϕ (E = 2,0 ʢʝɺ) 

In 49 2,77 3,53 

Se 34 2,96 3,70 

 ɿʛʽʜʥʦ ʬʦʨʤʫʣʠ (4.5) ʧʨʠ ʨʦʟʧʠʣʝʥʽ ʢʨʠʩʪʘʣʫ In4Se3 ̔ʟ ʤʘʩʦʶ ʧʨʠʧʦʚʝʨʭʥʝʚʦʛʦ ʰʘʨʫ 

0.1 ʤʢʛ ʽʦʥʘʤʠ ʘʨʛʦʥʫ ʟ ʝʥʝʨʛʽʻʶ 1 ʪʘ 2 ʢʝɺ ʪʘ ʩʪʨʫʤʦʤ ʽʦʥʥʦʛʦ ʧʨʦʤʝʥʷ 10 ʤʢɸ ʧʨʠ ʢʫʪʽ 
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ʧʘʜʽʥʥʷ 450 ʤʦʞʥʘ ʦʮʽʥʠʪʠ ʢʽʣʴʢʽʩʥʦ ʨʦʟʧʠʣʝʥʥʷ ʤʘʪʝʨʽʘʣʫ. ɻʨʘʬʽʯʥʘ ʟʘʣʝʞʥʽʩʪʴ ʢʽʣʴʢʦʩʪʽ 

ʚʪʨʘʯʝʥʦʾ ʨʝʯʦʚʠʥʠ ʟ ʯʘʩʦʤ ʙʫʜʝ ʤʘʪʠ ʥʘʩʪʫʧʥʠʡ ʚʠʛʣʷʜ ʧʦʜʘʥʠʡ ʥʘ ʨʠʩ 4.6 ʪʘ ʨʠʩ 4.7. 

ʆʜʝʨʞʘʥʽ ʨʝʟʫʣʴʪʘʪʠ ʚʢʘʟʫʶʪʴ ʥʘ ʪʝ ʱʦ ʧʨʠ ʨʦʟʧʠʣʝʥʥʽ ʚʪʨʘʪʘ ʤʘʩʠ ʘʪʦʤʽʚ 

ʽʥʜʽʶ ʚʽʜʥʦʩʥʦ ʘʪʦʤʽʚ ʩʝʣʝʥʫ ʻ ʙʽʣʴʰʦʶ. ʆʜʥʘʢ ʩʣʽʜ ʚʨʘʭʫʚʘʪʠ, ʪʦʡ ʬʘʢʪ ʱʦ  ʤʘʩʦʚʝ 

ʯʠʩʣʦ A (ʢʛ/ʤʦʣʴ) ʜʣʷ In ̒ ʙʽʣʴʰʠʤ ʥʽʞ ʜʣʷ Se. ʉʘʤʝ ʪʦʤʫ ʜʦʮʽʣʴʥʽʰʝ ʚʢʘʟʫʚʘʪʠ 

ʟʤʽʥʫ  ʩʢʣʘʜʫ ʢʨʠʩʪʘʣʘ ʫ ʚʘʛʦʚʠʭ ʚʽʜʩʦʪʢʘʭ, ʪʦʙʪʦ ʚʘʛʦʚʠʡ ʚʥʝʩʦʢ ʢʦʞʥʦʛʦ 

ʭʽʤʽʯʥʦʛʦ ʝʣʝʤʝʥʪʘ, ʟ ʯʘʩʦʤ ʨʦʟʧʠʣʝʥʥʷ ʪʘ ʟ ʧʦʜʘʣʴʰʠʤ ʦʙʯʠʩʣʝʥʥʷʤ ʚʤʽʩʪʫ 

ʢʦʞʥʦʛʦ ʟ ʝʣʝʤʝʥʪʽʚ ʚ ʘʪʦʤʥʠʭ ʚʽʜʩʦʪʢʘʭ. 

 

ʈʠʩ. 4.6. ɿʘʣʝʞʥʽʩʪʴ ʚʪʨʘʪʠ ʤʘʩʠ ʝʣʝʤʝʥʪʽʚ ʢʨʠʩʪʘʣʫ In4Se3 ʚʽʜ ʯʘʩʫ ʨʦʟʧʠʣʝʥʥʷ [97] ʧʨʠ 

ʙʦʤʙʘʨʜʫʚʘʥʥʽ ʽʦʥʘʤʠ ʘʨʛʦʥʫ ʟ ʝʥʝʨʛʽʻʶ 1 ʢʝɺ; ʩʪʨʫʤ: 10 ʤʢɸ ʪʘ ʪʘ ʧʨʠ ʢʫʪʽ ʧʘʜʽʥʥʷ 

ʽʦʥʽʚ 45Á. 

 

ʈʠʩ. 4.7. ɿʘʣʝʞʥʽʩʪʴ ʚʪʨʘʪʠ ʤʘʩʠ ʝʣʝʤʝʥʪʽʚ ʢʨʠʩʪʘʣʫ In4Se3 ʚʽʜ ʯʘʩʫ ʨʦʟʧʠʣʝʥʥʷ ʧʨʠ 

ʙʦʤʙʘʨʜʫʚʘʥʥʽ ʽʦʥʘʤʠ ʘʨʛʦʥʫ ʟ ʝʥʝʨʛʽʻʶ 2 ʢʝɺ; ʩʪʨʫʤ: 10 ʤʢɸ ʪʘ ʧʨʠ ʢʫʪʽ ʧʘʜʽʥʥʷ 

ʽʦʥʽʚ 45Á. 


















































































