
 
 

ɯʅʉʊʀʊʋʊ ʌɯɿʀʂʀ ʅɸʇɯɺʇʈʆɺɯɼʅʀʂɯɺ ɯʄ. ɺ.ɭ. ʃɸʐʂɸʈʔʆɺɸ 

ʅɸʎɯʆʅɸʃʔʅʆɰ ɸʂɸɼɽʄɯɰ ʅɸʋʂ ʋʂʈɸɰʅʀ 

 

ʂʚʘʣʽʬʽʢʘʮʽʡʥʘ ʥʘʫʢʦʚʘ ʧʨʘʮʷ 

ʥʘ ʧʨʘʚʘʭ ʨʫʢʦʧʠʩʫ 

 

ʂʈʀɺʀʁ ʉɽʈɻɯʁ ɹʆʈʀʉʆɺʀʏ 

 

         

ʋɼʂ 538.975; 539.23; 539.26 

 

ɼʀʉɽʈʊɸʎɯʗ 

ɺʀʉʆʂʆʈʆɿɼɯʃʔʅɸ ʍ-ʇʈʆʄɽʅɽɺɸ ɼɯɸɻʅʆʉʊʀʂɸ ɺʇʃʀɺʋ 

ɼɽʌʆʈʄɸʎɯʁ ʅɸ ʉʊʈʋʂʊʋʈʋ ʅɸʅʆʈʆɿʄɯʈʅʀʍ ʉʀʉʊɽʄ 

 

01.04.07 ï ʌ̔ ʟʠʢʘ ʪʚʝʨʜʦʛʦ ʪʽʣʘ 

ʇʨʠʨʦʜʥʠʯʽ ʥʘʫʢʠ 

 

ʇʦʜʘʻʪʴʩʷ ʥʘ ʟʜʦʙʫʪʪʷ ʥʘʫʢʦʚʦʛʦ ʩʪʫʧʝʥʷ ʢʘʥʜʠʜʘʪʘ ʬʽʟʠʢʦ-ʤʘʪʝʤʘʪʠʯʥʠʭ ʥʘʫʢ 

(ʜʦʢʪʦʨʘ ʬʽʣʦʩʦʬʽʾ) 

 

ɼʠʩʝʨʪʘʮʽʷ ʤʽʩʪʠʪʴ ʨʝʟʫʣʴʪʘʪʠ ʚʣʘʩʥʠʭ ʜʦʩʣʽʜʞʝʥʴ. ɺʠʢʦʨʠʩʪʘʥʥʷ ʽʜʝʡ, 

ʨʝʟʫʣʴʪʘʪʽʚ ʽ ʪʝʢʩʪʽʚ ʽʥʰʠʭ ʘʚʪʦʨʽʚ ʤʘʶʪʴ ʧʦʩʠʣʘʥʥʷ ʥʘ ʚʽʜʧʦʚʽʜʥʝ ʜʞʝʨʝʣʦ 

__________________   ʉ.ɹ. ʂʨʠʚʠʡ 

 

 

ʅʘʫʢʦʚʠʡ ʢʝʨʽʚʥʠʢ: ʂʣʘʜʴʢʦ ɺʘʩʠʣʴ ʇʝʪʨʦʚʠʯ, ʯʣʝʥ-ʢʦʨʝʩʧʦʥʜʝʥʪ 

ʅɸʅ ʋʢʨʘʾʥʠ, ʜʦʢʪʦʨ ʬʽʟʠʢʦ-ʤʘʪʝʤʘʪʠʯʥʠʭ ʥʘʫʢ, ʧʨʦʬʝʩʦʨ  

 

ʂʠʾʚ ï 2017 



 
 

ɸʅʆʊɸʎɯʗ 

ʂʨʠʚʠʡ ʉ.ɹ. ɺʠʩʦʢʦʨʦʟʜʽʣʴʥʘ ʍ-ʧʨʦʤʝʥʝʚʘ ʜʽʘʛʥʦʩʪʠʢʘ ʚʧʣʠʚʫ 

ʜʝʬʦʨʤʘʮʽʡ ʥʘ ʩʪʨʫʢʪʫʨʫ ʥʘʥʦʨʦʟʤʽʨʥʠʭ ʩʠʩʪʝʤ. ï ʂʚʘʣʽʬʽʢʘʮʽʡʥʘ ʥʘʫʢʦʚʘ ʧʨʘʮʷ 

ʥʘ ʧʨʘʚʘʭ ʨʫʢʦʧʠʩʫ. 

ɼʠʩʝʨʪʘʮʽʷ ʥʘ ʟʜʦʙʫʪʪʷ ʥʘʫʢʦʚʦʛʦ ʩʪʫʧʝʥʷ ʢʘʥʜʠʜʘʪʘ ʬʽʟʠʢʦ-

ʤʘʪʝʤʘʪʠʯʥʠʭ ʥʘʫʢ (ʜʦʢʪʦʨʘ ʬʽʣʦʩʦʬʽʾ) ʟʘ ʩʧʝʮʽʘʣʴʥʽʩʪʶ 01.04.07 çʌʽʟʠʢʘ 

ʪʚʝʨʜʦʛʦ ʪʽʣʘè. ɯʥʩʪʠʪʫʪ ʬʽʟʠʢʠ ʥʘʧʽʚʧʨʦʚʽʜʥʠʢʽʚ ʽʤ. ɺ.ɭ. ʃʘʰʢʘʨʴʦʚʘ ʅɸʅ 

ʋʢʨʘʾʥʠ, ʂʠʾʚ, 2017. 

ɺ ʜʠʩʝʨʪʘʮʽʾ ʚʠʢʣʘʜʝʥʦ ʨʝʟʫʣʴʪʘʪʠ ʜʦʩʣʽʜʞʝʥʥʷ ʩʪʨʫʢʪʫʨʥʦ-

ʜʝʬʦʨʤʘʮʽʡʥʦʛʦ ʩʪʘʥʫ ʥʘʜʛʨʘʪʦʢ AlGaN/GaN, ʰʘʨʽʚ GeSn ʥʘ Ge/Si (001) ʪʘ 

ʥʘʥʦʧʦʨʠʩʪʠʭ ʩʠʩʪʝʤ. 

ʇʨʦʚʝʜʝʥʠʡ ʘʥʘʣʽʟ ʤʝʭʘʥʽʟʤʽʚ ʨʝʣʘʢʩʘʮʽʾ ʚʙʫʜʦʚʘʥʠʭ ʥʘʧʨʫʞʝʥʴ ʚ 

ʥʘʜʛʨʘʪʢʘʭ (ʅɻ), ʷʢʽ ʩʢʣʘʜʘʶʪʴʩʷ ʟ ʩʠʤʝʪʨʠʯʥʠʭ ʰʘʨʽʚ GaN ʽ AlN. ɺʧʝʨʰʝ 

ʚʩʪʘʥʦʚʣʝʥʦ, ʱʦ ʨʽʚʝʥʴ ʨʝʣʘʢʩʘʮʽʾ ʩʠʩʪʝʤʠ ʟʨʦʩʪʘʻ ʧʨʠ ʟʙʽʣʴʰʝʥʥʽ ʯʠʩʣʘ 

ʧʝʨʽʦʜʽʚ, ʚ ʪʦʡ ʯʘʩ ʷʢ ʨʝʣʘʢʩʘʮʽʷ ʜʣʷ ʜʦʢʨʠʪʠʯʥʠʭ ʪʦʚʱʠʥ ʅɻ ʧʦʷʩʥʶʻʪʴʩʷ ʯʝʨʝʟ 

ʥʘʢʦʧʠʯʝʥʥʷ ʥʘʭʠʣʫ ʅʘʛʘʾ ʥʘ ʢʦʞʥʦʤʫ ʽʥʪʝʨʬʝʡʩʽ ʅɻ. ʇʦʚʝʨʭʥʝʚʘ ʱʽʣʴʥʽʩʪʴ ʷʤ 

ʢʦʨʝʣʶʻ ʟ ʢʽʣʴʢʽʩʪʶ ʟʘʣʠʰʢʦʚʦʾ ʜʝʬʦʨʤʘʮʽʾ ʚ ʧʣʽʚʢʘʭ ʧʦʨʷʜ ʟ ʧʦʷʚʦʶ ʪʨʽʱʠʥ ʚ 

ʅɻ, ʚ ʷʢʠʭ ʧʝʨʝʚʠʱʝʥʘ ʢʨʠʪʠʯʥʘ ʪʦʚʱʠʥʘ ʧʣʘʩʪʠʯʥʦʾ ʜʝʬʦʨʤʘʮʽʾ. ʇʦʢʘʟʘʥʦ, ʱʦ 

ʜʝʬʦʨʤʘʮʽʷ ʩʪʠʩʢʫ ʚ ʙʫʬʝʨʥʠʭ ʰʘʨʘʭ, ʘ ʪʘʢʦʞ ʚ ʰʘʨʘʭ ɹʐʉ ʟ ʥʠʟʴʢʠʤ ʚʤʽʩʪʦʤ 

Al ʚ ʙʘʨ'ʻʨʽ ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʩʠʪʫʘʮʽʾ, ʢʦʣʠ ʧ'ʻʟʦʝʣʝʢʪʨʠʯʥʽ ʧʦʣʷ ʤʘʶʪʴ ʦʜʥʘʢʦʚʠʡ 

ʟʥʘʢ ʚ ʷʤʽ ʽ ʙʘʨ'ʻʨʥʠʭ ʰʘʨʘʭ. ɺ ʨʝʟʫʣʴʪʘʪʽ ʮʴʦʛʦ ʨʝʢʦʤʙʽʥʘʮʽʷ ʜʦʥʦʨʥʦ-

ʘʢʮʝʧʪʦʨʥʠʭ ʧʘʨ ʜʦʤʽʥʫʻ ʥʘʜ ʧʝʨʝʭʦʜʘʤʠ ʤʽʞ ʝʣʝʢʪʨʦʥʥʠʤʠ ʽ ʜʽʨʢʦʚʠʤʠ ʩʪʘʥʘʤʠ 

ʚ ʢʚʘʥʪʦʚʽʡ ʷʤʽ.  

ɺʧʝʨʰʝ ʍ-ʧʨʦʤʝʥʝʚʘ ʨʝʬʣʝʢʪʦʤʝʪʨiʷ ʟʘʩʪʦʩʦʚʘʥʘ ʜʣʷ ʚʠʟʥʘʯʝʥʥʷ ʚʧʣʠʚʫ 

ʫʤʦʚ ʬʦʨʤʫʚʘʥʥʷ ʤʝʪʦʜʦʤ iʤʧʫʣʴʩʥʦʛʦ ʣʘʟʝʨʥʦʛʦ ʦʩʘʜʞʝʥʥʷ ʥʘʥʦʢʦʤʧʦʟʠʪʥʠʭ 

ʧʣiʚʦʢ ʟ ʤʘʩʠʚʦʤ ʥʘʥʦʯʘʩʪʠʥʦʢ ʟʦʣʦʪʘ ʥʘ ʾʭ ʧʦʨʠʩʪiʩʪʴ. ɺʩʪʘʥʦʚʣʝʥi ʟʚôʷʟʢʠ 

ʧʦʨʠʩʪʦʩʪi ʥʘʥʦʩʪʨʫʢʪʫʨ ʪʘ ʾʭ ʧʣʘʟʤʦʥʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ. ʇʦʢʘʟʘʥʦ, ʱʦ 

ʥʘʥʝʩʝʥʥʷ ʧʣiʚʦʢ ʟʦʣʦʪʘ ʟ ʧʨʷʤʦʛʦ ʧʦʪʦʢʫ ʚʠʩʦʢʦʝʥʝʨʛʝʪʠʯʥʠʭ ʥʘʥʦʯʘʩʪʠʥʦʢ 

ʝʨʦʟiʡʥʦʛʦ ʬʘʢʝʣʘ ʧʨʠ ʟʘʣʠʰʢʦʚʦʤʫ ʪʠʩʢʫ ʤʝʥʰʝ ʥiʞ 10ī2 ʇʘ ʜʦʟʚʦʣʷʻ ʦʜʝʨʞʘʪʠ 

ʥʠʟʴʢʫ ʾʭ ʧʦʨʠʩʪiʩʪʴ ʚ 0,1%. ʇʦʢʘʟʘʥʦ, ʱʦ ʜʦʜʘʪʢʦʚʽ ʚʠʤʽʨʶʚʘʥʥʷ ʧʘʨʘʤʝʪʨʘ 



 
 

ʛʨʘʪʢʠ (ʜʝʬʦʨʤʘʮʽʾ) ʧʣʽʚʦʢ ʟʦʣʦʪʘ ʜʦʟʚʦʣʷʶʪʴ ʢʦʨʝʢʪʥʽʰʝ ʚʠʟʥʘʯʠʪʠ ʚʝʣʠʯʠʥʫ 

ʾʭʥʴʦʾ ʧʦʨʠʩʪʦʩʪʽ. 

ɼʣʷ ʰʘʨʽʚ Ge1-xSnx ʟ Sn ʤʦʣʷʨʥʦʶ ʯʘʩʪʢʦʶ ʭ ʙʣʠʟʴʢʦ 0,04 ʽ 0,07, ʚʠʨʦʱʝʥʠʭ 

ʤʝʪʦʜʦʤ ʤʦʣʝʢʫʣʷʨʥʦ-ʧʨʦʤʝʥʝʚʦʾ ʝʧʽʪʘʢʩʽʾ ʥʘ ʨʝʣʘʢʩʦʚʘʥʠʭ (001) ʙʫʬʝʨʥʠʭ 

ʰʘʨʘʭ Ge, ʙʫʣʦ ʚʩʪʘʥʦʚʣʝʥʦ, ʱʦ ʚʦʥʠ ʻ ʯʘʩʪʢʦʚʦ ʨʝʣʘʢʩʦʚʘʥʽ ʟ ʩʪʫʧʝʥʝʤ 

ʨʝʣʘʢʩʘʮʽʾ ʚʽʜ 8% ʜʣʷ ʰʘʨʽʚ ʟ ʭ = 0,04 ʜʦ 14% ʜʣʷ ʰʘʨʽʚ ʟ ʭ = 0,07. ɼʣʷ ʰʘʨʫ 

Ge0,93Sn0,07 ʚʠʷʚʣʝʥʦ ʘʥʦʤʘʣʴʥʦ ʚʝʣʠʢʠʡ ʥʘʭʠʣ 0,2Á ʧʣʦʱʠʥ (001) ʱʦʜʦ 

ʚʽʜʧʦʚʽʜʥʠʭ ʧʣʦʱʠʥ ʧʽʜʢʣʘʜʢʠ. ʇʦʢʘʟʘʥʦ ʪʘʢʦʞ, ʱʦ ʚʽʩʴ ʝʧʽʪʘʢʩʽʡʥʦʛʦ ʥʘʭʠʣʫ 

ʧʦʚʝʨʪʘʻʪʴʩʷ ʥʘ ʢʫʪ 90Á ʧʦ ʚʽʜʥʦʰʝʥʥʶ ʜʦ ʥʘʧʨʷʤʢʫ ʨʦʟʦʨʽʻʥʪʘʮʽʾ ʧʽʜʢʣʘʜʢʠ, ʱʦ 

ʦʙʫʤʦʚʣʝʥʦ ʚ ʦʩʥʦʚʥʦʤʫ ʣʦʢʘʣʴʥʠʤʠ ʥʘʭʠʣʘʤʠ ʧʦʚʝʨʭʥʽ ʧʨʠ ʫʪʚʦʨʝʥʥʽ ʬʘʩʝʪ, 

ʚʠʢʣʠʢʘʥʠʭ ʘʥʽʟʦʪʨʦʧʽʻʶ ʨʦʟʧʦʜʽʣʫ ʜʠʩʣʦʢʘʮʽʡ ʚ ʰʘʨʽ. 

ʊʘʢʠʤ ʯʠʥʦʤ ʚʩʪʘʥʦʚʣʝʥʦ, ʱʦ ʩʪʨʫʢʪʫʨʥʽ, ʦʧʪʠʯʥʽ ʪʘ ʝʣʝʢʪʨʦʬʽʟʠʯʥʽ 

ʚʣʘʩʪʠ-ʚʦʩʪʽ ʙʘʛʘʪʦʰʘʨʦʚʠʭ ʩʪʨʫʢʪʫʨ ʪʘ ʅɻ ʚʠʟʥʘʯʘʶʪʴʩʷ ʧʨʦʮʝʩʘʤʠ ʨʝʣʘʢʩʘʮʽʾ 

ʥʘʧʨʫʞʝʥʴ (ʧʨʫʞʥʠʡ ʪʘ ʧʣʘʩʪʠʯʥʠʡ). 

ʂʣʶʯʦʚʽ ʩʣʦʚʘ: ɺʠʩʦʢʦʨʦʟʜʽʣʴʥʘ ʍ-ʧʨʦʤʝʥʝʚʘ ʜʠʬʨʘʢʮʽʷ ʽ 

ʨʝʬʣʝʢʪʦʤʝʪʨʽʷ, ʥʘʜʛʨʘʪʢʠ AlxGa1-xN/GaN ʪʘ AlN/GaN, ʥʘʥʦʧʦʨʠʩʪʽ ʩʠʩʪʝʤʠ, 

ʨʦʟʦʨʽʻʥʪʘʮʽʷ, ʢʨʠʩʪʘʣʦʛʨʘʬʽʯʥʠʡ ʥʘʭʠʣ. 

 

ɸʅʅʆʊɸʎʀʗ 

ʂʨʠʚʦʡ ʉ. ɹ. ɺʳʩʦʢʦʨʘʟʨʝʰʘʶʱʘʷ ʍ-ʣʫʯʝʚʘʷ ʜʠʘʛʥʦʩʪʠʢʘ ʚʣʠʷʥʠʷ 

ʜʝʬʦʨʤʘʮʠʡ ʥʘ ʩʪʨʫʢʪʫʨʫ ʥʘʥʦʨʘʟʤʝʨʥʳʭ ʩʠʩʪʝʤ. ï ʂʚʘʣʠʬʠʢʘʮʠʦʥʥʘʷ 

ʥʘʫʯʥʘʷ ʨʘʙʦʪʘ ʥʘ ʧʨʘʚʘʭ ʨʫʢʦʧʠʩʠ. 

 

ɼʠʩʩʝʨʪʘʮʠʷ ʥʘ ʩʦʠʩʢʘʥʠʝ ʫʯʝʥʦʡ ʩʪʝʧʝʥʠ ʢʘʥʜʠʜʘʪʘ ʬʠʟʠʢʦ-

ʤʘʪʝʤʘʪʠʯʝʩʢʠʭ ʥʘʫʢ (ʜʦʢʪʦʨʘ ʬʠʣʦʩʦʬʠʠ) ʧʦ ʩʧʝʮʠʘʣʴʥʦʩʪʠ 01.04.07 ï ʬʠʟʠʢʘ 

ʪʚʝʨʜʦʛʦ ʪʝʣʘ. ï ʀʥʩʪʠʪʫʪ ʬʠʟʠʢʠ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚ ʠʤ. ɺ.ɽ. ʃʘʰʢʘʨʝʚʘ ʅɸʅ 

ʋʢʨʘʠʥʳ, ʂʠʝʚ, 2017. 

 



 
 

ɺ ʜʠʩʩʝʨʪʘʮʠʠ ʠʟʣʦʞʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʠʩʩʣʝʜʦʚʘʥʠʷ ʩʪʨʫʢʪʫʨʥʦ-

ʜʝʬʦʨʤʘʮʠʦʥʥʦʛʦ ʩʦʩʪʦʷʥʠʷ cʚʝʨʭʨʝʰʝʪʦʢ AlGaN/GaN, ʩʣʦʝʚ GeSn ʥʘ Ge/Si 

(001) ʠ ʥʘʥʦʧʦʨʠʩʪʳʭ ʩʠʩʪʝʤ. 

ʇʨʦʚʝʜʝʥ ʘʥʘʣʠʟ ʤʝʭʘʥʠʟʤʦʚ ʨʝʣʘʢʩʘʮʠʠ ʚʩʪʨʦʝʥʥʳʭ ʥʘʧʨʷʞʝʥʠʡ ʚ 

ʩʚʝʨʭʨʝʰʝʪʢʘʭ (ʉʈ), ʩʦʩʪʦʷʱʠʭ ʠʟ ʩʠʤʤʝʪʨʠʯʥʭr ʩʣʦʝʚ GaN ʠ AlN. ɺʧʝʨʚʳʝ 

ʫʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʫʨʦʚʝʥʴ ʨʝʣʘʢʩʘʮʠʠ ʩʠʩʪʝʤ rʚʦʟʨʘʩʪʘʝʪ ʧʨʠ ʫʚʝʣʠʯʝʥʠʠ ʯʠʩʣʘ 

ʧʝʨʠʦʜʦʚ, ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ ʨʝʣʘʢʩʘʮʠ̫  ʜʣʷ ʜʦʢʨʠʪʠʯʝʩʢʠʭ ʪʦʣɦ ʠʥ ʉʈ ʦʙʴ̫ʩʥ̫ʝʪʩʷ 

ʥʘʢʦʧʣʝʥʠʝʤ ñʥʘʢʣʦʥʘ ʅʘʛʘʠò ʥʘ ʢʘʞʜʦʤ ʠʥʪʝʨʬʝʡʩʝ ʉʈ. ʇʦʚʝʨʭʥʦʩʪʥʘʷ 

ʧʣʦʪʥʦʩʪʴ ʷʤʦʢ ʢʦʨʨʝ-ʣʠʨʫʝʪ ʩʦ ʟʥʘʯʝʥʠʝʤ ʦʩʪʘʪʦʯʥʦʡ ʜʝʬʦʨʤʘʮʠʠ ʚ ʧʣʝʥʢʘʭ 

ʥʘʨʷʜʫ ʩ ʧʦʷʚʣʝʥʠʝʤ ʪʨʝɦ ʠʥ ʚ ʉʈ, ʚ ʢʦʪʦʨʳʭ ʧʨʝʚʳ ʝhʥʘ ʢʨʠʪʠʯʝʩʢʘʷ ʪʦʣɦ ʠʥʘ 

ʧʣʘʩʪʠʯʝʩʢʦʡ ʜʝʬʦʨʤʘʮʠʠ. ʇʦʢʘʟʘʥʦ, ʯʪʦ ʩʠʣʴʥʘ ̫ ʜʝʬʦʨʤʘʮʠ̫  ʩʞʘʪʠʷ ʚ 

ʙʫʬʝʨʥʭr ʩʣʦʷʭ, ʘ ʪʘʢʞʝ ʚ ʩʣʦʷʭ ʤʥʦʛʦʩʣʦʡʥʭr ʩʪʨʫʢʪʫʨ ʩ ʥʠʟʢʠʤ ʩʦʜʝʨʞʘʥʠʝʤ 

Al ʚ ʙʘʨʴʝʨʝ ʧʨʠʚʦʜʠʪ ʢ ʩʠʪʫʘʮʠʠ, ʢʦʛʜʘ ʧɹ ʝʟʦʝʣʝʢʪʨʠʯʝʩʢʠʝ ʧʦʣʷ ʠʤʝʁ ʪ 

ʦʜʠʥʘʢʦʚʡr ʟʥʘʢ ʚ ʩʣʦʷʭ ʷʤr ʠ ʙʘʨɹʝʨʘ. ɺ ʨʝʟʫʣʴʪʘʪʝ ʵʪʦʛʦ ʨʝʢʦʤʙʠʥʘʮʠ̫  

ʜʦʥʦʨʥʦ-ʘʢʮʝʧʪʦʨʥʭr ʧʘʨ ʜʦʤʠʥʠʨʫʝʪ ʥʘʜ ʧʝʨʝʭʦʜʘʤʠ ʤʝʞʜʫ ʣɻʝʢʪʨʦʥʥʤrʠ ʠ 

ʜrʨʦʯʥʤrʠ ʩʦʩʪʦʷʥʠʷʤʠ ʚ ʢʚʘʥʪʦʚʦʡ ʷʤʝ.  

ɺʧʝʨʚʳʝ ʍ-ʣʫʯʝʚʘʷ ʨʝʬʣʝʢʪʦʤʝʪʨʠ̫  ʠʩʧʦʣʴʟʦʚʘʥʘ ʜʣʷ ʦʧʨʝʜʝʣʝʥʠʷ 

ʚʣʠʷʥʠʷ ʫʩʣʦʚʠʡ ʬʦʨʤʠʨʦʚʘʥʠʷ ʥʘʥʦʢʦʤʧʦʟʠʪʥʭr ʧʣʝʥʦʢ ʩ ʤʘʩʩʠʚʦʤ 

ʧʣʘʟʤʦʥʥʭr ʥʘʥʦʯʘʩʪʠʮ ʟʦʣʦʪʘ ʥʘ ʠʭ ʧʦʨʠʩʪʦʩʪʴ. ʋʩʪʘʥʦʚʣʝʥʘ ʩʚʟ̫ʴ ʧʦʨʠʩʪʦʩʪʠ 

ʥʘʥʦʩʪʨʫʢʪʫʨ ʠ ʠʭ ʧʣʘʟʤʦʥʥʭr ʩʚʦʡʩʪʚ. ʇʦʢʘʟʘʥʦ, ʯʪʦ ʥʘʥʝʩʝʥʠʝ ʧʣʝʥʦʢ ʟʦʣʦʪʘ 

ʠʟ ʧʨʷʤʦʛʦ ʧʦʪʦʢʘ ʚrʩʦʢʦʥɻʝʨʛʝʪʠʯʝʩʢʠʭ ʥʘʥʦʯʘʩʪʠʮ ʨɻʦʟʠʦʥʥʦʛʦ ʬʘʢʝʣʘ ʧʨʠ 

ʦʩʪʘʪʦʯʥʦʤ ʜʘʚʣʝʥʠʠ ʤʝʥɹhʝ ʯʝʤ 10ī2 ʇʘ ʧʦʟʚʦʣʷʝʪ ʧʦʣʫʯʠʪʴ ʥʠʟʢʫ ʁ ʠʭ 

ʧʦʨʠʩʪʦʩʪʴ ʦʢʦʣʦ 0,1%. ʇʦʢʘʟʘʥʦ, ʯʪʦ ʜʦʧʦʣʥʠʪʝʣʴʥʳʝ ʠʟʤʝʨʝʥʠʷ ʧʘʨʘʤʝʪʨʘ 

ʨʝʰʝʪʢʠ (ʜʝʬʦʨʤʘʮʠʠ) ʧʣʝʥʦʢ ʟʦʣʦʪʘ ʜʘʶʪ ʚʦʟʤʦʞʥʦʩʪʴ ʢʦʨʨʝʢʪʥʦ ʦʧʨʝʜʝʣʠʪʴ 

ʚʝʣʠʯʠʥʫ ʠʭ ʧʦʨʠʩʪʦʩʪʠ. 

ɼʣʷ ʩʣʦʝʚ Ge1-xSnx ʩ ʩʦʜʝʨʞʘʥʠʝʤ Sn ʦʢʦʣʦ 0,04 ʠ 0,07, ʚʨrʘɦ ʝʥʥ ʭr 

ʤʝʪʦʜʦʤ ʤʦʣʝʢʫʣʷʨʥʦ-ʣʫʯʝʚʦʡ ʵʧʠʪʘʢʩʠʠ ʥʘ ʨʝʣʘʢʩʠʨʦʚʘʥʥʭr ʙʫʬʝʨʥʭr ʩʣʦʷʭ 

Ge ʙʣrʦ ʫʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʦʥʠ ̫ʚʣʷʶʪʩʷ ʯʘʩʪʠʯʥʦ ʨʝʣʘʢʩʠʨʦʚʘʥʥʳʤʠ ʩʦ 

ʩʪʝʧʝʥʴʶ ʨʝʣʘʢʩʘ-ʮʠʠ ʦʪ 8% ʧʨʠ ʭ = 0,04 ʜʦ 14% ʜʣʷ ʩʣʦʝʚ ʩ ʭ = 0,07. ɼʣʷ ʩʣʦʷ 

Ge0,93Sn0,07 ʚrʷʚʣʝʥʦ ʘʥʦʤʘʣʴʥʦ ʙʦʣʴʰʦʡ ʥʘʢʣʦʥ 0,2Á ʧʣʦʩʢʦʩʪʝʡ (001) 



 
 

ʦʪʥʦʩʠʪʝʣʴʥʦ ʧʣʦʩʢʦʩʪʝʡ ʧʦʜʣʦʞʢʠ. ʇʦʢʘʟʘʥʦ ʪʘʢʞʝ, ʯʪʦ ʦʩɹ ɻʧʠʪʘʢʩʠʘʣʴʥʦʛʦ 

ʥʘʢʣʦʥʘ ʧʦʚʦʨʘʯʠʚʘʝʪʩʷ ʥʘ ʫʛʦʣ 90Á ʧʦ ʦʪʥʦʰʝʥʠʶ ʢ ʥʘʧʨʘʚʣʝʥʠʶ 

ʨʘʟʦʨʠʝʥʪʘʮʠʠ ʧʦʜʣʦʞʢʠ, ʯʪʦ ʦʙʫʩʣʦʚʣʝʥʦ, ʚ ʦʩʥʦʚʥʦʤ, ʣʦʢʘʣʴʥʤrʠ ʥʘʢʣʦʥʘʤʠ 

ʧʦʚʝʨʭʥʦʩʪʠ ʧʨʠ ʦʙʨʘʟʦʚʘʥʠʠ ʬʘʩʝʪ, ʚʳʟʚʘʥʥʳʤʠ ʘʥʠʟʦʪʨʦʧʠʝʡ ʨʘʩʧʨʝʜʝʣʝʥʠʷ 

ʜʠʩʣʦʢʘʮʠʡ ʚ ʩʣʦʝ. 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ ʫʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʩʪʨʫʢʪʫʨʥʳʝ, ʦʧʪʠʯʝʩʢʠʝ ʠ ʣɻʝʢʪʨʦʬʠʟʠ-

ʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʤʥʦʛʦʩʣʦʡʥʳʭ ʩʪʨʫʢʪʫʨ ʦʧʨʝʜʝʣʷʶʪʩʷ ʧʨʦʮʝʩʩʘʤʠ ʨʝʣʘʢʩʘʮʠʠ 

ʥʘʧʨʷʞʝʥʠʡ (ʫʧʨʫʛʦʡ ʠ ʧʣʘʩʪʠʯʝʩʢʦʡ). 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʚʳʩʦʢʦʨʘʟʨʝʰʘʶʱʘʷ ʨʝʥʪʛʝʥʦʚʩʢʘʷ ʜʠʬʨʘʢʮʠʷ ʠ 

ʨʝʬʣʝʢʪʦ-ʤʝʪʨʠʷ, ʩʚʝʨʭʨʝʰʝʪʢʠ AlxGa1-xN/GaN ʠ AlN/GaN, ʥʘʥʦʧʦʨʠʩʪʳʝ 

ʩʠʩʪʝʤʳ, ʨʘʟʦʨʠʝʥʪʘʮʠʷ, ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʠʡ ʥʘʢʣʦʥ. 

 

ANNOTATION  

Kryvyi S.  B. High resolution X-ray diagnostic of the influence of 

deformations on structure of nanosize systems. 

 

The Ph.D thesis for a scientific degree of the candidate of science on physics and 

mathematics, field 01.04.07 ï solid state physics. V.E. Lashkaryov Institute of 

Semiconductor Physics NAS of Ukraine, Kyiv, 2017. 

 

In the thesis, the results of complex investigation of the structural quality and 

deformation state of AlGaN/GaN superlattices, GeSn layers on Ge/Si (001) and 

nanoporous systems are presented. 

An analysis of the relaxation mechanisms of the embedded stresses in the 

AlN/GaN superlattices (SL) is carried out. It was established that the relaxation level 

of the AlN/GaN system increases with increasing number of periods. The relaxation 

for subcritical SL layers is explained by the accumulation of the Nagai tilt at each 

AlN/GaN interface of the SL. The density of the pits on the samples surfaces correlates 

with the amount of residual deformation in the SLs. The observed cracks in the SL 

indicates that the critical thickness of the plastic deformation is exceeded. It is shown 



 
 

that compressive deformation in the buffer layers as well as in the barrier layers of the 

SL leads to a situation where piezoelectric fields have the same sign in the well and 

barrier layers. As a result, the recombination of the donor-acceptor pairs dominates the 

transitions between the electron-hole in a quantum well. 

For the first time the X-ray reflectometry is used to investigate the porosity of 

nanocomposite films with an array of gold nanoparticles, which were formed by pulsed 

laser deposition. The interconnection of the porosity in nanostructures with their 

plasmonic properties was established. More accurate determination of the porosity in 

the gold films was obtained by additional measurements of the lattice parameters 

(deformation). It is shown, that the application of gold films from the direct flow of 

high-energy nanoparticles of the erosion torch at a residual pressure of less than 10-

2 Pa allows them to obtain a low porosity of 0,1%.  

The high-resolution X-ray diffraction was used to investigate the Ge1-xSnx layers 

with different Sn molar fraction grown by molecular-beam epitaxy on Ge(001) buffer 

layers. The relaxation of about 8% and 14% was determined for Sn contenten x = 0,04 

and x = 0,07, respectively. For a Ge0,93Sn0,07 layer, an abnormally large tilt of about 

0,2Á relative to the substrate planes was found. It was also shown that the axis of the 

epitaxial tilt is rotated to an angle of 90Á with respect to the direction of the substrate 

miscut, which is mainly due to the local tilt of the surface during the formation of facets 

caused by the anisotropy of the distribution of dislocations in the layer. 

Thus it was established that the structural, optical and electrophysical properties 

of multilayer structures and SL are determined by the mechanism of stress relaxation 

(elastic and plastic). 

Key words: High resolution X-ray diffraction and reflectivity, superlattices 

AlxGa1-xN/GaN and AlN/GaN, nanoporous systems, miscut, crystallographic tilt. 
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ʇɽʈɽʃɯʂ ʋʄʆɺʅʀʍ ʇʆɿʅɸʏɽʅʔ 

 

ɺʈʍɼ ʚʠʩʦʢʦʨʦʟʜʽʣʴʥʘ ʍ-ʧʨʦʤʝʥʝʚʘ ʜʠʬʨʘʢʪʦʤʝʪʨʽʷ 

ʅɻ ʥʘʜʛʨʘʪʢʘ 

ʂʆʇ ʢʘʨʪʘ ʦʙʝʨʥʝʥʦʛʦ ʧʨʦʩʪʦʨʫ 

ɸʉʄ ʘʪʦʤʥʘ ʩʠʣʦʚʘ ʤʽʢʨʦʩʢʦʧʽʷ 

ʍʇʈ ʍ-ʧʨʦʤʝʥʝʚʘ ʨʝʬʣʝʢʪʦʤʝʪʨʽʷ 

ʇɽʄ ʧʨʦʩʚʽʪʣʶʶʯʘ ʝʣʝʢʪʨʦʥʥʘ ʤʽʢʨʦʩʢʦʧʽʷ 

ʇɸʄʇɽ ʧʣʘʟʤʦ-ʘʢʪʠʚʦʚʘʥʘ ʤʦʣʝʢʫʣʷʨʥʦ-ʧʨʦʤʝʥʝʚʘ ʝʧʽʪʘʢʩʽʷ 

ɺʅʄʉ ʚʪʦʨʠʥʥʘ ʥʝʡʪʨʘʣʴʥʘ ʤʘʩ-ʩʧʝʢʪʨʦʩʢʦʧʽʷ 

ʃʇʇʈ ʣʦʢʘʣʴʥʠʡ ʧʦʚʝʨʭʥʝʚʠʡ ʧʣʘʟʤʦʥʥʠʡ ʨʝʟʦʥʘʥʩ 

ʇʇʇ ʧʦʚʝʨʭʥʝʚʠʡ ʧʣʘʟʤʦʥ-ʧʦʣʷʨʠʪʦʥ 

ʂʗ ʢʚʘʥʪʦʚʘ ʷʤʘ 

‌ ʢʫʪ ʨʦʟʦʨʽʻʥʪʘʮʽʾ ʧʽʜʢʣʘʜʢʠ 

ὔ  ʛʫʩʪʠʥʘ ʛʚʠʥʪʦʚʠʭ ʜʠʩʣʦʢʘʮʽʡ 

ὥ ʣʘʪʝʨʘʣʴʥʠʡ ʧʘʨʘʤʝʪʨ ʛʨʘʪʢʠ 

ὥ ʣʘʪʝʨʘʣʴʥʠʡ ʧʘʨʘʤʝʪʨ ʛʨʘʪʢʠ ʧʽʜʢʣʘʜʢʠ 

ὥ ʣʘʪʝʨʘʣʴʥʠʡ ʧʘʨʘʤʝʪʨ ʛʨʘʪʢʠ ʧʣʽʚʢʠ 

ὥ̊  ː ʣʘʪʝʨʘʣʴʥʠʡ ʧʘʨʘʤʝʪʨ ʛʨʘʪʢʠ ʥʘʜʛʨʘʪʢʠ 

ὧ ʚʝʨʪʠʢʘʣʴʥʠʡ ʧʘʨʘʤʝʪʨ ʛʨʘʪʢʠ 

ὧ ʚʝʨʪʠʢʘʣʴʥʠʡ ʧʘʨʘʤʝʪʨ ʛʨʘʪʢʠ ʧʣʽʚʢʠ 

ὧ̊  ː ʚʝʨʪʠʢʘʣʴʥʠʡ ʧʘʨʘʤʝʪʨ ʛʨʘʪʢʠ ʥʘʜʛʨʘʪʢʠ 

‐᷆ ʛʦʨʠʟʦʥʪʘʣʴʥʘ ʜʝʬʦʨʤʘʮʽʷ 

‐ ʚʝʨʪʠʢʘʣʴʥʘ ʜʝʬʦʨʤʘʮʽʷ 

╫▼ ʚʝʢʪʦʨ ɹʶʨʛʝʨʩʘ ʜʣʷ ʜʠʩʣʦʢʘʮʽʡ ʛʚʠʥʪʦʚʦʛʦ ʪʠʧʫ 

╫□ ʚʝʢʪʦʨ ɹʶʨʛʝʨʩʘ ʜʣʷ ʜʠʩʣʦʢʘʮʽʡ ʟʤʽʰʘʥʦʛʦ ʪʠʧʫ 

ὅ  ʢʦʥʩʪʘʥʪʠ ʧʨʫʞʥʦʩʪʽ 
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ɺʉʊʋʇ 

 

ʆʙʛʨʫʥʪʫʚʘʥʥʷ ʚʠʙʦʨʫ ʪʝʤʠ ʜʦʩʣʽʜʞʝʥʥʷ 

ɺ ʦʩʪʘʥʥʽ ʜʝʩʷʪʠʣʽʪʪʷ ʦʩʦʙʣʠʚʫ ʫʚʘʛʫ ʥʘʫʢʦʚʮʽʚ ʧʨʠʚʝʨʪʘʶʪʴ ʙʽʥʘʨʥʽ 

ʥʘʧʽʚʧʨʦʚʽʜʥʠʢʦʚʽ ʝʧʽʪʘʢʩʽʡʥʽ (Ga, Al)N ʩʠʩʪʝʤʠ, ʩʚʽʪʣʦʚʠʧʨʦʤʽʥʶʚʘʣʴʥʽ ʪʘ 

ʪʨʘʥʩʧʦʨʪʥʽ ʚʣʘʩʪʠʚʦʩʪʽ ʷʢʠʭ ʟʥʘʭʦʜʷʪʴ ʟʘʨʘʟ ʰʠʨʦʢʝ ʚʠʢʦʨʠʩʪʘʥʥʷ. ɿʘʚʜʷʢʠ 

ʩʚʦʾʤ ʫʥʽʢʘʣʴʥʠʤ ʚʣʘʩʪʠʚʦʩʪʷʤ (ʪʝʨʤʽʯʥʘ ʪʘ ʤʝʭʘʥʽʯʥʘ ʩʪʘʙʽʣʴʥʽʩʪʴ, ʤʝʭʘʥʽʯʥʘ, 

ʨʘʜʽʘʮʽʡʥʘ ʩʪʽʡʢʽʩʪʴ, ʚʠʩʦʢʘ ʧʦʪʫʞʥʽʩʪʴ) ʚʦʥʠ ʻ ʙʘʟʦʚʠʤʠ ʜʣʷ ʨʽʟʥʠʭ ʟʘʩʪʦʩʫʚʘʥʴ, 

ʱʦ ʤʘʶʪʴ ʬʫʥʜʘʤʝʥʪʘʣʴʥʝ ʟʥʘʯʝʥʥʷ. ʇʨʠʢʣʘʜʦʤ ʷʢʠʭ ʻ ʚʠʩʦʢʦʝʬʝʢʪʠʚʥʽ ʪʘ 

ʥʘʜʽʡʥʽ ʜʞʝʨʝʣʘ ʩʚʽʪʣʘ, ʷʢʽ ʧʦʢʨʠʚʘʶʪʴ ʫʚʝʩʴ ʚʠʜʠʤʠʡ ʜʽʘʧʘʟʦʥ, ʘ ʧʨʠ 

ʚʠʢʦʨʠʩʪʘʥʥʽ ʤʽʞʟʦʥʥʠʭ ʧʝʨʝʭʦʜʽʚ ʽ ʜʽʘʧʘʟʦʥ ʜʣʷ ʦʧʪʠʯʥʠʭ ʪʝʣʝʢʦʤʫʥʽʢʘʮʽʡ; 

ʧʦʪʫʞʥʽ ʚʠʩʦʢʦʯʘʩʪʦʪʥʽ ʧʦʣʴʦʚʽ ʪʨʘʥʟʠʩʪʦʨʠ (2-6 ɻɻʮ), ʷʢʽ ʟʘ ʧʘʨʘʤʝʪʨʘʤʠ 

ʧʨʦʜʫʢʪʠʚʥʦʩʪʽ ʪʘ ʮʽʥʠ ʚʠʧʝʨʝʜʞʘʶʪʴ ʢʨʝʤʥʽʻʚʽ ʘʥʘʣʦʛʠ.  

ʉʫʯʘʩʥʠʡ ʨʦʟʚʠʪʦʢ ʪʝʭʥʦʣʦʛʽʡ ʚʠʨʦʱʫʚʘʥʥʷ ʝʧʽʪʘʢʩʽʡʥʠʭ ʩʠʩʪʝʤ ʜʦʟʚʦʣʷʻ 

ʟ ʚʠʩʦʢʦʶ ʪʦʯʥʽʩʪʴ ʢʝʨʫʚʘʪʠ ʾʭ ʢʦʤʧʦʟʠʮʽʡʥʠʤ ʩʢʣʘʜʦʤ ʪʘ ʪʦʚʱʠʥʘʤʠ ʰʘʨʽʚ, 

ʪʦʙʪʦ ʧʘʨʘʤʝʪʨʽʚ ʚʽʜ ʷʢʠʭ ʚ ʟʥʘʯʥʽʡ ʤʽʨʽ ʟʘʣʝʞʘʪʴ ʬʽʟʠʯʥʽ ʚʣʘʩʪʠʚʦʩʪʽ. ʆʜʥʘʢ 

ʩʝʨʡʦʟʥʦʶ ʧʝʨʝʰʢʦʜʦʶ ʜʣʷ ʦʪʨʠʤʘʥʥʷ ʚʠʩʦʢʦʷʢʽʩʥʠʭ (Ga, Al)N ʩʪʨʫʢʪʫʨ ʻ 

ʧʨʦʙʣʝʤʘ ʧʽʜʢʣʘʜʢʦʚʦʛʦ ʤʘʪʝʨʽʘʣʫ. ɺʦʥʘ ʦʙʫʤʦʚʣʝʥʘ ʚ ʦʩʥʦʚʥʦʤʫ ʨʽʟʥʠʮʝʶ 

ʧʘʨʘʤʝʪʨʽʚ ʛʨʘʪʢʠ ʽ ʢʦʝʬʽʮʽʻʥʪʽʚ ʪʝʨʤʽʯʥʦʛʦ ʨʦʟʰʠʨʝʥʥʷ ʤʽʞ ʰʘʨʘʤʠ ʫ 

ʙʘʛʘʪʦʰʘʨʦʚʽ ʩʪʨʫʢʪʫʨʽ (ɹʐʉ) ʪʘ ɹʐʉ-ʧʽʜʢʣʘʜʢʘ. ʎʝ ʻ ʧʨʠʯʠʥʦʶ ʚʠʥʠʢʥʝʥʥʷ 

ʟʥʘʯʥʠʭ ʤʝʭʘʥʽʯʥʠʭ ʥʘʧʨʫʛ, ʥʘʷʚʥʽʩʪʴ ʪʘ ʧʦʜʘʣʴʰʘ ʨʝʣʘʢʩʘʮʽʷ ʢʦʪʨʠʭ ʩʪʚʦʨʶʻ 

ʨʷʜ ʪʨʫʜʥʦʱʽʚ ʜʣʷ ʷʢʽʩʥʦʛʦ ʨʦʩʪʫ ʪʘ ʝʬʝʢʪʠʚʥʦʛʦ ʬʫʥʢʮʽʦʥʫʚʘʥʥʷ ʧʨʠʣʘʜʦʚʠʭ 

ʩʪʨʫʢʪʫʨ. ʊʘʢ ʧʨʠʩʫʪʥʽʩʪʴ ʤʝʭʘʥʽʯʥʠʭ ʥʘʧʨʫʛ ʤʦʞʝ ʟʤʽʥʶʚʘʪʠ ʪʦʚʱʠʥʫ 

(ʰʚʠʜʢʽʩʪʴ ʦʩʘʜʞʝʥʥʷ) ʝʧʽʪʘʢʩʽʡʥʦʾ ʧʣʽʚʢʠ ʧʦʨʽʚʥʷʥʦ ʽʟ ʥʦʤʽʥʘʣʴʥʦʶ, ʱʦ ʚ ʩʚʦʶ 

ʯʝʨʛʫ ʚʧʣʠʚʘʻ ʥʘ ʝʣʝʢʪʨʦʦʧʪʠʯʥʽ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʩʠʩʪʝʤʠ. ʋ ʪʦʡ ʞʝ ʯʘʩ ʨʝʣʘʢʩʘʮʽʷ 

ʥʘʧʨʫʞʝʥʴ ʢʨʠʩʪʘʣʽʯʥʦʾ ʛʨʘʪʢʠ ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʫʪʚʦʨʝʥʥʷ ʚʝʣʠʢʦʾ ʢʽʣʴʢʦʩʪʽ 

ʪʦʯʢʦʚʠʭ ʜʝʬʝʢʪʽʚ (1015-1018 ʩʤ-3) ʽ ʜʠʩʣʦʢʘʮʽʡ (107-1010 ʩʤ-2), ʘ ʧʨʠ ʥʘʷʚʥʦʩʪʽ 

ʟʥʘʯʥʠʭ ʥʘʧʨʫʛ ʨʦʟʪʷʛʫ ʤʦʞʣʠʚʝ ʨʦʟʪʨʽʩʢʫʚʘʥʥʷ ʩʪʨʫʢʪʫʨʠ. ɿ ʽʥʰʦʛʦ ʙʦʢʫ 

ʢʦʥʪʨʦʣʴ ʟʘʣʠʰʢʦʚʠʭ ʜʝʬʦʨʤʘʮʽʡ ʚʽʜʢʨʠʚʘʻ ʧʝʨʩʧʝʢʪʠʚʠ ʧôʻʟʦ-ʧʦʣʷʨʠʟʘʮʽʡʥʦʾ 

ʽʥʞʝʥʝʨʽʾ. 
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ʆʢʨʝʤʦ ʩʣʽʜ ʟʘʟʥʘʯʠʪʠ, ʱʦ ʟʘʮʽʢʘʚʣʝʥʽʩʪʴ ʜʦ ʜʦʩʣʽʜʞʝʥʴ ʽ ʨʦʟʨʦʙʦʢ 

ʥʘʧʽʚʧʨʦʚʽʜʥʠʢʦʚʠʭ ʧʨʠʣʘʜʽʚ ʥʘ ʦʩʥʦʚʽ GeSn ʤʦʪʠʚʦʚʘʥʘ ʙʘʛʘʪʦʦʙʽʮʷʶʯʠʤʠ 

ʧʝʨʩʧʝʢʪʠʚʘʤʠ ʜʣʷ ʾʭ ʚʠʢʦʨʠʩʪʘʥʥʷ ʚ ʦʧʪʦʝʣʝʢʪʨʦʥʥʠʭ ʽ ʤʽʢʨʦʝʣʝʢʪʨʦʥʥʠʭ 

ʧʨʠʩʪʨʦʷʭ ʥʘ ʙʘʟʽ Si. ʇʨʦʛʥʦʟʫʻʪʴʩʷ, ʱʦ GeSn ʤʦʞʝ ʤʘʪʠ ʫ 4 ʨʘʟʠ ʙʽʣʴʰʫ 

ʨʫʭʣʠʚʽʩʪʴ ʝʣʝʢʪʨʦʥʽʚ ʽ ʜʽʨʦʢ ʫ ʧʦʨʽʚʥʷʥʽ ʟ Ge. ʊʝʦʨʝʪʠʯʥʽ ʨʦʟʨʘʭʫʥʢʠ ʪʘʢʦʞ 

ʧʝʨʝʜʙʘʯʘʶʪʴ ʧʝʨʝʭʽʜ GeSn ʚʽʜ ʥʝʧʨʷʤʦʟʦʥʥʦʛʦ ʜʦ ʧʨʷʤʦʟʦʥʥʦʛʦ 

ʥʘʧʽʚʧʨʦʚʽʜʥʠʢʘ ʧʨʠ ʨʽʚʥʽ ʚʤʽʩʪʫ Sn ʙʣʠʟʴʢʦ 6-10% ʚ ʥʝʜʝʬʦʨʤʦʚʘʥʦʤʫ 

ʤʘʪʝʨʽʘʣʽ. ʂʨʽʤ ʮʴʦʛʦ, ʥʝʜʝʬʦʨʤʦʚʘʥʽ ʙʫʬʝʨʥʽ ʰʘʨʠ ʟ GeSn ʤʦʞʫʪʴ ʙʫʪʠ 

ʚʠʢʦʨʠʩʪʘʥʽ ʪʘʢʦʞ ʚ ʷʢʦʩʪʽ ʦʜʥʦʚʽʩʴʦʚʠʭ ʩʪʨʝʩʦʨʽʚ ʜʣʷ ʢʘʥʘʣʽʚ Ge ʫ 

ʚʠʩʦʢʦʧʨʦʜʫʢʪʠʚʥʠʭ ʄɼʅ ʪʘ ʪʫʥʝʣʴʥʦ-ʧʦʣʴʦʚʠʭ ʪʨʘʥʟʠʩʪʦʨʘʭ. ʇʨʦʪʝ ʧʨʠ 

ʝʧʽʪʘʢʩʽʡʥʦʤʫ ʨʦʩʪʽ GeSn ʰʘʨʽʚ ʚʠʥʠʢʘʻ ʨʷʜ ʧʨʦʙʣʝʤ, ʘ ʩʘʤʝ: ʚʝʣʠʢʝ 

ʥʝʫʟʛʦʜʞʝʥʥʷ ʢʨʠʩʪʘʣʽʯʥʦʾ ʛʨʘʪʢʠ ʤʽʞ Ge ʽ Ŭ-Sn (~14,7%), ʥʠʟʴʢʘ ʨʦʟʯʠʥʥʽʩʪʴ Sn 

ʚ ʤʘʪʨʠʮʽ Ge (~1%) ʽ ʧʦʚʝʨʭʥʝʚʘ ʩʝʛʨʝʛʘʮʽʷ Sn ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ ʨʦʩʪʫ ʚʠʱʝ, ʥʽʞ 

140Áʉ. ʊʦʤʫ ʢʦʤʧʣʝʢʩʥʽ ʩʪʨʫʢʪʫʨʥʽ ʜʦʩʣʽʜʞʝʥʥʷ ʪʘ ʨʦʟʫʤʽʥʥʷ ʤʝʭʘʥʽʟʤʽʚ 

ʨʝʣʘʢʩʘʮʽʾ ʥʘʧʨʫʞʝʥʴ ʚ ʛʝʪʝʨʦʩʪʨʫʢʪʫʨʘʭ GeSn/Ge ʤʘʻ ʦʩʦʙʣʠʚʝ ʟʥʘʯʝʥʥʷ ʜʣʷ ʾʭ 

ʷʢʽʩʥʦʛʦ ʚʠʢʦʨʠʩʪʘʥʥʷ ʚ ʩʫʯʘʩʥʠʭ ʧʨʠʩʪʨʦʷʭ. 

ɺʩʝ ʙʽʣʴʰ ʰʠʨʦʢʝ ʧʨʘʢʪʠʯʥʝ ʟʘʩʪʦʩʫʚʘʥʥʷ ʜʣʷ ʩʫʯʘʩʥʠʭ ʦʧʪʦʝʣʝʢʪʨʦʥʥʠʭ 

ʪʘ ʩʝʥʩʦʨʥʠʭ ʧʨʠʩʪʨʦʾʚ ʟʥʘʭʦʜʷʪʴ ʪʦʥʢʽ ʧʣʽʚʢʠ ʪʘ ʥʘʥʦʧʦʨʠʩʪʽ ʩʪʨʫʢʪʫʨʠ. 

ʆʩʦʙʣʠʚʝ ʤʽʩʮʝ ʩʝʨʝʜ ʥʠʭ ʟʘʡʤʘʶʪʴ ʩʠʩʪʝʤʠ ʥʘ ʙʘʟʽ ʙʣʘʛʦʨʦʜʥʠʭ ʤʝʪʘʣʽʚ, 

ʟʦʢʨʝʤʘ ʟʦʣʦʪʘ, ʜʣʷ ʷʢʠʭ ʩʧʦʩʪʝʨʽʛʘʻʪʴʩʷ ʧʦʚʝʨʭʥʝʚʽ ʧʣʘʟʤʦʥ-ʧʦʣʷʨʠʪʦʥʥʽ 

(ʇʇʇ) ʭʚʠʣʽ ʪʘ ʣʦʢʘʣʽʟʦʚʘʥʽ ʧʦʚʝʨʭʥʝʚʽ ʧʣʘʟʤʦʥʠ (ʃʇʇ).  

ɺʠʤʦʛʠ ʜʦ ʩʪʨʫʢʪʫʨʠ ʧʣʽʚʦʢ ʟʦʣʦʪʘ ʜʣʷ ʩʝʥʩʦʨʥʠʭ ʧʨʠʩʪʨʦʾʚ, ʱʦ ʙʘʟʫʶʪʴʩʷ 

ʥʘ ʧʦʰʠʨʝʥʥʽ ʇʇʇ ʭʚʠʣʽ, ʚʢʣʶʯʘʶʪʴ: ñʩʫʮʽʣʴʥʽʩʪʴò, ʦʜʥʦʨʽʜʥʽʩʪʴ, ʤʘʣʫ 

ʰʦʨʩʪʢʽʩʪʴ ʧʦʚʝʨʭʥʽ, ʪʦʚʱʠʥʠ ʚ ʜʝʢʽʣʴʢʘ ʜʝʩʷʪʢʽʚ ʥʘʥʦʤʝʪʨʽʚ. ʋ ʪʦʡ ʞʝ ʯʘʩ ʃʇʇ 

ʚʣʘʩʪʠʚʦʩʪʽ ʧʣʽʚʦʢ ʟ Au ʥʘʥʦʯʘʩʪʠʥʢʘʤʠ (ʅʏ), ʱʦ ʧʨʠʟʥʘʯʝʥʽ ʜʣʷ ʧʦʚʝʨʭʥʝʚʦʛʦ 

ʧʽʜʩʠʣʝʥʥʷ ʢʦʤʙʽʥʘʮʽʡʥʦʛʦ ʨʦʟʩʽʷʥʥʷ ʩʚʽʪʣʘ, ʬʣʫʦʨʝʩʮʝʥʮʽʾ ʤʦʣʝʢʫʣ, 

ʬʦʪʦʣʶʤʽʥʝʩʮʝʥʮʽʾ ʢʚʘʥʪʦʚʠʭ ʪʦʯʦʢ ʪʘ ʽʥ., ʚʠʟʥʘʯʘʶʪʴʩʷ ʨʦʟʤʽʨʘʤʠ, ʬʦʨʤʦʶ, 

ʧʨʦʩʪʦʨʦʚʠʤ ʨʦʟʧʦʜʽʣʦʤ ʥʘʥʦʯʘʩʪʦʢ, ʜʽʝʣʝʢʪʨʠʯʥʠʤʠ ʚʣʘʩʪʠʚʦʩʪʷʤʠ 

ʦʪʦʯʫʶʯʦʛʦ ʩʝʨʝʜʦʚʠʱʘ, ʧʘʨʘʤʝʪʨʘʤʠ ʛʨʘʪʢʠ ʩʘʤʠʭ ʥʘʥʦʯʘʩʪʦʢ ʽ ʚ ʟʥʘʯʥʽʡ ʤʽʨʽ 

ʧʦʨʠʩʪʽʩʪʶ ʧʣʽʚʦʢ. ɸ ʩʪʨʫʢʪʫʨʥʽ ʚʣʘʩʪʠʚʦʩʪʽ ʩʘʤʠʭ ʥʘʥʦʯʘʩʪʦʢ ʚʠʟʥʘʯʘʶʪʴʩʷ 
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ʥʘʷʚʥʽʩʪʶ ʧʦʚʝʨʭʥʽ, ʷʢʘ ʦʙʫʤʦʚʣʶʻ ʧʦʚʝʨʭʥʝʚʽ ʥʘʧʨʫʛʠ ʽ ʷʢ ʥʘʩʣʽʜʦʢ ï ʟʤʽʥʫ 

ʧʘʨʘʤʝʪʨʽʚ ʛʨʘʪʢʠ ʚ ʧʦʨʽʚʥʷʥʥʽ ʟ ʤʘʩʠʚʥʠʤ ʪʚʝʨʜʠʤ ʪʽʣʦʤ. ɺ ʪʦʥʢʠʭ ʧʣʽʚʢʘʭ 

ʙʣʘʛʦʨʦʜʥʠʭ ʤʝʪʘʣʽʚ ʥʘʷʚʥʽʩʪʴ ʛʨʘʥʠʮʴ ʟʝʨʝʥ ʪʘʢʦʞ ʚʧʣʠʚʘʻ ʥʘ ʟʤʽʥʫ ʧʘʨʘʤʝʪʨʽʚ 

ʢʨʠʩʪʘʣʽʯʥʦʾ ʛʨʘʪʢʠ ʽ, ʚʽʜʧʦʚʽʜʥʦ, ʥʘ ʦʜʥʦʨʽʜʥʽʩʪʴ ʩʪʨʫʢʪʫʨʠ ʧʣʽʚʦʢ ʪʘ ʧʘʨʘʤʝʪʨʠ 

ʇʇʇ ʨʝʟʦʥʘʥʩʫ. ʊʦʤʫ ʧʨʦʙʣʝʤʘ ʚʠʤʽʨʶʚʘʥʥʷ ʪʦʚʱʠʥʠ, ʧʦʨʠʩʪʦʩʪʽ, ʧʘʨʘʤʝʪʨʽʚ 

ʛʨʘʪʢʠ ʥʘʥʦʩʪʨʫʢʪʫʨʦʚʘʥʠʭ ʧʣʽʚʦʢ ʟʦʣʦʪʘ ʻ ʘʢʪʫʘʣʴʥʠʤ ʟʘʚʜʘʥʥʷʤ ʜʣʷ ʢʦʥʪʨʦʣʶ 

ʪʘ ʨʦʟʫʤʽʥʥʷ ʧʣʘʟʤʦʥʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ ʮʠʭ ʤʘʪʝʨʽʘʣʽʚ. 

ʈʦʟʚʠʪʦʢ ʰʚʠʜʢʠʭ ʪʘ ʥʘʜʽʡʥʠʭ ʤʝʪʦʜʽʚ ʩʪʨʫʢʪʫʨʥʦʾ ʜʽʘʛʥʦʩʪʠʢʠ 

ʥʘʥʦʨʦʟʤʽʨʥʠʭ ʩʠʩʪʝʤ ʩʧʨʷʤʦʚʘʥʠʡ ʥʘ ʚʠʨʽʰʝʥʥʷ ʬʫʥʜʘʤʝʥʪʘʣʴʥʠʭ ʧʨʦʙʣʝʤ 

ʥʘʥʦʬʽʟʠʢʠ, ʥʘʥʦʪʝʭʥʦʣʦʛʽʾ ʽ ʾʭ ʧʨʠʢʣʘʜʥʠʭ ʟʘʩʪʦʩʫʚʘʥʴ. ʆʩʥʦʚʥʠʤʠ ʤʝʪʦʜʘʤʠ 

ʥʝʨʫʡʥʽʚʥʦʛʦ ʩʪʨʫʢʪʫʨʥʦʛʦ ʘʥʘʣʽʟʫ ʻ ʚʠʩʦʢʦʨʦʟʜʽʣʴʥʘ ʍ-ʧʨʦʤʝʥʝʚʘ 

ʜʠʬʨʘʢʪʦʤʝʪʨʽʷ (ɺʈʍɼ) ʪʘ ʍ-ʧʨʦʤʝʥʝʚʘ ʨʝʬʣʝʢʪʦʤʝʪʨʽʷ, ʪʦʤʫ ʜʦʩʣʽʜʞʝʥʥʷ 

ʪʘʢʦʛʦ ʨʽʚʥʷ ʻ ʘʢʪʫʘʣʴʥʠʤʠ ʟ ʦʛʣʷʜʫ ʥʘ ʤʦʞʣʠʚʽʩʪʴ ʦʪʨʠʤʘʥʥʷ ʽʥʬʦʨʤʘʮʽʾ ʧʨʦ 

ʩʪʨʫʢʪʫʨʫ ʥʘʥʦʨʦʟʤʽʨʥʠʭ ʦʙ'ʻʢʪʽʚ, ʾʭ ʜʝʬʦʨʤʘʮʽʡʥʠʡ ʩʪʘʥ, ʛʝʦʤʝʪʨʠʯʥʽ 

ʧʘʨʘʤʝʪʨʠ ʪʘ ʪʦʚʱʠʥʥʠʡ ʨʦʟʧʦʜʽʣ ʤʘʩʦʚʦʾ ʛʫʩʪʠʥʠ. 

 

ɿʚôʷʟʦʢ ʨʦʙʦʪʠ ʟ ʥʘʫʢʦʚʠʤʠ ʧʨʦʛʨʘʤʘʤʠ, ʧʣʘʥʘʤʠ, ʪʝʤʘʤʠ 

ɼʠʩʝʨʪʘʮʽʡʥʘ ʨʦʙʦʪʘ ʚʽʜʧʦʚʽʜʘʻ ʦʩʥʦʚʥʠʤ ʥʘʧʨʷʤʢʘʤ ʥʘʫʢʦʚʦʾ ʜʽʷʣʴʥʦʩʪʽ 

ɯʥʩʪʠʪʫʪʫ ʬʽʟʠʢʠ ʥʘʧʽʚʧʨʦʚʽʜʥʠʢʽʚ ʽʤ. ɺ.ɭ. ʃʘʰʢʘʨʴʦʚʘ ʅɸʅ ʋʢʨʘʾʥʠ ʽ ʚʠʢʦʥʘʥʘ 

ʫ ʚʽʜʧʦʚʽʜʥʦʩʪʽ ʜʦ ʪʝʤ: 

¶ ɼʝʨʞʘʚʥʘ ʮʽʣʴʦʚʘ ʥʘʫʢʦʚʦ-ʪʝʭʥʽʯʥʘ ʧʨʦʛʨʘʤʘ Ăɼʝʨʞʘʚʥʘ ʮʽʣʴʦʚʘ ʥʘʫʢʦʚʦ-

ʪʝʭʥʽʯʥʘ ʧʨʦʛʨʘʤʘ ʨʦʟʨʦʙʣʝʥʥʷ ʽ ʩʪʚʦʨʝʥʥʷ ʩʝʥʩʦʨʥʠʭ ʥʘʫʢʦʻʤʥʠʭ ʧʨʦʜʫʢʪʽʚ ʥʘ 

2008-2017 ʨʦʢʠò ʧʨʦʝʢʪ Ăʈʦʟʨʦʙʣʝʥʥʷ ʽ ʩʪʚʦʨʝʥʥʷ ʚʠʩʦʢʦʨʦʟʜʽʣʴʥʠʭ 

ʨʝʥʪʛʝʥʽʚʩʴʢʠʭ ʤʝʪʦʜʽʚ ʽ ʦʙʣʘʜʥʘʥʥʷ ʜʣʷ ʩʝʨʪʠʬʽʢʘʮʽʾ ʥʘʥʦʨʦʟʤʽʨʥʠʭ ʤʘʪʝʨʽʘʣʽʚò 

(ˉ ʜʝʨʞʘʚʥʦʾ ʨʝʻʩʪʨʘʮʽʾ 0108U003196) ï (ʚʠʢʦʥʘʚʝʮʴ). 

¶ ʎʽʣʴʦʚʘ ʢʦʤʧʣʝʢʩʥʘ ʧʨʦʛʨʘʤʘ ʬʫʥʜʘʤʝʥʪʘʣʴʥʠʭ ʜʦʩʣʽʜʞʝʥʴ Ăʅʘʥʦʬʽʟʠʢʘ, 

ʥʘ-ʥʦʤʘʪʝʨʽʘʣʠ ʪʘ ʥʘʥʦʪʝʭʥʦʣʦʛʽʾò (ˉ ʜʝʨʞʘʚʥʦʾ ʨʝʻʩʪʨʘʮʽʾ 0103U006315) ï 

(ʚʠʢʦ-ʥʘʚʝʮʴ). 

¶ ʎʽʣʴʦʚʘ ʧʨʦʛʨʘʤʘ ɺʌɸ ʅɸʅ ʋʢʨʘʾʥʠ Ăʌʽʟʠʯʥʽ ʤʝʭʘʥʽʟʤʠ ʚʧʣʠʚʫ 

ʜʝʬʦʨʤʘʮʽʡ ʽ ʧʨʦʮʝʩʽʚ ʨʝʣʘʢʩʘʮʽʾ ʥʘ ʬʦʨʤʫʚʘʥʥʷ ʽ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ 
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ʥʘʧʽʚʧʨʦʚʽʜʥʠʢʦʚʠʭ ʥʘʥʦʩʪʨʫʢʪʫʨ ʽʟ ʩʢʣʘʜʥʦʶ ʢʨʠʩʪʘʣʽʯʥʦʶ ʛʨʘʪʢʦʶò (ˉ 

ʜʝʨʞʘʚʥʦʾ ʨʝʻʩʪʨʘʮʽʾ 0111U002512) ï (ʚʠʢʦʥʘʚʝʮʴ). 

¶ ʎʽʣʴʦʚʘ ʥʘʫʢʦʚʦ-ʪʝʭʥʽʯʥʘ ʧʨʦʛʨʘʤʘ ʅɸʅ ʋʢʨʘʾʥʠ Ăɼʦʩʣʽʜʞʝʥʥʷ ʽ 

ʨʦʟʨʦʙʢʠ ʟ ʧʨʦʙʣʝʤ ʧʽʜʚʠʱʝʥʥʷ ʦʙʦʨʦʥʦʟʜʘʪʥʦʩʪʽ ʽ ʙʝʟʧʝʢʠ ʜʝʨʞʘʚʠò ʧʨʦʝʢʪ 

ñʈʦʟʨʦʙʢʘ ʪʝʭʥʦʣʦʛʽʾ ʚʠʛʦʪʦʚʣʝʥʥʷ ʜʚʦʜʽʘʧʘʟʦʥʥʠʭ ʙʘʛʘʪʦʝʣʝʤʝʥʪʥʠʭ 

ʬʦʪʦʧʨʠʡʤʘʣʴʥʠʭ ʽʥʬʨʘʯʝʨʚʦʥʠʭ ʧʨʠʩʪʨʦʾʚ ʩʧʝʮʽʘʣʴʥʦʛʦ ʧʨʠʟʥʘʯʝʥʥʷ ʥʘ ʦʩʥʦʚʽ 

ʘʥʪʠʤʦʥʽʜʫ ʽʥʜʽʶò (ˉ ʜʝʨʞʘʚʥʦʾ ʨʝʻʩʪʨʘʮʽʾ 0117U001509) ï (ʚʠʢʦʥʘʚʝʮʴ). 

 

ʄʝʪʘ, ʟʘʚʜʘʥʥʷ, ʦʙôʻʢʪ, ʧʨʝʜʤʝʪ ʪʘ ʤʝʪʦʜʠ ʜʦʩʣʽʜʞʝʥʥʷ 

ʄʝʪʦʶ ʜʠʩʝʨʪʘʮʽʡʥʦʾ ʨʦʙʦʪʠ ʻ ʚʩʪʘʥʦʚʣʝʥʥʷ ʬʽʟʠʯʥʠʭ ʤʝʭʘʥʽʟʤʽʚ 

ʬʦʨʤʫʚʘʥʥʷ ʜʝʬʦʨʤʘʮʽʡʥʦʛʦ ʩʪʘʥʫ ʚ ʥʘʜʛʨʘʪʢʦʚʠʭ ʩʪʨʫʢʪʫʨʘʭ GaN/AlN ʪʘ ʡʦʛʦ 

ʚʧʣʠʚʫ ʥʘ ʧʦʣʷʨʠʟʘʮʽʡʥʽ ʧʦʣʷ ʽ ʦʧʪʠʯʥʽ ʚʣʘʩʪʠʚʦʩʪʽ ʮʠʭ ʩʠʩʪʝʤ; ʨʦʟʨʦʙʢʘ 

ʤʝʪʦʜʠʢ ʘʥʘʣʽʟʫ ʢʘʨʪ ʦʙʝʨʥʝʥʦʛʦ ʧʨʦʩʪʦʨʫ ʜʣʷ ʨʦʟʦʨʽʻʥʪʦʚʘʥʠʭ ʧʦʚʝʨʭʦʥʴ, ʘ 

ʪʘʢʦʞ ʘʜʘʧʪʘʮʽʷ ʤʝʪʦʜʠʢʠ ʍ-ʧʨʦʤʝʥʝʚʦʾ ʨʝʬʣʝʢʪʦʤʝʪʨʽʾ ʜʣʷ ʜʦʩʣʽʜʞʝʥʥʷ 

ʙʘʛʘʪʦʰʘʨʦʚʠʭ ʩʠʩʪʝʤ (ɹʐʉ) ʪʘ ʥʘʥʦʧʦʨʠʩʪʠʭ ʩʪʨʫʢʪʫʨ. 

ɼʣʷ ʜʦʩʷʛʥʝʥʥʷ ʧʦʩʪʘʚʣʝʥʦʾ ʤʝʪʠ ʙʫʣʦ ʚʠʟʥʘʯʝʥʦ ʪʘʢʽ ʟʘʚʜʘʥʥʷ: 

1. ʈʦʟʨʦʙʠʪʠ ʤʝʪʦʜʠʢʠ ʚʠʤʽʨʶʚʘʥʥʷ ʧʘʨʘʤʝʪʨʽʚ ʛʨʘʪʢʠ ʪʘ ʜʝʬʦʨʤʘʮʽʡʥʦʛʦ 

ʩʪʘʥʫ ʧʨʠ ʚʠʢʦʨʠʩʪʘʥʥʽ ʢʘʨʪ ʨʦʟʧʦʜʽʣʫ ʽʥʪʝʥʩʠʚʥʦʩʪʽ ʥʘʚʢʦʣʦ ʚʫʟʣʽʚ ʦʙʝʨʥʝʥʦʾ 

ʛʨʘʪʢʠ, ʘ ʪʘʢʦʞ ʤʝʪʦʜʠʢʫ ʚʠʟʥʘʯʝʥʥʷ ʢʨʠʩʪʘʣʦʛʨʘʬʽʯʥʦʾ ʨʦʟʦʨʽʻʥʪʘʮʽʾ ʧʣʦʱʠʥ 

ʧʽʜ ʚʧʣʠʚʦʤ ʜʝʬʦʨʤʘʮʽʡ. 

2. ɼʦʩʣʽʜʠʪʠ ʜʝʬʦʨʤʘʮʽʡʥʠʡ ʩʪʘʥ ʢʦʨʦʪʢʦʧʝʨʽʦʜʥʠʭ AlGaN/GaN ʥʘʜʛʨʘʪʦʢ 

ʧʨʠ ʨʽʟʥʠʭ ʩʧʽʚʚʽʜʥʦʰʝʥʥʷʭ ʪʦʚʱʠʥʠ ʙʘʨ'ʻʨ/ʷʤʘ ʪʘ ʚʩʪʘʥʦʚʠʪʠ ʨʦʣʴ ʜʝʬʦʨʤʘʮʽʡ 

ʫ ʬʦʨʤʫʚʘʥʥʽ ʬʽʟʠʯʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ ʅɻ, ʟʦʢʨʝʤʘ ʚʝʣʠʯʠʥʠ ʩʧʦʥʪʘʥʥʦʾ ʪʘ 

ʥʘʚʝʜʝʥʦʾ ʧʦʣʷʨʠʟʘʮʽʾ. 

3. ɺʠʟʥʘʯʠʪʠ ʦʩʦʙʣʠʚʦʩʪʽ ʨʝʣʘʢʩʘʮʽʾ ʥʘʧʨʫʞʝʥʴ ʚ AlN/GaN ʥʘʜʛʨʘʪʢʘʭ, 

ʚʠʨʦʱʝʥʠʭ ʥʘ GaN (0001) ʧʦʚʝʨʭʥʷʭ ʤʝʪʦʜʘʤʠ ɺʈʍɼ ʽ AʉM. 

4. ɼʦʩʣʽʜʠʪʠ ʚʧʣʠʚ ʜʝʬʦʨʤʘʮʽʡ ʩʪʠʩʢʫ ʚ ʥʘʥʦʯʘʩʪʢʘʭ ʟʦʣʦʪʘ ʥʘ ʟʤʽʥʫ 

ʫʩʝʨʝʜʥʝʥʦʛʦ ʧʘʨʘʤʝʪʨʘ ʛʫʩʪʠʥʠ ʨʝʯʦʚʠʥʠ, ʱʦ ʜʦʟʚʦʣʠʪʴ ʙʽʣʴʰ ʢʦʨʝʢʪʥʦ 

ʚʠʟʥʘʯʘʪʠ ʧʘʨʘʤʝʪʨ ʧʦʨʠʩʪʦʩʪʽ ʤʝʪʦʜʦʤ ʍ-ʧʨʦʤʝʥʝʚʦʾ ʨʝʬʣʝʢʪʦʤʝʪʨʽʾ ʰʣʷʭʦʤ 

ʟʘʤʽʥʠ ʪʘʙʣʠʯʥʦʛʦ ʟʥʘʯʝʥʥʷ ʛʫʩʪʠʥʠ ʥʘ ʟʥʘʯʝʥʥʷ, ʦʪʨʠʤʘʥʝ ʟ ʜʠʬʨʘʢʪʦʤʝʪʨʽʾ. 
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5. ɺʩʪʘʥʦʚʠʪʠ ʚʧʣʠʚ ʨʦʟʦʨʽʻʥʪʘʮʽʾ ʧʦʚʝʨʭʥʽ ʪʘ ʚʤʽʩʪʫ ʦʣʦʚʘ ʥʘ 

ʜʝʬʦʨʤʘʮʽʡʥʠʡ ʩʪʘʥ ʪʘ ʨʝʣʘʢʩʘʮʽʶ ʥʘʧʨʫʞʝʥʴ ʚ Ge1-xSnx ʰʘʨʘʭ, ʚʠʨʦʱʝʥʠʭ ʥʘ 

Ge/Si(001) ʟʘ ʜʦʧʦʤʦʛʦʶ ʤʦʣʝʢʫʣʷʨʥʦ-ʧʨʦʤʝʥʝʚʦʾ ʝʧʽʪʘʢʩʽʾ. 

ʆʙôʻʢʪ ʜʦʩʣʽʜʞʝʥʥʷ ï ʥʘʜʛʨʘʪʢʦʚʽ ʩʪʨʫʢʪʫʨʠ GaN/AlN ʥʘ ʧʽʜʢʣʘʜʢʘʭ 

Al2O3 (0001), ʙʘʛʘʪʦʰʘʨʦʚʽ ʩʠʩʪʝʤʠ AlGaN/GaN, Ge1-xSnx ʰʘʨʠ ʥʘ Ge/Si(001) 

ʧʽʜʢʣʘʜʢʘʭ; ʥʘʥʦʧʦʨʠʩʪʽ ʩʪʨʫʢʪʫʨʠ ʟʦʣʦʪʘ. 

ʇʨʝʜʤʝʪ ʜʦʩʣʽʜʞʝʥʥʷ ï ʚʧʣʠʚ ʩʧʽʚʚʽʜʥʦʰʝʥʥʷ ʪʦʚʱʠʥ ʷʤʘ-ʙʘʨôʻʨ, 

ʢʽʣʴʢʦʩʪʽ ʧʝʨʽʦʜʽʚ, ʘ ʪʘʢʦʞ ʨʦʟʦʨʽʻʥʪʘʮʽʾ ʧʦʚʝʨʭʥʽ ʧʽʜʢʣʘʜʢʠ ʥʘ ʜʝʬʦʨʤʘʮʽʡʥʦ-

ʨʝʣʘʢʩʘʮʽʡʥʠʡ ʩʪʘʥ ɹʐʉ, ʪʨʘʥʩʬʦʨʤʘʮʽʶ ʚʙʫʜʦʚʘʥʠʭ ʝʣʝʢʪʨʠʯʥʠʭ ʧʦʣʽʚ ʪʘ 

ʦʩʦʙʣʠʚʦʩʪʽ ʜʠʬʨʘʢʮʽʾ ʍ-ʧʨʦʤʝʥʽʚ ʚ ʮʠʭ ʩʪʨʫʢʪʫʨʘʭ. ɺʧʣʠʚ ʫʤʦʚ ʬʦʨʤʫʚʘʥʥʷ 

ʥʘʥʦʧʦʨʠʩʪʠʭ ʧʣʽʚʦʢ ʟʦʣʦʪʘ ʥʘ ʾʭ ʩʪʨʫʢʪʫʨʥʽ ʚʣʘʩʪʠʚʦʩʪʽ. 

ʄʝʪʦʜʠ ʜʦʩʣʽʜʞʝʥʥʷ: ʚʠʩʦʢʦʨʦʟʜʽʣʴʥʽ ʤʝʪʦʜʠ ʍ-ʧʨʦʤʝʥʝʚʦʾ 

ʜʠʬʨʘʢʪʦʤʝʪʨʽʾ ʪʘ ʨʝʬʣʝʢʪʦʤʝʪʨʽʾ, ʧʨʦʩʚʽʪʣʶʶʯʘ ʝʣʝʢʪʨʦʥʥʘ ʤʽʢʨʦʩʢʦʧʽʷ 

(ʇɽʄ), ʘʪʦʤʥʘ ʩʠʣʦʚʘ ʤʽʢʨʦʩʢʦʧʽʷ (ɸʉʄ), ʚʪʦʨʠʥʥʘ ʥʝʡʪʨʘʣʴʥʘ ʤʘʩ-

ʩʧʝʢʪʨʦʤʝʪʨʽʷ (ɺʅʄʉ), ʢʦʤʙʽʥʘʮʽʡʥʝ ʨʦʟʩʽʷʥʥʷ ʩʚʽʪʣʘ (ʂʈʉ). 

 

ʅʘʫʢʦʚʘ ʥʦʚʠʟʥʘ ʦʜʝʨʞʘʥʠʭ ʨʝʟʫʣʴʪʘʪʽʚ 

¶ ɺʧʝʨʰʝ ʚʩʪʘʥʦʚʣʝʥʦ, ʱʦ ʨʝʣʘʢʩʘʮʽʷ ʚʙʫʜʦʚʘʥʠʭ ʥʘʧʨʫʞʝʥʴ ʚ ʥʘʜʛʨʘʪʢʘʭ 

(ʅɻ), ʷʢʽ ʩʢʣʘʜʘʶʪʴʩʷ ʟ ʩʠʤʝʪʨʠʯʥʠʭ ʰʘʨʽʚ GaN ʽ AlN ʟʨʦʩʪʘʻ ʽʟ ʟʙʽʣʴʰʝʥʥʷʤ 

ʯʠʩʣʘ ʧʝʨʽʦʜʽʚ; ʧʨʦʪʝ ʨʝʣʘʢʩʘʮʽʷ ʜʣʷ ʜʦʢʨʠʪʠʯʥʠʭ ʪʦʚʱʠʥ ʅɻ ʧʦʷʩʥʶʻʪʴʩʷ ʯʝʨʝʟ 

ʥʘʢʦʧʠʯʝʥʥʷ ʥʘʭʠʣʫ ʅʘʛʘʾ ʥʘ ʢʦʞʥʦʤʫ ʽʥʪʝʨʬʝʡʩʽ ʅɻ.  

¶ ɺʧʝʨʰʝ ʚʩʪʘʥʦʚʣʝʥʦ, ʱʦ ʜʝʬʦʨʤʘʮʽʷ ʩʪʠʩʢʫ ʚ ʙʫʬʝʨʥʠʭ ʰʘʨʘʭ, ʘ ʪʘʢʦʞ ʚ 

ʰʘʨʘʭ ɹʐʉ ʟ ʥʠʟʴʢʠʤ ʚʤʽʩʪʦʤ Al ʚ ʙʘʨ'ʻʨʽ ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʩʠʪʫʘʮʽʾ, ʢʦʣʠ ʧ'ʻʟʦ-

ʝʣʝʢʪʨʠʯʥʽ ʧʦʣʷ ʤʘʶʪʴ ʦʜʥʘʢʦʚʠʡ ʟʥʘʢ ʚ ʷʤʽ ʽ ʙʘʨ'ʻʨʥʠʭ ʰʘʨʘʭ. ɺ ʨʝʟʫʣʴʪʘʪʽ 

ʮʴʦʛʦ ʨʝʢʦʤʙʽʥʘʮʽʷ ʜʦʥʦʨʥʦ-ʘʢʮʝʧʪʦʨʥʠʭ ʧʘʨ ʜʦʤʽʥʫʻ ʥʘʜ ʧʝʨʝʭʦʜʘʤʠ ʤʽʞ 

ʝʣʝʢʪʨʦʥʥʠʤʠ ʽ ʜʽʨʢʦʚʠʤʠ ʩʪʘʥʘʤʠ ʚ ʢʚʘʥʪʦʚʽʡ ʷʤʽ.  

¶ ɺʧʝʨʰʝ ʤʝʪʦʜ ʍ-ʧʨʦʤʝʥʝʚʦʾ ʨʝʬʣʝʢʪʦʤʝʪʨiʾ ʟʘʩʪʦʩʦʚʘʥʦ ʜʣʷ ʚʠʟʥʘʯʝʥʥʷ 

ʚʧʣʠʚʫ ʫʤʦʚ ʬʦʨʤʫʚʘʥʥʷ ʥʘʥʦʢʦʤʧʦʟʠʪʥʠʭ ʧʣiʚʦʢ ʟ ʤʘʩʠʚʦʤ ʧʣʘʟʤʦʥʥʠʭ 

ʥʘʥʦʯʘʩʪʠʥʦʢ ʟʦʣʦʪʘ ʥʘ ʾʭ ʧʦʨʠʩʪiʩʪʴ. ɺʩʪʘʥʦʚʣʝʥʦ ʟʚôʷʟʦʢ ʧʦʨʠʩʪʦʩʪi 

ʥʘʥʦʩʪʨʫʢʪʫʨ ʟ ʾʭ ʧʣʘʟʤʦʥʥʠʤʠ ʚʣʘʩʪʠʚʦʩʪʷʤʠ. ʇʦʢʘʟʘʥʦ, ʱʦ ʥʘʥʝʩʝʥʥʷ ʧʣiʚʦʢ 
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ʟʦʣʦʪʘ ʟ ʧʨʷʤʦʛʦ ʧʦʪʦʢʫ ʚʠʩʦʢʦʝʥʝʨʛʝʪʠʯʥʠʭ ʥʘʥʦʯʘʩʪʠʥʦʢ ʝʨʦʟiʡʥʦʛʦ ʬʘʢʝʣʘ 

ʧʨʠ ʟʘʣʠʰʢʦʚʦʤʫ ʪʠʩʢʫ ʤʝʥʰʝ ʥiʞ 10ī2 ʇʘ ʜʦʟʚʦʣʷʻ ʦʜʝʨʞʘʪʠ ʥʠʟʴʢʫ ʧʦʨʠʩʪʽʩʪʴ 

ʧʣ̔ʚʦʢ ʚ 0,1%. 

¶ ɺʧʝʨʰʝ ʧʦʢʘʟʘʥʦ, ʱʦ ʜʣʷ ʢʦʨʝʢʪʥʦʛʦ ʚʠʟʥʘʯʝʥʥʷ ʚʝʣʠʯʠʥʠ ʧʦʨʠʩʪʦʩʪʽ ʪʦʥʢʠʭ 

ʧʣʽʚʦʢ ʟʦʣʦʪʘ ʥʝʦʙʭʽʜʥʦ ʧʨʦʚʦʜʠʪʠ ʜʦʜʘʪʢʦʚʽ ʚʠʤʽʨʶʚʘʥʥʷ ʧʘʨʘʤʝʪʨʘ ʛʨʘʪʢʠ ʜʣʷ 

ʚʨʘʭʫʚʘʥʥʷ ʡʦʛʦ ʟʤʽʥʠ ʧʽʜ ʚʧʣʠʚʦʤ ʜʝʬʦʨʤʘʮʽʾ. 

¶ ɺʩʪʘʥʦʚʣʝʥʦ, ʱʦ ʪʦʚʱʠʥʘ ʦʢʨʝʤʠʭ ʰʘʨʽʚ ʚ ʅɻ ʟʘʣʝʞʠʪʴ ʚʽʜ ʩʪʘʥʫ ʜʝʬʦʨʤʘʮʽʾ 

ʚʩʽʻʾ ʩʠʩʪʝʤʠ, ʷʢʘ ʟʘʣʝʞʠʪʴ ʚʽʜ ʩʪʫʧʝʥʷ ʨʝʣʘʢʩʘʮʽʾ ʙʫʬʝʨʥʦʛʦ ʰʘʨʫ. ʇʦʢʘʟʘʥʘ 

ʟʘʣʝʞʥʽʩʪʴ ʤʽʞ ʰʚʠʜʢʽʩʪʶ ʨʦʩʪʫ ʦʢʨʝʤʦʛʦ ʰʘʨʫ ʽ ʩʪʘʥʦʤ ʜʝʬʦʨʤʘʮʽʾ: ʟʙʽʣʴʰʝʥʥʷ 

ʨʽʚʥʷ ʜʝʬʦʨʤʘʮʽʾ ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʧʽʜʚʠʱʝʥʥʷ ʰʚʠʜʢʦʩʪʽ ʨʦʩʪʫ ʜʣʷ ʙʘʨ'ʻʨʥʦʛʦ 

ʰʘʨʫ. ɺʩʪʘʥʦʚʣʝʥʦ, ʱʦ ʩʪʨʫʢʪʫʨʥʽ, ʦʧʪʠʯʥʽ ʪʘ ʝʣʝʢʪʨʦʬʽʟʠʯʥʽ ʚʣʘʩʪʠʚʦʩʪʽ ʅɻ 

ʚʠʟʥʘʯʘʶʪʴʩʷ ʧʨʦʮʝʩʘʤʠ ʧʨʫʞʥʦʾ ʨʝʣʘʢʩʘʮʽʾ ʥʘʧʨʫʞʝʥʴ, ʷʢʽ ʧʨʠʟʚʦʜʷʪʴ ʜʦ ʟʤʽʥʠ 

ʪʦʚʱʠʥ ʷʤʠ ʽ ʙʘʨ'ʻʨʫ. 

¶ ɺʧʝʨʰʝ ʜʣʷ ʰʘʨʽʚ Ge1-xSnx ʟ ʤʦʣʷʨʥʦʶ ʯʘʩʪʢʦʶ Sn ʭº0,04 ʽ 0,07, ʚʠʨʦʱʝʥʠʭ 

ʤʝʪʦʜʦʤ ʤʦʣʝʢʫʣʷʨʥʦ-ʧʨʦʤʝʥʝʚʦʾ ʝʧʽʪʘʢʩʽʾ ʥʘ ʨʝʣʘʢʩʦʚʘʥʠʭ (001) ʙʫʬʝʨʥʠʭ 

ʰʘʨʘʭ Ge ʙʫʣʦ ʚʩʪʘʥʦʚʣʝʥʦ, ʱʦ ʚʦʥʠ ʯʘʩʪʢʦʚʦ ʨʝʣʘʢʩʦʚʘʥʽ, ʽ ʩʪʫʧʽʥʴ ʨʝʣʘʢʩʘʮʽʾ 

ʟʨʦʩʪʘʻ ʟ 8% ʧʨʠ ʭ = 0,04 ʜʦ 14% ʜʣʷ ʭ = 0,07. ʇʨʠ ʮʴʦʤʫ ʜʣʷ ʩʪʨʫʢʪʫʨʠ Ge0,93Sn0,07 

ʚʠʷʚʣʝʥʦ ʘʥʦʤʘʣʴʥʦ ʚʝʣʠʢʠʡ ʥʘʭʠʣ ʙʣʠʟʴʢʦ 0,2Á ʧʣʦʱʠʥ (001) ʝʧʽʪʘʢʩʽʡʥʦʛʦ 

ʰʘʨʫ ʱʦʜʦ ʚʽʜʧʦʚʽʜʥʠʭ ʧʣʦʱʠʥ ʧʽʜʢʣʘʜʢʠ. ʇʦʢʘʟʘʥʦ ʪʘʢʦʞ, ʱʦ ʧʦʚʦʨʦʪ ʦʩʽ 

ʝʧʽʪʘʢʩʽʡʥʦʛʦ ʥʘʭʠʣʫ ʥʘ ʢʫʪ 90Á ʧʦ ʚʽʜʥʦʰʝʥʥʶ ʜʦ ʥʘʧʨʷʤʢʫ ʨʦʟʦʨʽʻʥʪʘʮʽʾ 

ʧʽʜʢʣʘʜʢʠ ʦʙʫʤʦʚʣʝʥʠʡ ʚ ʦʩʥʦʚʥʦʤʫ ʣʦʢʘʣʴʥʠʤʠ ʥʘʭʠʣʘʤʠ ʧʦʚʝʨʭʥʽ ʚʥʘʩʣʽʜʦʢ 

ʫʪʚʦʨʝʥʥʷ ʬʘʩʝʪʦʢ, ʱʦ ʻ ʥʘʩʣʽʜʢʦʤ ʘʥʽʟʦʪʨʦʧʽʾ ʨʦʟʧʦʜʽʣʫ ʜʠʩʣʦʢʘʮʽʡ ʚ ʰʘʨʽ. 

 

ʇʨʘʢʪʠʯʥʝ ʟʥʘʯʝʥʥʷ ʦʜʝʨʞʘʥʠʭ ʨʝʟʫʣʴʪʘʪʽʚ 

¶ ɺʩʪʘʥʦʚʣʝʥʘ ʟʘʣʝʞʥʽʩʪʴ ʩʪʨʫʢʪʫʨʥʠʭ ʧʘʨʘʤʝʪʨʽʚ ʚ ɹʐʉ GaN/AlN ʚʽʜ 

ʩʧʽʚʚʽʜʥʦʰʝʥʥʷ ʪʦʚʱʠʥʠ ʰʘʨʽʚ ʷʤʘ-ʙʘʨôʻʨ, ʱʦ ʜʦʟʚʦʣʠʪʴ ʦʧʪʠʤʽʟʫʚʘʪʠ 

ʪʝʭʥʦʣʦʛʽʶ ʚʠʨʦʱʫʚʘʥʥʷ, ʘ ʪʘʢʦʞ ʩʧʨʠʷʪʠʤʝ ʩʪʚʦʨʝʥʥʶ ʥʦʚʽʪʥʽʭ ʥʘʥʦʧʨʠʩʪʨʦʾʚ 

ʥʘ ʦʩʥʦʚʽ ɯɯɯ ʥʽʪʨʠʜʽʚ ʟ ʥʘʧʝʨʝʜ ʟʘʜʘʥʠʤʠ ʚʣʘʩʪʠʚʦʩʪʷʤʠ ʪʘ ʥʝʦʙʭʽʜʥʠʤʠ 

ʧʘʨʘʤʝʪʨʘʤʠ ʜʣʷ ʚʠʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʾ, -ʧʦʪʫʞʥʦʾ, -ʯʘʩʪʦʪʥʦʾ ʥʘʥʦʝʣʝʢʪʨʦʥʽʢʠ. 

¶ ɺʩʪʘʥʦʚʣʝʥʦ ʽʥʪʝʨʚʘʣ ʪʦʚʱʠʥʠ ʅɻ, ʚ ʷʢʦʤʫ ʧʨʦʮʝʩ ʨʦʩʪʫ ʜʣʷ ʬʦʨʤʫʚʘʥʥʷ 



20 
 

ʚʠʩʦʢʦʷʢʽʩʥʠʭ ʢʦʛʝʨʝʥʪʥʠʭ ʢʨʠʩʪʘʣʽʯʥʠʭ ʩʪʨʫʢʪʫʨ ʤʦʞʝ ʙʫʪʠ ʦʙʤʝʞʝʥʠʡ. 

ɿʥʘʡʜʝʥʦ ʽʥʪʝʨʚʘʣ ʪʝʭʥʦʣʦʛʽʯʥʠʭ ʧʘʨʘʤʝʪʨʽʚ, ʢʦʪʨʠʡ ʜʦʟʚʦʣʷʻ ʧʽʜʽʙʨʘʪʠ ʫʤʦʚʠ 

ʨʦʩʪʫ ʜʣʷ ʟʤʝʥʰʝʥʥʷ ʯʠʩʣʘ ʧʨʦʥʠʟʫʶʯʠʭ ʜʠʩʣʦʢʘʮʽʡ (ʇɼ) ʰʣʷʭʦʤ 

ʢʦʥʪʨʦʣʴʦʚʘʥʦʾ ʨʝʣʘʢʩʘʮʽʾ ʝʧʽʪʘʢʩʽʡʥʠʭ ʩʪʨʫʢʪʫʨ.  

¶ ɺʩʪʘʥʦʚʣʝʥʘ ʤʦʞʣʠʚʽʩʪʴ ʨʝʛʫʣʶʚʘʥʥʷ ʚʝʣʠʯʠʥʠ ʽ ʥʘʧʨʷʤʢʫ ʧʦʣʷʨʠʟʘʮʽʾ ʟʘ 

ʨʘʭʫʥʦʢ ʟʤʽʥʠ ʜʝʬʦʨʤʘʮʽʡʥʦʛʦ ʩʪʘʥʫ ʩʠʩʪʝʤ, ʱʦ ʚʽʜʢʨʠʚʘʻ ʰʣʷʭ ʜʣʷ 

ʧʦʣʷʨʠʟʘʮʽʡʥʦʾ ʽʥʞʝʥʝʨʽʾ ʚ ʛʘʣʫʟʽ ʝʣʝʢʪʨʦʥʽʢʠ ʥʘ ʦʩʥʦʚʽ III -ʥʽʪʨʠʜʥʠʭ ʩʧʦʣʫʢ. 

ʂʦʥʪʨʦʣʴ ʥʘʜ ʨʽʚʥʝʤ ʥʘʧʨʫʛ ʚ ʧʽʜʢʣʘʜʢʘʭ ʽ ʰʘʨʘʭ ɹʐʉ ʜʦʟʚʦʣʠʪʴ ʩʪʚʦʨʠʪʠ ʨʽʚʥʽ 

ʟʘ ʚʝʣʠʯʠʥʦʶ ʽ ʧʨʦʪʠʣʝʞʥʽ ʟʘ ʥʘʧʨʷʤʢʘʤʠ ʩʧʦʥʪʘʥʥʫ ʽ ʧ'ʻʟʦʝʣʝʢʪʨʠʯʥʫ 

ʧʦʣʷʨʠʟʘʮʽʾ, ʥʘʧʨʠʢʣʘʜ, ʜʣʷ ʜʦʩʷʛʥʝʥʥʷ ʪʘʢʦʛʦ ʞ ʨʝʟʫʣʴʪʘʪʫ, ʷʢ ʽ ʟ 

ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʥʝʧʦʣʷʨʥʠʭ ʧʣʦʱʠʥ. 

 

ʆʩʦʙʠʩʪʠʡ ʚʥʝʩʦʢ ʟʜʦʙʫʚʘʯʘ 

ʆʩʦʙʠʩʪʠʡ ʚʥʝʩʦʢ ʘʚʪʦʨʘ ʜʠʩʝʨʪʘʮʽʾ ʧʦʣʷʛʘʻ ʚ ʦʜʝʨʞʘʥʥʽ 

ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʠʭ ʨʝʟʫʣʴʪʘʪʽʚ ʟʘ ʜʦʧʦʤʦʛʦʶ ʍ-ʧʨʦʤʝʥʝʚʦʾ ʜʠʬʨʘʢʪʦʤʝʪʨʽʾ ʪʘ 

ʨʝʬʣʝʢʪʦʤʝʪʨʽʾ. ʊʘʢʦʞ, ʘʚʪʦʨʫ ʜʠʩʝʨʪʘʮʽʾ ʥʘʣʝʞʘʪʴ ʤʘʪʝʤʘʪʠʯʥʽ ʦʙʨʘʭʫʥʢʠ ʚ 

ʨʦʙʦʪʘʭ [1*ï7*]. ɿʜʦʙʫʚʘʯ ʙʨʘʚ ʘʢʪʠʚʥʫ ʫʯʘʩʪʴ ʫ ʧʦʩʪʘʥʦʚʮʽ ʟʘʚʜʘʥʴ, 

ʽʥʪʝʨʧʨʝʪʘʮʽʾ ʨʝʟʫʣʴʪʘʪʽʚ [2*ï8*] ʪʘ ʧʨʝʜʩʪʘʚʣʝʥʥʽ ʨʝʟʫʣʴʪʘʪʽʚ ʥʘ ʢʦʥʬʝʨʝʥʮʽʷʭ 

[9*ï15*]. ʊʝʢʩʪʠ ʩʪʘʪʝʡ ʥʘʧʠʩʘʥʽ ʫ ʩʧʽʚʘʚʪʦʨʩʪʚʽ ʟ ʽʥʰʠʤʠ ʘʚʪʦʨʘʤʠ. 

 

ɸʧʨʦʙʘʮʽʷ ʨʝʟʫʣʴʪʘʪʽʚ ʜʠʩʝʨʪʘʮʽʾ 

ʆʩʥʦʚʥʽ ʨʝʟʫʣʴʪʘʪʠ ʜʠʩʝʨʪʘʮʽʡʥʦʾ ʨʦʙʦʪʠ ʜʦʧʦʚʽʜʘʣʠʩʷ ʥʘ ʫʢʨʘʾʥʩʴʢʠʭ ʪʘ 

ʤʽʞʥʘʨʦʜʥʠʭ ʢʦʥʬʝʨʝʥʮʽʷʭ: 

2nd International research and practice conference ñNANOTECHNOLOGY 

and NANOMATERIALS NANO-2014ò, August 27 ï 30, 2015, Lviv, Ukraine; 

IV ʤʝʞʜʫʥʘʨʦʜʥʘʷ ʥʘʫʯʥʘʷ ʢʦʥʬʝʨʝʥʮʠʷ ñʅɸʅʆ-2014ò, ʆʢʪʷʙʨʴ 7 ï 10, 

2014, ʄʠʥʩʢ, ɹʝʣʘʨʫʩʴ; 

ʂʦʥʬʝʨʝʥʮʽʷ ʤʦʣʦʜʠʭ ʚʯʝʥʠʭ ʟ ʬʽʟʠʢʠ ʥʘʧʽʚʧʨʦʚʽʜʥʠʢʽʚ ñʃʘʰʢʘʨʴʦʚʩʴʢʽ 

ʯʠʪʘʥʥʷ-2015ò. ʂʚʽʪʝʥʴ 1 ï 3, 2015, ʂʠʾʚ, ʋʢʨʘʾʥʘ; 

XV International conference on Physics and Technology of Thin Films and 
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Nanosystems. May 11-16, 2015, Ivano-Frankivsk, Ukraine; 

3rd International research and practice conference ñNANOTECHNOLOGY and 

NANOMATERIALS NANO-2015ò, August 26 ï 29, 2015, Lviv, Ukraine; 

ʂʦʥʬʝʨʝʥʮʽʷ ʤʦʣʦʜʠʭ ʚʯʝʥʠʭ ʟ ʬʽʟʠʢʠ ʥʘʧʽʚʧʨʦʚʽʜʥʠʢʽʚ ñʃʘʰʢʘʨʴʦʚʩʴʢʽ 

ʯʠʪʘʥʥʷ 2016ò, ʂʚʽʪʝʥʴ 6 ï 8, 2016, ʂʠʾʚ, ʋʢʨʘʾʥʘ; 

ʂʦʥʬʝʨʝʥʮʽʷ ʤʦʣʦʜʠʭ ʚʯʝʥʠʭ ʟ ʬʽʟʠʢʠ ʥʘʧʽʚʧʨʦʚʽʜʥʠʢʽʚ ñʃʘʰʢʘʨʴʦʚʩʴʢʽ 

ʯʠʪʘʥʥʷ 2017ò, ʂʚʽʪʝʥʴ 5 ï 7, 2017, ʂʠʾʚ, ʋʢʨʘʾʥʘ; 

 

ʉʪʨʫʢʪʫʨʘ ʪʘ ʦʙʩʷʛ ʜʠʩʝʨʪʘʮʽʾ 

ɼʠʩʝʨʪʘʮʽʡʥʘ ʨʦʙʦʪʘ ʩʢʣʘʜʘʻʪʴʩʷ ʽʟ ʚʩʪʫʧʫ, ʣʽʪʝʨʘʪʫʨʥʦʛʦ ʦʛʣʷʜʫ ʟ ʪʝʤʠ 

ʜʦʩʣʽʜʞʝʥʥʷ (ʨʦʟʜʽʣ 1), ʯʦʪʠʨʴʦʭ ʦʨʠʛʽʥʘʣʴʥʠʭ ʨʦʟʜʽʣʽʚ, ʷʢʽ ʧʨʠʩʚʷʯʝʥʽ 

ʦʩʥʦʚʥʠʤ ʨʝʟʫʣʴʪʘʪʘʤ ʨʦʙʦʪʠ ʪʘ ʤʝʪʦʜʠʢʘʤ ʜʦʩʣʽʜʞʝʥʥʷ ʽ ʨʦʟʨʘʭʫʥʢʽʚ, 

ʚʠʩʥʦʚʢʽʚ ʪʘ ʩʧʠʩʢʫ ʮʠʪʦʚʘʥʦʾ ʣʽʪʝʨʘʪʫʨʠ ʟ 175 ʥʘʡʤʝʥʫʚʘʥʴ. ɼʠʩʝʨʪʘʮʽʷ 

ʚʠʢʣʘʜʝʥʘ ʥʘ 142 ʩʪʦʨʽʥʢʘʭ ʪʝʢʩʪʫ ʽ ʤʽʩʪʠʪʴ 47 ʨʠʩʫʥʢʽʚ ʪʘ 10 ʪʘʙʣʠʮʴ. 
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ʈʆɿɼɯʃ 1 ʆʉʅʆɺʅɯ ɺɯɼʆʄʆʉʊɯ ʇʈʆ ʅɸʅʆʈʆɿʄɯʈʅɯ ʉʀʉʊɽʄʀ ʊɸ 

ʄɽʊʆɼʀ ɰʍ ɼɯɸɻʅʆʉʊʀʂʀ 

 

1.1 ʅʘʧʽʚʧʨʦʚʽʜʥʠʢʦʚʽ ʥʘʜʛʨʘʪʢʠ ɯɯɯ-ʥʽʪʨʠʜʽʚ 

1.1.1 ɿʘʛʘʣʴʥʘ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘ ʥʘʜʛʨʘʪʦʢ ɯɯɯ-ʥʽʪʨʠʜʽʚ. ʈʦʣʴ ʜʝʬʦʨʤʘʮʽʡ 

ʫ ʬʦʨʤʫʚʘʥʥʽ ʬʽʟʠʯʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ ʅɻ 

ʅʽʪʨʠʜʥʽ ʥʘʧʽʚʧʨʦʚʽʜʥʠʢʠ III ʛʨʫʧʠ, ʾʭ ʩʧʣʘʚʠ ʪʘ ʥʘʥʦʩʪʨʫʢʪʫʨʠ ʚʠʨʦʱʝʥʽ 

ʥʘ ʾʭ ʦʩʥʦʚʽ ʻ ʦʜʥʠʤʠ ʟ ʥʘʡʙʽʣʴʰ ʰʠʨʦʢʦ ʜʦʩʣʽʜʞʝʥʠʭ ʤʘʪʝʨʽʘʣʽʚ ʩʫʯʘʩʥʦʾ 

ʝʣʝʢʪʨʦʥʽʢʠ ʪʘ ʦʧʪʦʝʣʝʢʪʨʦʥʽʢʠ. ʎʽ ʥʘʧʽʚʧʨʦʚʽʜʥʠʢʠ ʟʘʣʠʰʘʶʪʴʩʷ ʫ ʮʝʥʪʨʽ ʫʚʘʛʠ 

ʟʘʚʜʷʢʠ ʥʠʟʮʽ ʚʣʘʩʪʠʚʦʩʪʝʡ, ʪʘʢʠʭ ʷʢ ʚʝʣʠʢʘ ʰʠʨʠʥʘ ʟʘʙʦʨʦʥʝʥʦʾ ʟʦʥʠ (3.4 ʝɺ 

ʜʣʷ GaN ʪʘ 6.2 ʝɺ ʜʣʷ AlN), ʚʠʩʦʢʘ ʤʦʙʽʣʴʥʽʩʪʴ (ʜʦ 1000 ʩʤ-2/(ɺĀʩ) ʜʣʷ GaN ʪʘ ʜʦ 

300 ʩʤ-2/(ɺĀʩ) ʜʣʷ AlN) ʪʘ ʜʨʝʡʬʦʚʘ ʰʚʠʜʢʽʩʪʴ ʝʣʝʢʪʨʦʥʽʚ (~107 ʩʤ/ʩ). ɼʣʷ 

ʧʨʠʣʘʜʽʚ ʥʘ ʙʘʟʽ ɯɯɯ ʥʽʪʨʠʜʽʚ ʭʘʨʘʢʪʝʨʥʽ ʚʠʩʦʢʽ ʝʣʝʢʪʨʠʯʥʽ ʧʦʣʷ ʧʨʦʙʦʶ 

(~106 ɺ/ʩʤ) ʪʘ ʧʦʪʫʞʥʦʩʪʽ (>100 ɺʪ). ʂʨʽʤ ʟʘʟʥʘʯʝʥʠʭ ʚʠʱʝ ʦʩʦʙʣʠʚʦʩʪʝʡ, ʜʣʷ 

ʥʽʪʨʠʜʥʠʭ ʥʘʧʽʚʧʨʦʚʽʜʥʠʢʽʚ ʭʘʨʘʢʪʝʨʥʘ ʚʠʩʦʢʘ ʪʝʨʤʽʯʥʘ, ʭʽʤʽʯʥʘ ʩʪʘʙʽʣʴʥʽʩʪʴ ʪʘ 

ʤʽʮʥʽʩʪʴ ʤʘʪʝʨʽʘʣʫ [1]ï[5]. 

ʆʢʨʝʤʠʡ ʢʣʘʩ ʪʘʢʠʭ ʤʘʪʝʨʽʘʣʽʚ ʩʢʣʘʜʘʶʪʴ AlxGa1-xN/GaN ʥʘʜʛʨʘʪʢʠ (ʅɻ) ī 

ʧʝʨʽʦʜʠʯʥʽ ʥʘʥʦʩʪʨʫʢʪʫʨʠ ʟ ʧʣʦʩʢʠʤʠ ʛʝʪʝʨʦʧʝʨʝʭʦʜʘʤʠ. ʊʘʢʽ ʩʪʨʫʢʪʫʨʠ 

ʧʨʝʜʩʪʘʚʣʷʶʪʴ ʽʥʪʝʨʝʩ ʷʢ ʚʝʣʴʤʠ ʩʧʝʮʠʬʽʯʥʽ ʦʙ'ʻʢʪʠ ʜʦʩʣʽʜʞʝʥʴ ʚ ʛʘʣʫʟʽ ʬʽʟʠʢʠ 

ʪʚʝʨʜʦʛʦ ʪʽʣʘ ʽ ʷʢ ʤʘʪʝʨʽʘʣʠ, ʚʘʞʣʠʚʽ ʜʣʷ ʟʘʩʪʦʩʫʚʘʥʥʷ ʚ ʬʦʪʦʥʥʠʭ ʧʨʠʩʪʨʦʷʭ, ʱʦ 

ʧʨʘʮʶʶʪʴ ʚ ʰʠʨʦʢʦʤʫ ʦʧʪʠʯʥʦʤʫ ʜʽʘʧʘʟʦʥʽ [6]ï[8]. 

ɿʦʢʨʝʤʘ, ʅɻ AlxGa1-xN/GaN ʚʠʢʦʨʠʩʪʦʚʫʶʪʴʩʷ ʚ ʩʚʽʪʣʦʜʽʦʜʘʭ, ʷʢʽ 

ʚʠʧʨʦʤʽʥʶʶʪʴ ʫ ʚʠʜʠʤʦʤʫ ʪʘ ʫʣʴʪʨʘʬʽʦʣʝʪʦʚʦʤʫ ʜʽʘʧʘʟʦʥʽ ʩʧʝʢʪʨʘ. ʂʨʽʤ ʪʦʛʦ 

ʟ̔-ʟʘ ʚʝʣʠʢʦʛʦ ʟʤʽʱʝʥʥʷ ʟʦʥʠ ʧʨʦʚʽʜʥʦʩʪʽ (~1,7 ʝɺ ʚ AlN/GaN) [9], ʥʽʪʨʠʜʥʽ ʅɻ 

ʟʥʘʡʰʣʠ ʧʦʪʝʥʮʽʡʥʝ ʟʘʩʪʦʩʫʚʘʥʥʷ ʚ ʽʥʬʨʘʯʝʨʚʦʥʽʡ ʦʙʣʘʩʪʽ ʩʧʝʢʪʨʘ [10]ï[12]. 

ʄʽʞʧʽʜʟʦʥʥʽ ʧʝʨʝʭʦʜʠ ʚ ʥʽʪʨʠʜʥʠʭ ʅɻ ʧʦʢʨʠʚʘʶʪʴ ʩʧʝʢʪʨʘʣʴʥʠʡ ʜʽʘʧʘʟʦʥ ʚ 

ʦʙʣʘʩʪʽ 1.3-1.55 ʤʤ, ʱʦ ʨʦʙʠʪʴ ʧʝʨʩʧʝʢʪʠʚʥʠʤ ʾʭ ʚʠʢʦʨʠʩʪʘʥʥʷ ʫ 

ʪʝʣʝʢʦʤʫʥʽʢʘʮʽʡʥʠʡ ʦʧʪʦʚʦʣʦʢʦʥʥʽʡ ʪʝʭʥʽʮʽ. ɯɯɯ-ʥʽʪʨʠʜʥʽ ʅɻ ʘʢʪʠʚʥʦ 

ʚʠʢʦʨʠʩʪʦʚʫʶʪʴ ʜʣʷ ʨʦʟʨʦʙʢʠ ʥʘʜʰʚʠʜʢʠʭ ʦʧʪʠʯʥʠʭ ʧʝʨʝʤʠʢʘʯʽʚ, ʱʦ ʧʨʘʮʶʶʪʴ 
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ʥʘ hʚʠʜʢʦʩʪʽ ʜʦ ʜʝʢʽʣʴʢʦʭ ʊʙʽʪ/ʩ, ʽʥʬʨʘʯʝʨʚʦʥʠʭ ʬʦʪʦʜʝʪʝʢʪʦʨʽʚ, ʤʦʜʫʣʷʪʦʨʽʚ 

ʽʥʪʝʥʩʠʚʥʦʩʪʽ ʽ ʢʚʘʥʪʦʚʠʭ ʢʘʩʢʘʜʥʠʭ ʣʘʟʝʨʽʚ [13], [14]. 

 

ʈʠʩʫʥʦʢ 1.1 ʆʩʥʦʚʥʽ ʩʬʝʨʠ ʟʘʩʪʦʩʫʚʘʥʥʷ ʥʘʜʛʨʘʪʦʢ. 

 

ʊʦʚʱʠʥʘ GaN ʢʚʘʥʪʦʚʠʭ ʷʤ (ʂʗ) ʚ ʪʘʢʠʭ ʩʪʨʫʢʪʫʨʘʭ, ʷʢ ʧʨʘʚʠʣʦ, ʜʫʞʝ 

ʤʘʣʘ (3-15 ʄʐ) ʽ ʥʝʚʝʣʠʢʽ ʚʘʨʽʘʮʽʾ ʚ ʪʦʚʱʠʥʽ ʪʽʣʴʢʠ ʦʜʥʦʛʦ ʤʦʥʦʰʘʨʫ (1 

ʄʐ=ʩ/2å0.26 ʥʤ ʧʨʠʟʚʦʜʷʪʴ ʜʦ ʚʽʜʥʦʩʥʦ ʚʝʣʠʢʠʭ ʟʤʽʥ ʝʥʝʨʛʽʾ ʚ ʤʽʞʧʽʜʟʦʥʥʠʭ 

(~100 ʤʝɺ) ʪʘ ʤʽʞʟʦʥʥʠʭ (~150 ʤʝɺ) ʧʝʨʝʭʦʜʘʭ [7], [15], [16]. ʊʘʢʠʤ ʯʠʥʦʤ, ʥʘ 

ʦʧʪʠʯʥʽ ʚʣʘʩʪʠʚʦʩʪʽ ʂʗ III-ʥʽʪʨʠʜʥʠʭ ʧʨʠʩʪʨʦʾʚ ʩʠʣʴʥʦ ʚʧʣʠʚʘʶʪʴ ʷʢʽʩʪʴ 

ʽʥʪʝʨʬʝʡʩʽʚ ʪʘ ʬʣʫʢʪʫʘʮʽʷ ʪʦʚʱʠʥʠ ʢʦʞʥʦʛʦ ʰʘʨʫ. ʎʷ ʚʠʩʦʢʘ ʯʫʪʣʠʚʽʩʪʴ ʜʦ 

ʚʽʜʭʠʣʝʥʥʷ ʪʦʚʱʠʥʠ ʻ ʦʜʥʽʻʶ ʟ ʢʣʶʯʦʚʠʭ ʧʝʨʝʰʢʦʜ ʜʣʷ ʩʪʚʦʨʝʥʥʷ 

ʦʧʪʦʝʣʝʢʪʨʦʥʥʠʭ ʧʨʠʩʪʨʦʾʚ ʥʘ ʦʩʥʦʚʽ III-ʥʽʪʨʠʜʥʠʭ ʅɻ. ɿʦʢʨʝʤʘ, ʟʤʽʥʘ ʪʦʚʱʠʥʠ 

ʧʨʠʟʚʦʜʷʪʴ ʜʦ ʯʝʨʚʦʥʦʛʦ (ʟʙʽʣʴʰʝʥʥʷ ʪʦʚʱʠʥʠ) ʘʙʦ ʩʠʥʴʦʛʦ ʟʩʫʚʫ (ʟʤʝʥʰʝʥʥʷ 

ʪʦʚʱʠʥʠ) ʜʦʚʞʠʥʠ ʭʚʠʣʽ ʦʩʥʦʚʥʦʛʦ ʦʧʪʠʯʥʦʛʦ ʚʽʜʛʫʢʫ ʂʗ. ʎʽ ʝʬʝʢʪʠ ʙʫʣʦ 

ʥʝʦʜʥʦʨʘʟʦʚʦ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʧʽʜʪʚʝʨʜʞʝʥʽ ʟʘ ʜʦʧʦʤʦʛʦʶ 

ʥʠʟʴʢʦʪʝʤʧʝʨʘʪʫʨʥʦʾ ʬʦʪʦʣʶʤʽʥʝʩʮʝʥʮʽʾ [7], [9], [15]ï[24]. 

ʅʝʟʚʘʞʘʶʯʠ ʥʘ ʜʦʩʷʛʥʝʥʥʷ ʟʥʘʯʥʦʛʦ ʧʨʦʛʨʝʩʫ ʚ ʦʪʨʠʤʘʥʥʽ III  ʥʽʪʨʠʜʽʚ, 

ʥʘʷʚʥʽ ʪʝʭʥʦʣʦʛʽʾ ʜʣʷ ʩʪʚʦʨʝʥʥʷ ʧʨʠʩʪʨʦʾʚ ʚʠʩʦʢʦʾ ʷʢʦʩʪʽ ʥʘ ʦʩʥʦʚʽ ʅɻ ʜʘʣʝʢ ̔ʚʽʜ 
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ʙʘʞʘʥʦʛʦ. ɽʧʽʪʘʢʩʽʡʥʠʡ ʨʽʩʪ AlN/GaN ʅɻ ʻ ʜʦʩʠʪʴ ʩʢʣʘʜʥʠʤ ʟʘʚʜʘʥʥʷʤ ʯʝʨʝʟ 

ʥʝʩʧʽʚʧʘʜʽʥʥʷ ʧʘʨʘʤʝʪʨʽʚ ʛʨʘʪʦʢ (~2,4%) ʤʽʞ GaN ʂʗ ʪʘ AlN ʙʘʨ'ʻʨʦʤ. 

ὓ
ὥ ὥ

ộὥỚ
ςȢτϷ     ρȢρ 

ʏʝʨʝʟ ʨʽʟʥʠʮʶ ʣʘʪʝʨʘʣʴʥʠʭ ʧʘʨʘʤʝʪʨʽʚ ʛʨʘʪʦʢ ʪʘ ʚʝʣʠʢʽ ʧ'ʻʟʦʝʣʝʢʪʨʠʯʥʽ 

ʢʦʥʩʪʘʥʪʠ ʚ III -ʥʽʪʨʠʜʘʭ ʜʣʷ AlN/GaN ʅɻ ʭʘʨʘʢʪʝʨʥʘ ʟʥʘʯʥʘ ʜʝʬʦʨʤʘʮʽʡʥʦ-

ʽʥʜʫʢʦʚʘʥʘ ʧ'ʻʟʦʝʣʝʢʪʨʠʯʥʘ ʧʦʣʷʨʠʟʘʮ̫̔ [25]. ʆʜʥʠʤ ʟ ʚʽʜʦʤʠʭ ʦʙʤʝʞʝʥʴ 

ʥʘʧʨʫʞʝʥʠʭ ʅɻ ʚ ʧʨʠʩʫʪʥʦʩʪʽ ʝʣʝʢʪʨʠʯʥʠʭ ʧʦʣʽʚ ʻ ʪʘʢ ʟʚʘʥʠʡ ʢʚʘʥʪʦʚʠʡ 

ʣʦʢʘʣʽʟʦʚʘʥʠʤ ʝʬʝʢʪ ʐʪʘʨʢʘ, ʷʢʠʡ ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʧʨʦʩʪʦʨʦʚʦʛʦ ʨʦʟʜʽʣʝʥʥʷ 

ʭʚʠʣʴʦʚʠʭ ʬʫʥʢʮʽʡ ʝʣʝʢʪʨʦʥʽʚ ʽ ʜʽʨʦʢ. ʎʝ ʩʧʨʠʯʠʥʷʻ ʟʘʛʘʣʴʥʝ ʟʥʠʞʝʥʥʷ ʝʥʝʨʛʽʾ 

ʧʘʨʠ ʝʣʝʢʪʨʦʥ-ʜʽʨʢʘ, ʟʤʝʥʰʫʻ ʰʚʠʜʢʽʩʪʴ ʨʝʢʦʤʙʽʥʘʮʽʾ ʽ ʟʩʫʚʘʻ ʢʨʘʡ ʩʤʫʛʠ 

ʚʠʧʨʦʤʽʥʶʚʘʥʥʽ [26]. 

 

 

ʈʠʩʫʥʦʢ 1.2 ʉʭʝʤʘ ʬʦʨʤʫʚʘʥʥʷ ʩʧʦʥʪʘʥʥʦʾ (ʈSP) ʪʘ ʧʻʟʦʝʣʝʢʪʨʠʯʥʦʾ (PPZ) ʧʦʣʷʨʠʟʘʮʽʾ 

 

ɿʥʘʯʥʠʡ ʚʧʣʠʚ ʫ ʧ'ʻʟʦʝʣʝʢʪʨʠʯʥʫ ʧʦʣʷʨʠʟʘʮ̔ʁ , ʱʦ ʚʠʥʠʢʘʻ ʫ ʅɻ ʚʥʘʩʣʽʜʦʢ 

ʥʝʩʧʽʚʧʘʜʽʥʥʷ ʧʘʨʘʤʝʪʨʽʚ ʛʨʘʪʦʢ ʽʥʜʠʚʽʜʫʘʣʴʥʠʭ ʰʘʨʽʚ, ʚʥʦʩʠʪʴ ʽ ʚʠʙʽʨ ʪʠʧʫ 

ʧʽʜʢʣʘʜʢʠ (ʨʠʩ. 1.2). ɺʝʣʠʯʠʥʘ ʪʘ ʥʘʧʨʷʤʦʢ ʧ'ʻʟʦʝʣʝʢʪʨʠʯʥʦʾ ʧʦʣʷʨʠʟʘʮ̔ʾ  ʙʫʜʝ 

ʩʠʣʴʥʦ ʟʘʣʝʞʘʪʠ ʚʽʜ ʪʠʧʫ ʚʠʢʣʠʢʘʥʦʾ ʧʽʜʢʣʘʜʢʦʶ ʜʝʬʦʨʤʘʮʽʾ (ʪʦʙʪʦ ʙʫʜʝ ʮʝ 

ʜʝʬʦʨʤʘʮʽʷ ʩʪʠʩʢʫ ʯʠ ʨʦʟʪʷʛʫ). ʊʘʢ ʚʠʙʨʘʚʰʠ ʚʽʜʧʦʚʽʜʥʠʤ ʯʠʥʦʤ ʜʝʬʦʨʤʘʮʽʶ, 
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ʤʦʞʥʦ ʜʦʩʷʛʪʠ ʬʦʨʤʫʚʘʥʥʷ 2D ʝʣʝʢʪʨʦʥʥʦʛʦ ʘʙʦ ʞ ʜʽʨʢʦʚʦʛʦ ʛʘʟʫ. ɺʩʝ ʮʝ 

ʚʽʜʢʨʠʚʘʻ ʧʝʨʩʧʝʢʪʠʚʠ ʚʠʢʦʨʠʩʪʘʥʥʷ ɯɯɯ-ʥʽʪʨʠʜʥʠʭ ʩʪʨʫʢʪʫʨ ʫ ʧʦʣʷʨʠʟʘʮʽʡʥʽʡ 

ʽʥʞʝʥʝʨʽʾ. ɼʝʪʘʣʴʥʝ ʚʠʚʯʝʥʥʷ ʧʦʣʷʨʠʟʘʮʽʡʥʠʭ ʝʬʝʢʪʽʚ ʪʘ ʤʦʞʣʠʚʦʩʪʝʡ ʾʭ 

ʚʠʢʦʨʠʩʪʘʥʥʷ ʫ ʧʨʠʣʘʜʦʚʠʭ ʩʪʨʫʢʪʫʨʘʭ ʨʦʟʛʣʷʥʫʪʦ ʫ ʨʦʙʦʪʽ [27]. 

ʋ ʪʦʡ ʞʝ ʯʘʩ, ʫ ʚʠʧʘʜʢʫ ʟʥʘʯʥʠʭ ʜʝʬʦʨʤʘʮʽʡ, ʧʨʠ ʜʦʩʷʛʥʝʥʥʽ ʜʝʷʢʦʾ 

ʢʨʠʪʠʯʥʦʾ ʪʦʚʱʠʥʠ ʝʧʽʪʘʢʩʽʡʥʽ ʩʪʨʫʢʪʫʨʠ ʧʦʯʠʥʘʶʪʴ ʨʝʣʘʢʩʫʚʘʪʠ ʜʦ 

ʨʽʚʥʦʚʘʞʥʦʛʦ ʟʥʘʯʝʥʥʷ ʧʘʨʘʤʝʪʨʽʚ ʛʨʘʪʢʠ, ʷʢʝ ʚʠʟʥʘʯʘʻʪʴʩʷ ʤʽʥʽʤʫʤʦʤ ʧʨʫʞʥʴʦʾ 

ʝʥʝʨʛʽʾ 

ὥ˚ː
ὥ̙ ́ ὑ̙̑ ́̑ ὥ̙ ́ ὑ̙̑ ́̑

ὑ̙ ́̑ ὑ̙ ́̑
     ρȢς 

ὑ̙ ́̑

ὸ̙́̑

ὥ̙ ́̑

ὅ ὅ ς
ὅ

ὅ
̙́̑

    ρȢσ 

ὑ̙ ́̑

ὸ̙́̑

ὥ̙ ́̑

ὅ ὅ ς
ὅ

ὅ
̙́̑

    ρȢτ 

ʜʝ ὅ  ï ʧʨʫʞʥʽ ʢʦʥʩʪʘʥʪʠ, ὥ̙ ́  ̑̔  ὥ̙ ́  ̑ʨʝʣʘʢʩʦʚʘʥʽ ʣʘʪʝʨʘʣʴʥʽ ʧʘʨʘʤʝʪʨʠ ʛʨʘʪʦʢ 

ʰʘʨʽʚ ʅɻ. ɿʙʽʣʴʰʝʥʥʷ ʟʥʘʯʝʥʥʷ ʨʝʣʘʢʩʘʮʽʾ: 

Ὑ
ὥ̆ ̋̒ ὥ̐̐ ̨̅̋̌́̅̋̉

ὥ ὥ̐ ̨̅̋̌́̅̋̉
ρππϷ     ρȢυ 

ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʟʤʽʥʠ ʧ'ʻʟʦʝʣʝʢʪʨʠʯʥʦʾ ʧʦʣʷʨʠʟʘʮ̔ʾ , ʱʦ ʫ ʩʚʦʶ ʯʝʨʛʫ ʽʩʪʦʪʥʦ 

ʚʧʣʠʚʘ ̒ʥʘ ʦʧʪʠʯʥʽ ʪʘ ʝʣʝʢʪʨʠʯʥʽ ʚʣʘʩʪʠʚʦʩʪʽ ʧʨʠʣʘʜʦʚʦʾ ʩʪʨʫʢʪʫʨʠ. ʅʝʙʘʞʘʥʽ 

ʟʤʽʥʠ ʦʧʪʠʯʥʠʭ ʽ ʝʣʝʢʪʨʠʯʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ ʧʨʠʩʪʨʦʾʚ, ʧʦʪʝʥʮʽʡʥʦ ʤʦʞʫʪʴ 

ʧʨʠʚʝʩʪʠ ʜʦ ʾʭ ʜʝʛʨʘʜʘʮʽʾ. ʊʦʤʫ ʧʨʦʝʢʪʫʚʘʥʥʷ ʪʘ ʢʦʥʪʨʦʣʴ ʜʝʬʦʨʤʘʮʽʡʥʦʛʦ ʩʪʘʥʫ 

ʽ ʨʝʣʘʢʩʘʮʽʾ ʥʘʧʨʫʞʝʥʴ ʢʨʠʪʠʯʥʦ ʚʘʞʣʠʚʽ ʜʣʷ ʦʪʨʠʤʘʥʥʷ ʧʨʠʣʘʜʦʚʦʾ ʩʪʨʫʢʪʫʨʠ 

ʽʟ ʟʘʜʘʥʠʤʠ ʚʣʘʩʪʠʚʦʩʪʷʤʠ. 
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1.1.2 ʄʝʭʘʥʽʟʤʠ ʨʝʣʘʢʩʘʮʽʾ ʜʝʬʦʨʤʘʮʽʡ ʚ ʥʘʥʦʩʪʨʫʢʪʫʨʘʭ 

ɼʦʙʨʝ ʚʽʜʦʤʦ, ʱʦ ʨʝʣʘʢʩʘʮʽʷ ʥʘʧʨʫʞʝʥʴ ʚ ʛʝʪʝʨʦʝʧʽʪʘʢʩʽʡʥʠʭ ʩʠʩʪʝʤʘʭ 

ʩʠʣʴʥʦ ʟʘʣʝʞʠʪʴ ʚʽʜ ʫʤʦʚ ʨʦʩʪʫ, ʪʠʧʫ ʧʽʜʢʣʘʜʢʠ ʪʘ ʾʾ ʜʝʬʝʢʪʥʦʛʦ ʩʪʘʥʫ [28], [29]. 

ʂʨʽʤ ʪʦʛʦ, ʚʝʣʠʢʘ ʥʝʫʟʛʦʜʞʝʥʽʩʪʴ ʢʦʝʬʽʮʽʻʥʪʽʚ ʪʝʧʣʦʚʦʛʦ ʨʦʟʰʠʨʝʥʥʷ ʩʧʨʠʯʠʥʷʻ 

ʩʢʣʘʜʥʽ ʧʨʦʮʝʩʠ ʨʝʣʘʢʩʘʮʽʾ ʥʘʧʨʫʞʝʥʴ ʚ ʪʘʢʠʭ ʩʪʨʫʢʪʫʨʘʭ. ʋ ʚʠʧʘʜʢʫ ʽʥʰʠʭ 

ʨʽʚʥʠʭ ʫʤʦʚ ʨʦʩʪʫ, ʨʝʣʘʢʩʘʮʽʷ ʚ ʟʘʛʘʣʴʥʦʤʫ ʚʠʧʘʜʢʫ ʻ ʬʫʥʢʮʽʻʶ ʪʦʚʱʠʥʠ 

ʝʧʽʪʘʢʩʽʡʥʦʾ ʩʪʨʫʢʪʫʨʠ ʪʘ ʥʝʚʽʜʧʦʚʽʜʥʦʩʪʽ ʣʘʪʝʨʘʣʴʥʠʭ ʧʘʨʘʤʝʪʨʽʚ ʛʨʘʪʦʢ R=f(H, 

M). ɯʥʰʠʤʠ ʩʣʦʚʘʤʠ, ʽʟ ʟʙʽʣʴʰʝʥʥʷʤ ʪʦʚʱʠʥʠ ʯʠ ʥʝʩʧʽʚʧʘʜʽʥʥʷ ʧʘʨʘʤʝʪʨʽʚ 

ʛʨʘʪʦʢ, ʟʨʦʩʪʘʪʠʤʝ ʨʝʣʘʢʩʘʮʽʷ ʩʠʩʪʝʤʠ. ʆʩʥʦʚʥʽ ʤʝʭʘʥʽʟʤʠ ʨʝʣʘʢʩʘʮ̔ ʾ 

ʧʨʝʜʩʪʘʚʣʝʥʽ ʥʘ ʨʠʩ. 1.3. ɰʭ ʫʤʦʚʥʦ ʤʦʞʥʘ ʧʦʜʽʣʠʪʠ ʥʘ ʪʨʠ ʛʨʫʧʠ. ɼʦ ʧʝʨʰʦʾ 

ʛʨʫʧʠ ʚʽʜʥʦʩʠʪʴʩʷ ʚʟʘʻʤʥʘ ʜʠʬʫʟʽʷ. ɺʦʥʘ ʟʫʤʦʚʣʶʻ ʫʪʚʦʨʝʥʥʷ ʪʚʝʨʜʦʛʦ ʨʦʟʯʠʥʫ 

ʥʘ ʤʝʞʽ ʜʚʦʭ ʤʘʪʝʨʽʘʣʽʚ ʱʦ ʟʤʝʥʰʫʻ ʩʪʨʠʙʦʢ ʤʝʭʘʥʽʯʥʦʾ ʥʘʧʨʫʛʠ ʥʘ 

ʛʝʪʝʨʦʛʨʘʥʠʮʽ ʯʝʨʝʟ ʟʤʝʥʰʝʥʥʷ ʥʝʚʽʜʧʦʚʽʜʥʦʩʪʽ ʧʘʨʘʤʝʪʨʽʚ ʛʨʘʪʦʢ. ʊʘʢʠʡ ʪʠʧ 

ʨʝʣʘʢʩʘʮʽʾ ʚʣʘʩʪʠʚʠʡ ʤʘʪʝʨʽʘʣʘʤ ʽʟ ʚʝʣʠʢʠʤʠ ʢʦʝʬʽʮʽʻʥʪʘʤʠ ʜʠʬʫʟʽʾ, ʘ ʪʘʢʦʞ ʚʽʥ 

ʧʨʦʷʚʣʷʻʪʴʩʷ ʧʨʠ ʚʠʩʦʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ ʨʦʩʪʫ ʝʧʽʪʘʢʩʽʡʥʠʭ ʰʘʨʽʚ. 

ɼʦ ʽʥʰʦʛʦ ʪʠʧʫ ʚʽʜʥʦʩʷʪʴ ʧʨʫʞʥʫ ʨʝʣʘʢʩʘʮʽʶ ʨʠʩ. 1.3. ʊʘʢʠʡ ʪʠʧ ʥʝ 

ʚʥʦʩʠʪʴ ʩʪʨʫʢʪʫʨʥʠʭ ʜʝʬʝʢʪʽʚ ʘ ʪʽʣʴʢʠ ʩʧʨʠʯʠʥʷʻ ʟʤʽʥʫ ʛʝʦʤʝʪʨʽʾ ʟʨʘʟʢʘ 

(ʟʨʦʩʪʘʥʥʷ ʢʨʠʚʠʟʥʠ, ʭʚʠʣʷʩʪʽʩʪʴ). ʇʨʠ ʧʦʜʘʣʴʰʦʤʫ ʥʘʢʦʧʠʯʝʥʽ ʥʘʧʨʫʛ, 

ʧʨʫʞʥʴʦʾ ʨʝʣʘʢʩʘʮʽʾ ʩʪʘʻ ʥʝʜʦʩʪʘʪʥʴʦ, ʪʦʜʽ ʚʤʠʢʘʻʪʴʩʷ ʤʘʭʘʥʽʟʤ ʧʣʘʩʪʠʯʥʦʾ 

ʨʝʣʘʢʩʘʮʽʾ, ʷʢʠʡ ʥʘ ʧʝʨʰʠʭ ʝʪʘʧʘʭ ʭʘʨʘʢʪʝʨʠʟʫʻʪʴʩʷ ʘʢʪʠʚʥʦʶ ʛʝʥʝʨʘʮʽʻʶ 

ʜʠʩʣʦʢʘʮʽʡ. ʗʢʱʦ ʮʴʦʛʦ ʥʝʜʦʩʪʘʪʥʴʦ ʜʣʷ ʟʤʝʥʰʝʥʥʷ ʤʝʭʘʥʽʯʥʦʛʦ ʥʘʧʨʫʞʝʥʥʷ, 

ʜʦ ʜʝʷʢʦʛʦ ʨʽʚʥʦʚʘʞʥʦʛʦ ʟʥʘʯʝʥʥʷ, ʝʧʽʪʘʢʩʽʡʥʘ ʩʪʨʫʢʪʫʨʘ ʤʦʞʝ ʨʦʟʪʨʽʩʢʫʚʘʪʠʩʷ 

[30], [31] (ʫ ʚʠʧʘʜʢʫ ʜʝʬʦʨʤʘʮʽʾ ʨʦʟʪʷʛʫ) ʯʠ ʚʽʜʰʘʨʦʚʫʚʘʪʠʩʷ (ʫ ʚʠʧʘʜʢʫ 

ʜʝʬʦʨʤʘʮʽʾ ʩʪʠʩʢʫ). ɼʣʷ ʨʝʘʣʴʥʠʭ ʩʪʨʫʢʪʫʨ ʤʘʡʞʝ ʥʝ ʩʧʦʩʪʝʨʽʛʘʻʪʴʷ ʦʜʥʦʛʦ ʪʠʧʫ 

ʨʝʣʘʢʩʘʮʽʾ, ʘ ʚʩʽ ʚʦʥʠ ʧʨʠʩʫʪʥʽ ʫ ʙʽʣʴʰʽʡ ʯʠ ʤʝʥʰʡ ʤʽʨʽ. ʎʝ ʪʠʤ ʙʽʣʴʰʝ 

ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʪʨʫʜʥʦʱʽʚ ʧʝʨʝʜʙʘʯʝʥʥʷ ʨʝʣʘʢʩʘʮʽʡʥʠʭ ʧʨʦʮʝʩʽʚ. 
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ʈʠʩʫʥʦʢ 1.3 ʆʩʥʦʚʥʽ ʤʝʭʘʥʽʟʤʠ ʨʝʣʘʢʩʘʽʾ ʥʘʧʨʫʞʝʥʴ ʫ ʛʝʪʝʨʦʝʧʽʪʘʢʩʽʡʥʠʭ ʩʪʨʫʢʪʫʨʘʭ 

 

ʊʘʢʠʤ ʯʠʥʦʤ, ʨʝʣʘʢʩʘʮʽʷ ʥʘʧʨʫʞʝʥʴ ʩʧʨʠʯʠʥʷʻ ʫʪʚʦʨʝʥʥʷ ʚʠʩʦʢʦʾ ʛʫʩʪʠʥʠ 

ʩʪʨʫʢʪʫʨʥʠʭ ʜʝʬʝʢʪʽʚ (ʜʠʩʣʦʢʘʮʽʡ, ʪʨʽʱʠʥ ʽ ʪ.ʜ.) ʧʦʨʷʜʢʫ 108 ʜʦ 1010 ʩʤ-2 ʽ 

ʥʝʢʦʥʪʨʦʣʴʦʚʘʥʠʭ ʜʝʬʦʨʤʘʮʽʡʥʠʭ ʤʦʜʠʬʽʢʘʮʽʡ ʧʨʦʬʽʣʶ ʟʘʙʦʨʦʥʝʥʦʾ ʟʦʥʠ 

(ʧ'ʻʟʦʝʣʝʢʪʨʠʯʥʠʡ ʝʬʝʢʪ). 

ɼʣʷ ʟʘʧʦʙʽʛʘʥʥʷ ʨʝʣʘʢʩʘʮʽʾ ʥʘʧʨʫʞʝʥʴ ʽ, ʷʢ ʥʘʩʣʽʜʦʢ, ʫʪʚʦʨʝʥʥ ʁʜʝʬʝʢʪʽʚ 

ʚ ʩʪʨʫʢʪʫʨʘʭ, ʷʢ ʟʘʛʘʣʴʥʘ ʪʦʚʱʠʥʘ ʅɻ ʩʪʨʫʢʪʫʨʠ ʪʘʢ ʽ ʪʦʚʱʠʥʠ AlN(GaN) ʰʘʨʽʚ 

ʧʦʚʠʥʥʽ ʙʫʪʠ ʥʠʞʯʝ ʜʝʷʢʦʛʦ ʢʨʠʪʠʯʥʦʛʦ ʟʥʘʯʝʥʥʷ. Bykhovski ʽ ʽʥ. ʧʝʨʝʜʙʘʯʠʚ, 

ʱʦ ʧʨʦʮʝʩ ʧʦʩʪʫʧʦʚʦʾ ʨʝʣʘʢʩʘʮʽʾ ʚ GaN/AlN ʅɻ ʧʦʯʠʥʘʻʪʴʩʷ ʧʨʠ ʪʦʚʱʠʥʘʭ 

ʦʢʨʝʤʦʛʦ ʰʘʨʫ ʙʣʠʟʴʢʦ 3 ʥʤ [32]. 

ɺ [16], [26] ʧʨʠ ʜʦʩʣʽʜʞʝʥʥʽ 30- ʽ 40-ʧʝʨʽʦʜ-ʥʠʭ ʅɻ ʥʘ ʨʽʟʥʠʭ ʧʽʜʢʣʘʜʢʘʭ 

AlN-ʩʘʧʬʽʨ ʪʘ GaN-ʩʘʧʬʽʨ, ʙʫʣʦ ʚʩʪʘʥʦʚʣʝʥʦ, ʱʦ ʧʽʩʣʷ ʜʦʩʷʛʥʝʥʥʷ 10 ʧʝʨʽʦʜʽʚ 

ʅɻ ʜʦʩʷʛʘʶʪʴ ʫʩʝʨʝʜʥʝʥʠʭ ʧʘʨʘʤʝʪʨʽʚ ʢʨʠʩʪʘʣʽʯʥʦʾ ʛʨʘʪʢʠ, ʷʢʽ ʥʝ ʟʘʣʝʞʘʪʴ ʚʽʜ 

ʪʠʧʫ ʧʽʜʢʣʘʜʢʠ. ʊʘʢʦʞ ʙʫʣʦ ʧʦʢʘʟʘʥʦ, ʱʦ ʨʝʣʘʢʩʘʮʽʷ ʜʝʬʦʨʤʘʮʽʡ, ʷʢʽ ʚʠʥʠʢʘʶʪʴ 

ʚʥʘʩʣʽʜʦʢ ʟʥʘʯʥʦʾ ʥʝʚʽʜʧʦʚʽʜʥʦʩʪʽ ʧʘʨʘʤʝʪʨʽʚ ʛʨʘʪʦʢ, ʚʽʜʙʫʚʘʻʪʴʩʷ ʟʘ ʨʘʭʫʥʦʢ 

ʫʪʚʦʨʝʥʥʷ ʚʝʣʠʢʦʾ ʢʽʣʴʢʦʩʪʽ ʜʠʩʣʦʢʘʮʽʡ. ɺ ʮʠʭ ʨʦʙʦʪʘʭ ʪʘʢʦʞ ʩʧʦʩʪʝʨʽʛʘʣʦʩʴ 

ʚʽʜʭʠʣʝʥʥʷ ʪʦʚʱʠʥ ʙʘʨôʻʨʽʚ ʽ ʂʗ ʚ ʅɻ ʚʽʜ ʪʝʭʥʦʣʦʛʽʯʥʦ ʟʘʜʘʥʠʭ. ɺ [33] 

ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʚʩʪʘʥʦʚʣʝʥʦ, ʱʦ ʨʽʟʥʘ ʚʝʣʠʯʠʥʘ ʟʘʣʠʰʢʦʚʦʾ ʜʝʬʦʨʤʘʮʽʾ, 
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ʚʠʢʣʠʢʘʥʦʾ ʥʝʚʽʜʧʦʚʽʜʥʽʩʪʶ ʧʘʨʘʤʝʪʨʽʚ ʛʨʘʪʢʠ ʧʽʜʢʣʘʜʢʠ ʽ ʰʘʨʫ, ʚʠʢʣʠʢʘʻ ʨʽʟʥʽ 

ʚʝʣʠʯʠʥʠ ʟʤʽʥʠ ʪʦʚʱʠʥʠ GaN ʂʗ. ʈʽʩʪ ʥʘ GaN- ʽ AlN-ʥʘ-ʩʘʧʬʽʨʽ ʧʽʜʢʣʘʜʢʘʭ 

ʚʠʢʣʠʢʘʻ ʟʤʝʥʰʝʥʥʷ ʪʦʚɦʠʥ ʂʗ ʚʽʜʧʦʚʽʜʥʦ ʥʘ 1 ʽ 2 ʄʐ. ʈʦʟʨʘʭʫʥʢʠ ab-initio 

ʧʦʢʘʟʘʣʠ, ʱʦ ʟʘʤʽʥʘ Ga ʧʦʚʝʨʭʥʝʚʠʭ ʘʪʦʤʽʚ Al-ʘʜʘʪʦʤʘʤʠ ʚ GaN ʛʨʘʪʮʽ 

ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʽʩʪʦʪʥʦʛʦ ʧʦʥʠʞʝʥʥʷ ʝʥʝʨʛʽʾ ʩʠʩʪʝʤʠ.  

ʊʘʢʠʤ ʯʠʥʦʤ, ʜʦʩʣʽʜʞʝʥʥʷ ʜʝʬʦʨʤʘʮʽʾ ʽ ʨʝʣʘʢʩʘʮʽʾ ʥʘʧʨʫʞʝʥʴ, ʚʘʞʣʠʚʦ 

ʜʣʷ ʨʦʟʫʤʽʥʥʷ ʥʝ ʣʠʰʝ ʩʪʨʫʢʪʫʨʥʠʭ, ʘʣʝ ʡ ʦʧʪʠʯʥʠʭ ʪʘ ʝʣʝʢʪʨʦʬʽʟʠʯʥʠʭ ʚʣʘʩ-

ʪʠʚʦʩʪʝʡ III-ʥʽʪʨʠʜʥʠʭ ʛʝʪʝʨʦʩʪʨʫʢʪʫʨ. 

 

1.2 ʅʘʥʦʧʦʨʠʩʪʽ ʧʣʽʚʢʠ ʟ ʤʘʩʠʚʦʤ ʥʘʥʦʯʘʩʪʠʥʦʢ 

ɺ ʦʩʪʘʥʥʽ ʜʠʩʷʪʠʣʽʪʪʷ ʦʩʦʙʣʠʚʫ ʫʚʘʛʫ ʥʘʫʢʦʚʮʽʚ ʧʨʠʚʝʨʪʘʶʪʴ ʨʽʟʥʦʛʦ ʨʦʜʫ 

ʥʘʥʦʯʘʩʪʠʥʢʠ, ʷʢʽ ʚʦʣʦʜʽʶʪʴ ʨʷʜʦʤ ʚʣʘʩʪʠʚʦʩʪʝʡ, ʚʽʜʤʽʥʥʠʭ ʤʘʩʠʚʥʠʤ 

ʢʨʠʩʪʘʣʘʤ. ʊʘʢ ʾʭ ʭʘʨʘʢʪʝʨʥʽ ʨʦʟʤʽʨʠ ʩʢʣʘʜʘʶʪʴ ʧʦʨʷʜʢʘ ʚʽʜ ~1 ʜʦ ~10 ʥʤ, ʪʦ 

ʟʘʚʜʷʢʠ ʚʝʣʠʢʽʡ ʝʬʝʢʪʠʚʥʽʡ ʧʣʦʱʽ ʧʦʚʝʨʭʥʽ ʩʪʨʫʢʪʫʨʠ ʟ ʤʘʩʠʚʘʤʠ ʅʏ ʘʢʪʠʚʥʦ 

ʚʠʢʦʨʠʩʪʦʚʫʶʪʴ ʫ ʷʢʦʩʪʽ ʢʘʪʘʣʽʟʘʪʦʨʽʚ, ʬʽʣʴʪʨʽʚ, ʩʦʨʙʝʥʪʽʚ ʪʘ ʽʥ. [34].  

ʂʨʽʤ ʪʦʛʦ, ʫ ʤʝʪʘʣʝʚʠʭ ʅʏ ʧʽʜ ʜʽʻʶ ʟʦʚʥʽʰʥʽʭ ʬʘʢʪʦʨʽʚ (ʦʧʨʦʤʽʥʝʥʥʷ 

ʝʣʝʢʪʨʦʤʘʛʥʽʪʥʠ ʭʚʠʣʷʤʠ, ʧʦʚʽʣʴʥʠʤʠ ʝʣʝʢʪʨʦʥʘʤʠ), ʩʧʦʩʪʝʨʽʛʘʶʪʴʩʷ 

ʢʦʣʝʢʪʠʚʥʽ ʢʦʣʠʚʘʥʥʷ ʝʣʝʢʪʨʦʥʽʚ, ʪʘʢ ʟʚʘʥʽ ʧʦʚʝʨʭʥʝʚʽ ʧʣʘʟʤʦʥʠ. ʎʝ ʟʫʤʦʚʠʣʦ 

ʧʦʷʚʫ ʥʦʚʦʛʦ ʥʘʫʢʦʚʦʛʦ ʥʘʧʨʷʤʢʫ ï ʧʣʘʟʤʦʥʽʢʠ [35]. ʈʦʟʨʽʟʥʷʶʪʴ ʜʚʘ ʪʠʧʠ 

ʧʦʚʝʨʭʥʝʚʠʭ ʧʣʘʟʤʦʥʽʚ. ɼʦ ʧʝʨʰʦʛʦ ʚʽʜʥʦʩʷʪʴ ʧʦʚʝʨʭʥʝʚʽ ʧʣʘʟʤʦʥʠ ʦʙʤʝʞʝʥʽʚ ʚ 

3D ʥʘʥʦʨʦʟʤʽʨʥʠʭ ʩʠʩʪʝʤʘʭ: ʪʦʥʢʽ ʧʣʽʚʢʠ ʽʟ ʚʝʣʠʢʦʶ ʧʦʚʝʨʭʥʝʚʦʶ ʰʦʨʩʪʢʽʩʪʶ, 

ʦʩʪʨʽʚʮʝʚʽ ʧʣʽʚʢʠ, ʽʟʦʣʴʦʚʘʥʽ ʅʏ ʪʘ ʤʘʩʠʚʠ ʅʏ. ʇʦʚʝʨʭʥʝʚʽ ʧʣʘʟʤʦʥʠ ʫ ʪʘʢʠʭ 

ʩʠʩʪʝʤʘʭ ʱʝ ʥʘʟʠʚʘʶʪʴ ʣʦʢʘʣʽʟʦʚʘʥʠʤ ʧʦʚʝʨʭʥʝʚʠʤ ʧʣʘʟʤʦʥʥʠʤ ʨʝʟʦʥʘʥʩʦʤ 

(ʃʇʇʈ), ʪʘʢ ʢ ʚʦʥʠ ʦʙʤʝʞʝʥʽ ʩʘʤʦʶ ʅʏ. ɼʦ ʜʨʫʛʦʛʦ ʪʠʧʫ ʚʽʜʥʦʩʷʪʴ ʧʦʚʝʨʭʥʝʚi 

ʧʣʘʟʤʦʥʥi ʧʦʣʷʨʠʪʦʥʠ (ʇʇʇ), ʱʦ ʧʦʰʠʨʶʶʪʴʩʷ ʚʟʜʦʚʞ ʧʨʦʪʷʞʥʦʾ ʤʝʞi ʧʦʜiʣʫ 

ʤʝʪʘʣïʜiʝʣʝʢʪʨʠʢ i ʷʚʣʷʶʪʴ ʩʦʙʦʶ ʥʝʦʜʥʦʨiʜʥi ʝʣʝʢʪʨʦʤʘʛʥiʪʥi ʭʚʠʣi. ʊʦʙʪʦ 

ʇʇʇ ʻ ʩʫʧʝʨʧʦʟʠʮiʻʶ ʝʣʝʢʪʨʦʤʘʛʥiʪʥʦʾ ʭʚʠʣi i ʭʚʠʣi ʧʦʣʷʨʠʟʘʮiʾ ʦʙʤʝʞʝʥʦʛʦ 

ʧʦʚʝʨʭʥʝʶ ʛʘʟʫ ʚiʣʴʥʠʭ ʝʣʝʢʪʨʦʥiʚ [35]. 
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ʈʠʩʫʥʦʢ 1.4 ʉʬʝʨʠ ʟʘʩʪʦʩʫʚʘʥʥʷ ʩʪʨʫʢʪʫʨ ʟ ʤʘʩʠʚʦʤ ʥʘʥʦʯʘʩʪʠʥʦʢ. 

 

ɺ ʦʩʪʘʥʥʽ ʨʦʢʠ ʧʣʘʟʤʦʥʽʢʘ ʻ ʦʙʣʘʩʪʶ ʘʢʪʠʚʥʠʭ ʜʦʩʣʽʜʞʝʥʴ [36]. ʆʢʨʝʤʦ 

ʚʠʜʽʣʷʶʪʴ ʅʏ ʙʣʘʛʦʨʦʜʥʠʭ ʤʝʪʘʣʽʚ, ʘ ʦʩʦʙʣʠʚʦ ʟʦʣʦʪʘ [37], [38] ʜʣʷ ʷʢʠʭ 

ʧʣʘʟʤʦʥʥʠʡ ʨʝʟʦʥʘʥʩ ʧʨʠʧʘʜʘʻ ʥʘ ʚʠʜʠʤʠʡ ʩʧʝʢʪʨʘʣʴʥʠʡ ʜʽʘʧʘʟʦʥ [39]ï[41]. ʅʏ 

ʟʦʣʦʪʘ ʚʞʝ ʟʥʘʡʰʣʠ ʩʚʦʻ ʟʘʩʪʦʩʫʚʘʥʥʷ ʚ ʪʘʢʠʭ ʥʘʧʨʷʤʢʘʭ ʷʢ ʛʽʛʘʥʩʴʢʝ 

ʢʦʤʙʽʥʘʮʽʡʥʝ ʨʦʟʩʽʷʥʥʷ ʩʚʽʪʣʘ [42], ʽʥʬʨʘʯʝʨʚʦʥʝ ʧʦʛʣʠʥʘʥʥʷ, ʩʝʥʩʦʨʥʘ ʪʝʭʥʽʢʘ, 

ʧʣʘʟʤʦʥʥʘ ʬʦʪʦʚʦʣʴʪʘʾʢʘ, ʥʝʣʽʥʽʡʥʘ ʦʧʪʠʢʘ ʪʘ ʽʥ. [43]ï[45]. 

ʋ ʟʘʣʝʞʥʦʩʪʽ ʚʽʜ ʪʠʧʫ ʧʣʘʟʤʦʥʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ (ʃʇʇʈ ʯʠ ʧʦʰʠʨʝʥʥʷ ʇʇʇ 

ʭʚʠʣʽ) ʜʦ ʥʘʥʦʩʪʨʫʢʪʫʨ ʩʪʘʚʣʷʪʴ ʨʽʟʥʽ ʚʠʤʦʛʠ. ʊʘʢ ʜʣʷ ʧʦʰʠʨʝʥʥʷ ʇʇʇ ʭʚʠʣʽ, 

ʚʠʤʦʛʠ ʚʢʣʶʯʘʶʪʴ: ñʩʫʮʽʣʴʥʽʩʪʴò, ʦʜʥʦʨʽʜʥʽʩʪʴ, ʤʘʣʫ ʰʦʨʩʪʢʽʩʪʴ ʧʦʚʝʨʭʥʽ, 

ʪʦʚʱʠʥʠ ʚ ʜʝʢʽʣʴʢʘ ʜʝʩʷʪʢʽʚ ʥʘʥʦʤʝʪʨʽʚ. ʋ ʪʦʡ ʞʝ ʯʘʩ ʃʇʇ ʚʣʘʩʪʠʚʦʩʪʽ ʧʣʽʚʦʢ ʟ 

Au ʅʏ ʚʠʟʥʘʯʘʶʪʴʩʷ ʨʦʟʤʽʨʘʤʠ, ʬʦʨʤʦʶ, ʧʨʦʩʪʦʨʦʚʠʤ ʨʦʟʧʦʜʽʣʦʤ ʥʘʥʦʯʘʩʪʦʢ, 

ʜʽʝʣʝʢʪʨʠʯʥʠʤʠ ʚʣʘʩʪʠʚʦʩʪʷʤʠ ʦʪʦʯʫʶʯʦʛʦ ʩʝʨʝʜʦʚʠʱʘ, ʧʘʨʘʤʝʪʨʘʤʠ ʛʨʘʪʢʠ 

ʩʘʤʠʭ ʅʏ ʽ ʚ ʟʥʘʯʥʽʡ ʤʽʨʽ ʧʦʨʠʩʪʽʩʪʶ ʧʣʽʚʦʢ [46]ï[48]. ɯʩʥʫʻ ʙʘʛʘʪʦ ʤʝʪʦʜʽʚ 

ʚʠʤʽʨʶʚʘʥʥʷ ʧʦʨʠʩʪʦʩʪʽ ʧʣʽʚʦʢ. ʊʘʢ ʧʦʨʠʩʪʽʩʪʴ ʚʠʟʥʘʯʘʶʪʴ ʟʘ ʜʦʧʦʤʦʛʦʶ 

ʝʣʽʧʩʦʤʝʪʨʽʾ, ʰʣʷʭʦʤ ʢʦʥʪʨʦʣʶ ʛʘʟʦʚʦʾ ʘʜʩʦʨʙʮʽʾ, ʧʦʛʣʠʥʘʥʥʷ ʍ-ʧʨʦʤʝʥʽʚ, 

ʛʫʩʪʠʥʠ ʧʣʽʚʢʠ [49]ï[52]. ɸʣʝ ʪʘʢʽ ʤʝʪʦʜʠ ʻ ʥʝʧʨʷʤʠʤʠ ʽ ʧʦʪʨʝʙʫʶʪʴ ʜʦʜʘʪʢʦʚʦʛʦ 

ʚʠʟʥʘʯʝʥʥʷ ʽʥʰʠʭ ʧʘʨʘʤʝʪʨʽʚ ʩʪʨʫʢʪʫʨʠ, ʪʘʢʠʭ ʷʢ ʪʦʚʱʠʥʘ ʧʣʽʚʢʠ ʪʘ ʾʾ ʤʘʩʘ, ʘ ʮʝ 

ʫ ʩʚʦʶ ʯʝʨʛʫ ʚʥʦʩʠʪʴ ʜʦʜʘʪʢʦʚʽ ʧʦʭʠʙʢʠ. ɼʘʥʽ ʤʝʪʦʜʠ ʥʝ ʜʦʟʚʦʣʷʶʪʴ ʟ ʚʠʩʦʢʦʶ 

ʪʦʯʥʽʩʪʶ ʚʠʟʥʘʯʠʪʠ ʧʦʨʠʩʪʽʩʪʴ ʩʪʨʫʢʪʫʨ ʜʣʷ ʷʢʠʭ ʩʧʽʚʨʦʟʤʽʨʥʽ ʨʦʟʤʽʨʠ ʅʏ, ʧʦʨ 

ʪʘ ʪʦʚʱʠʥʘ ʧʣʽʚʢʠ. ʇʦʭʠʙʢʘ ʚʠʤʽʨʶʚʘʥʥʷ ʧʦʨʠʩʪʦʩʪʽ (ʷʢ ʽ ʪʦʚʱʠʥʠ) ʤʦʞʝ 
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ʜʦʩʷʛʘʪʠ 50% ʽ ʙʽʣʴʰʝ. ɯʥʰʠʤ ʧʦʪʫʞʥʠʤ ʤʝʪʦʜʦʤ ʜʦʩʣʽʜʞʝʥʥʷ ʻ ʩʧʝʢʪʨʦʩʢʦʧʽʷ 

ʯʘʩʫ ʞʠʪʪʷ ʧʦʟʠʪʨʦʥʽʚ [53]. ʆʜʥʘʢ ʮʝ ʥʝ ʣʘʙʦʨʘʪʦʨʥʠʡ ʤʝʪʦʜ, ʡʦʛʦ ʚʠʢʦʨʠʩʪʘʥʥʷ 

ʤʦʞʣʠʚʝ ʪʽʣʴʢʠ ʥʘ ʧʨʠʩʢʦʨʶʚʘʯʽ ʝʣʝʤʝʥʪʘʨʥʠʭ ʯʘʩʪʠʥʦʢ.  

ʊʦʤʫ ʧʨʦʙʣʝʤʘ ʚʠʤʽʨʶʚʘʥʥʷ ʪʦʚʱʠʥʠ, ʧʦʨʠʩʪʦʩʪʽ ʪʘ ʧʘʨʘʤʝʪʨʽʚ ʛʨʘʪʦʢ 

ʪʦʥʢʠʭ ʥʘʥʦʩʪʨʫʢʪʫʨʦʚʘʥʠʭ ʧʣʽʚʦʢ ʟʦʣʦʪʘ ʻ ʘʢʪʫʘʣʴʥʠʤ ʟʘʚʜʘʥʥʷʤ ʜʣʷ ʢʦʥʪʨʦʣʶ 

ʪʘ ʨʦʟʫʤʽʥʥʷ ʧʣʘʟʤʦʥʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ ʮʠʭ ʤʘʪʝʨʽʘʣʽʚ. 

 

1.3 ʄʝʪʦʜʠ ʜʦʩʣʽʜʞʝʥʥʷ ʩʪʨʫʢʪʫʨʠ ʥʘʥʦʤʘʪʝʨʽʘʣʽʚ 

ʆʩʥʦʚʥʘ ʯʘʩʪʠʥʘ ʨʦʙʦʪʠ ʙʫʣʘ ʚʠʢʦʥʘʥʘ ʥʘ ʚʠʩʦʢʦʨʦʟʜʽʣʴʥʦʤʫ ʍ-

ʧʨʦʤʝʥʝʚʦʤʫ ʜʠʬʨʘʢʪʦʤʝʪʨʽ PANalitical ʍ-Pert PRO MRD XL (PANalytical B.V., 

Almelo, ʅʽʜʝʨʣʘʥʜʠ), ʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ CuKŬ1=1,54056 ¡ ʭʘʨʘʢʪʝʨʠʩʪʠʯʥʦʛʦ 

ʚʠʧʨʦʤʽʥʶʚʘʥʥʷ. ɺ ʦʩʥʦʚʽ ʍ-ʧʨʦʤʝʥʝʚʦʾ ʜʠʬʨʘʢʮʽʾ ʣʝʞʠʪʴ ʚʽʜʦʤʘ ʫʤʦʚʘ 

ɺʫʣʴʬʘ-ɹʨʝʛʛʘ: 

ςὨ ίὭὲ—ὲ‗     ρȢφ 

ʜʝ ‗ ï ʜʦʚʞʠʥʘ ʭʚʠʣʽ ʍ-ʧʨʦʤʝʥʽʚ, Ὠ  ï ʤʽʞʧʣʦʱʠʥʥʘ ʚʽʜʩʪʘʥʴ ʜʣʷ ʧʣʦʱʠʥ ʟ 

ʽʥʜʝʢʩʘʤʠ ʄʽʣʣʝʨʘ hkl, — ï ʢʫʪ ʧʨʠ ʷʢʦʤʫ ʩʧʦʩʪʝʨʽʛʘʻʪʴʩʷ ʤʘʢʩʠʤʫʤ ʜʠʬʨʘʢʮʽʾ. 

ʉʭʝʤʘ ʜʠʬʨʘʢʮʽʾ ʧʨʝʜʩʪʘʚʣʝʥʘ ʥʘ ʨʠʩ. 1.5. 

 
ʈʠʩʫʥʦʢ 1.5 ʉʭʝʤʘ ʜʠʬʨʘʢʮʽʾ ʍ-ʧʨʦʤʝʥʽʚ ʫ ʛʝʦʤʝʪʨʽʾ ɹʨʝʛʛʘ, hkl ï ʽʥʜʝʢʩʠ ʄʽʣʣʝʨʘ, dhkl ï 

ʤʽʞʧʣʦʱʠʥʥʘ ʚʽʜʩʪʘʥʴ, ɗ ï ʢʫʪ ɹʨʝʛʛʘ. 

 

ɼʣʷ ʛʝʢʩʘʛʦʥʘʣʴʥʦʾ ʩʠʥʛʦʥʽʾ ʟʚô̫ ʟʦʢ ʧʘʨʘʤʝʪʨʽʚ ʛʨʘʪʢʠ ʪʘ ʤʽʞʧʣʦʱʠʥʥʦʾ 

ʚʽʜʩʪʘʥʥʽ ʜʣʷ ʢʨʠʩʪʘʣʦʛʨʘʬʽʯʥʠʭ ʧʣʦʱʠʥ ʟ ʽʥʜʝʢʩʘʤʠ ʄʽʣʣʝʨʘ (hkl) ʟʘʧʠʩʫʻʪʴʩʷ 

ʥʘʩʪʫʧʥʠʤ ʩʧʽʚʚʽʜʥʦʰʝʥʥʷʤ: 
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ρ

Ὠ

τ

σ

Ὤ ὬὯ ὰ

ὥ

ὰ

ὧ
     ρȢχ 

ʗʢ ʚʠʜʥʦ ʟ ʨʽʚʥʷʥʥʴ (1.6) ʪʘ (1.7), ʪʦʯʥʽʩʪʴ ʚʠʟʥʘʯʝʥʥʷ ʧʘʨʘʤʝʪʨʽʚ ʛʨʘʪʢʠ 

ʧʨʷʤʦ ʟʘʣʝʞʠʪʴ ʚʽʜ ʪʦʯʥʦʩʪʽ ʚʠʤʽʨʶʚʘʥʥʷ ʢʫʪʘ ʜʠʬʨʘʢʮʽʾ — ʪʘ ʪʦʯʥʦʩʪʽ 

ʚʠʟʥʘʯʝʥʥʷ ʜʦʚʞʠʥʠ ʭʚʠʣʽ ʍ-ʧʨʦʤʝʥʽʚ, ʪʘ ʚʝʣʠʯʠʥʠ ʤʦʥʦʭʨʦʤʘʪʠʟʘʮʽʾ 

ʚʠʧʨʦʤʽʥʶʚʘʥʥʷ Ў‗Ⱦ‗. 

 

ʈʠʩʫʥʦʢ 1.6 ɺʠʛʣʷʜ ʛʦʥʽʦʤʝʪʨʘ ʜʠʬʨʘʢʪʦʤʝʪʨʘ PANalitical ʍ̀Pert PRO MRD. ʉʪʨʽʣʢʘʤʠ 

ʟʦʙʨʘʞʝʥʦ ʦʩʽ ʧʦ ʷʢʠʭ ʧʨʦʚʦʜʠʪʴʩʷ ʶʩʪʫʚʘʥʥʷ ʪʘ ʚʠʤʽʨʶʚʘʥʥʷ. 

 

ʊʦʤʫ ʜʣʷ ʧʨʦʚʝʜʝʥʥʷ ʚʠʩʦʢʦʨʦʟʜʽʣʴʥʠʭ ʚʠʤʽʨʶʚʘʥʴ, ʜʠʬʨʘʢʪʦʤʝʪʨ 

ʦʙʣʘʜʥʘʥʠʡ ʛʦʥʽʦʤʝʪʨʦʤ ʽʟ ʨʦʟʜʽʣʴʥʦʶ ʟʜʘʪʥʽʩʪʶ 0,0001Ü ʧʦ ʦʩʷʭ ɤ ʪʘ ɗ ʷʢʽ 

ʚʽʜʧʦʚʽʜʘʶʪʴ ʟʘ ʢʫʪ ʧʘʜʽʥʥʷ ʍ-ʧʨʦʤʝʥʽʚ ʥʘ ʟʨʘʟʦʢ ʪʘ ʟʘ ʢʫʪ ʧʦʚʦʨʦʪʫ ʜʝʪʝʢʪʦʨʘ 

ʚʽʜʧʦʚʽʜʥʦ (ʨʠʩ. 1.6). ʎʝ ʦʩʥʦʚʥʽ ʚʽʩʽ, ʱʦ ʚʠʢʦʨʠʩʪʦʚʫʶʪʴʩʷ ʜʣʷ ʚʠʤʽʨʶʚʘʥʥʷ, 

ʤʽʥʽʤʘʣʴʥʠʡ ʢʨʦʢ ʷʢʠʭ ʽ ʚʠʟʥʘʯʘʻ ʨʦʟʜʽʣʴʥʫ ʟʜʘʪʥʽʩʪʴ ʛʦʥʽʦʤʝʪʨʘ. ɼʦ ʪʦʛʦ ʞ 

ʛʦʥʽʦʤʝʪʨ ʜʦʟʚʦʣʷʻ ʘʟʠʤʫʪʘʣʴʥʦ ʧʦʚʝʨʪʘʪʠ ʟʨʘʟʦʢ ʚ ʽʥʪʝʨʚʘʣʽ 0-360Ü ʽʟ ʢʨʦʢʦʤ 

0,01Ü (ʚʽʩʴ ű) ʪʘ ʢʝʨʫʚʘʪʠ ʡʦʛʦ ʥʘʭʠʣʦʤ ʜʦ ʛʦʨʠʟʦʥʪʫ ʫ ʤʝʞʘʭ ʚʽʜ -90Ü ʜʦ 90Ü ʽʟ 

ʢʨʦʢʦʤ 0,01Ü (ʚʽʩʴ ɣ). ʈʘʟʦʤ ʽʟ ʤʦʞʣʠʚʽʩʪʶ ʨʫʭʫ ʩʪʦʣʠʢʘ ʫ ʪʨʴʦʭ ʚʟʘʻʤʥʦ 

ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʠʭ ʥʘʧʨʷʤʢʘʭ (x, y, z), ʮʝ ʜʘʻ ʟʤʦʛʫ ʽʟ ʚʠʩʦʢʦʶ ʪʦʯʥʽʩʪʶ 

ʧʨʦʚʦʜʠʪʠ ʶʩʪʫʚʘʥʥʷ ʟʨʘʟʢʘ, ʱʦ ʧʽʜʚʠʱʫʻ ʪʦʯʥʽʩʪʴ ʚʠʤʽʨʶʚʘʥʥʷ. 
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ʆʧʪʠʯʥʘ ʩʭʝʤʘ ʜʠʬʨʘʢʪʦʤʝʪʨʘ (ʨʠʩ. 1.7) ʚʢʣʶʯʘʻ ʚ ʩʝʙʝ ʚʠʢʦʨʠʩʪʘʥʥʷ 

ʯʦʪʠʨʠʢʨʘʪʥʦʛʦ Ge (220) ʤʦʥʦʭʨʦʤʘʪʦʨʘ ʪʘ ʪʨʴʦʭʢʨʘʪʥʦʛʦ Ge (022) ʘʥʘʣʽʟʘʪʦʨʘ 

(ʷʢʠʡ ʧʦ ʩʫʪʽ ʚʠʢʦʥʫʻ ʨʦʣʴ ʱʽʣʠʥʠ), ʱʦ ʜʦʟʚʦʣʷʻ ʦʪʨʠʤʫʚʘʪʠ ʧʫʯʦʢ ʽʟ 

ʤʦʥʦʭʨʦʤʘʪʠʟʘʮʽʻʶ ʜʦ Ў‗Ⱦ‗ ρπ  ʪʘ ʨʦʟʙʽʞʥʽʩʪʶ ʜʦ 12 ʢʫʪ. ʩʝʢ. ʎʝ ʫ ʩʚʦʶ 

ʯʝʨʛʫ ʜʘʻ ʟʤʦʛʫ ʚʠʟʥʘʯʘʪʠ ʟʥʘʯʝʥʥʷ ʧʘʨʘʤʝʪʨʽʚ ʛʨʘʪʢʠ ʽʟ ʪʦʯʥʽʩʪʶ ʜʦ 10-5 ʥʤ. 

 

ʈʠʩʫʥʦʢ 1.7 ʆʧʪʠʯʥʘ ʩʭʝʤʘ ʚʠʩʦʢʦʨʦʟʜʽʣʴʥʦʛʦ ʜʠʬʨʘʢʪʦʤʝʪʨʘ PANalitical ʍ̀Pert PRO MRD. 

 

ɿʘʚʜʷʢʠ ʚʠʩʦʢʽʡ ʨʦʟʜʽʣʴʥʽʡ ʟʜʘʪʥʦʩʪʽ ʜʠʬʨʘʢʮʽʷ ʍ-ʧʨʦʤʝʥʽʚ ʻ ʯʫʪʣʠʚʠʤ 

ʤʝʪʦʜʦʤ ʜʣʷ ʘʥʘʣʽʟʫ ʪʦʥʢʠʭ ʧʣʽʚʦʢ ʪʦʚʱʠʥʦʶ ʚʽʜ ʢʽʣʴʢʦʭ ʘʪʦʤʥʠʭ ʧʣʦʱʠʥ ʜʦ 

ʜʝʩʷʪʢʽʚ ʤʽʢʨʦʤʝʪʨʽʚ, ʥʘʜʛʨʘʪʢʦʚʠʭ ʩʪʨʫʢʪʫʨ ʪʘ ʤʘʩʠʚʫ ʥʘʥʦʯʘʩʪʠʥʦʢ. 

ɼʠʬʨʘʢʮʽʡʥʽ ʤʝʪʦʜʠ ʻ ʥʝʜʝʩʪʨʫʢʪʠʚʥʠʤʠ, ʘ ʦʪʞʝ, ʥʝ ʧʦʪʨʝʙʫʶʪʴ ʧʦʧʝʨʝʜʥʴʦʾ 

ʧʽʜʛʦʪʦʚʢʠ ʟʨʘʟʢʽʚ. ɸʥʘʣʽʟ ʤʦʞʝ ʙʫʪʠ ʧʨʦʚʝʜʝʥʠʡ ʜʣʷ ʮʽʣʦʛʦ ʩʧʝʢʪʨʫ ʤʘʪʝʨʽʘʣʽʚ, 

ʚʽʜ ʜʦʩʢʦʥʘʣʠʭ ʤʦʥʦʢʨʠʩʪʘʣʽʚ ʜʦ ʘʤʦʨʬʥʠʭ ʤʘʪʝʨʽʘʣʽʚ. ɺʠʙʽʨ ʤʝʪʦʜʦʣʦʛʽʾ 

ʘʥʘʣʽʟʫ ʤʘʪʝʨʽʘʣʽʚ ʟʘʣʝʞʠʪʴ ʚʽʜ ʾʭ ʩʪʨʫʢʪʫʨʥʦʾ ʬʦʨʤʠ 

 

1.3.1 ʍ-ʧʨʦʤʝʥʝʚʘ ʨʝʬʣʝʢʪʦʤʝʪʨʽʷ. ʄʦʞʣʠʚʦʩʪʽ ʤʝʪʦʜʫ ʪʘ 

ʟʘʩʪʦʩʫʚʘʥʥʷ ʜʦ ʥʘʥʦʩʠʩʪʝʤ 

ʍ-ʧʨʦʤʝʥʝʚʘ ʨʝʬʣʝʢʪʦʤʝʪʨʽʷ ï ʥʝʨʫʡʥʽʚʥʠʡ ʤʝʪʦʜ, ʷʢʠʡ ʰʠʨʦʢʦ 

ʚʠʢʦʨʠʩʪʦʚʫʻʪʴʩʷ ʜʣʷ ʚʠʟʥʘʯʝʥʥʷ ʪʦʚʱʠʥ ʝʧʽʪʘʢʩʽʡʥʠʭ ʰʘʨʽʚ, ʝʣʝʢʪʨʦʥʥʠʭ 

ʛʫʩʪʠʥ, ʧʦʚʝʨʭʥʝʚʦʾ ʪʘ ʽʥʪʝʨʬʝʡʩʥʦʾ ʰʦʨʩʪʢʦʩʪʽ. ʍʇʈ ʙʘʟʫʻʪʴʩʷ ʥʘ ʝʬʝʢʪʽ 

ʧʦʚʥʦʛʦ ʟʦʚʥʽʰʥʴʦʛʦ ʚʽʜʙʠʚʘʥʥʷ ʍ-ʧʨʦʤʝʥʽʚ ʥʘ ʤʝʞʽ ʨʦʟʜʽʣʫ ʜʚʦʭ ʩʝʨʝʜʦʚʠʱ. 

ʇʨʠ ʢʫʪʽ ʧʘʜʽʥʥʷ, ʥʘ ʤʝʞʫ ʨʦʟʜʽʣʫ, ʤʝʥʰʝ ʢʨʠʪʠʯʥʦʛʦ ï ʢʫʪʘ ʧʦʚʥʦʛʦ 

ʟʦʚʥʽʰʥʴʦʛʦ ʚʽʜʙʠʚʘʥʥʷ, ʧʨʦʤʝʥʽ ʜʟʝʨʢʘʣʴʥʦ ʚʽʜʙʠʚʘʶʪʴʩʷ, ʧʨʦʥʠʢʘʶʯʠ ʧʨʠ 
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ʮʴʦʤʫ ʥʘ 1-2 ʥʤ ʫ ʛʣʠʙʠʥʫ. ɿʥʘʯʝʥʥʷ ʢʨʠʪʠʯʥʦʛʦ ʢʫʪʘ ʚʠʟʥʘʯʘʻʪʴʩʷ ʝʣʝʢʪʨʦʥʥʦʶ 

ʛʫʩʪʠʥʦʶ ʜʦʩʣʽʜʞʫʚʘʥʦʛʦ ʟʨʘʟʢʘ [46]: 

—
‗ὶ

“
”     ρȢψ 

ʜʝ ὶ ï ʢʣʘʩʠʯʥʠʡ ʨʘʜʽʫʩ ʝʣʝʢʪʨʦʥʘ, ”  ï ʩʝʨʝʜʥʷ ʝʣʝʢʪʨʦʥʥʘ ʛʫʩʪʠʥʘ, ‗ ï 

ʜʦʚʞʠʥʘ ʭʚʠʣʽ ʍ-ʧʨʦʤʝʥʽʚ. 

 
ʈʠʩʫʥʦʢ 1.8 ʉʭʝʤʘ ʍ-ʧʨʦʤʝʥʝʚʦʾ ʨʝʬʣʝʢʪʦʤʝʪʨʽʾ ʜʣʷ ʚʠʧʘʜʢʫ ʪʦʥʢʦʛʦ ʰʘʨʫ. BCD ï ʨʽʟʥʠʮʷ 

ʭʦʜʫ ʧʨʦʤʝʥʽʚ, t ï ʪʦʚʱʠʥʘ ʰʘʨʫ. 
 

ʇʨʠ ʫʤʦʚʽ, ʱʦ ʚʽʜʦʤʠʡ ʝʣʝʤʝʥʪʥʠʡ ʩʢʣʘʜ ʜʦʩʣʽʜʞʫʚʘʥʦʾ ʩʪʨʫʢʪʫʨʠ, ʤʘʩʦʚʘ 

ʛʫʩʪʠʥʘ ʦʪʨʠʤʫʻʪʴʩʷ ʟʘ ʥʘʩʪʫʧʥʠʤ ʩʧʽʚʚʽʜʥʦʰʝʥʥʷʤ: 

”
”ὃ

ὔὤ
ὓ     ρȢω 

ʜʝ ὤ ï ʘʪʦʤʥʠʡ ʥʦʤʝʨ, ὃ ï ʤʘʩʦʚʝ ʯʠʩʣʦ, ὔ  ï ʯʠʩʣʦ ɸʚʦʛʘʜʨʦ, ὓ ï ʤʦʣʷʨʥʘ 

ʤʘʩʘ. ʅʘ ʨʠʩ. 1.9ʘ ʧʨʝʜʩʪʘʚʣʝʥʽ ʧʨʦʬʽʣʽ ʍʇʈ ʚʽʜ ʪʦʚʩʪʠʭ ʧʣʽʚʦʢ ʢʨʝʤʥʽʶ, ʥʽʢʝʣʶ 

ʪʘ ʟʦʣʦʪʘ. ʍʘʨʘʢʪʝʨʥʦ, ʱʦ ʟʙʽʣʴʰʝʥʥʷ ʛʫʩʪʠʥʠ ʜʦʩʣʽʜʞʫʚʘʥʦʾ ʧʣʽʚʢʠ, 

ʧʨʦʠʟʚʦʜʠʪʴ ʜʦ ʟʨʦʩʪʘʥʥʷ ʟʥʘʯʝʥʥʷ ʢʨʠʪʠʯʥʦʛʦ ʢʫʪʘ — . 

ɼʣʷ ʢʫʪʽʚ ʙʽʣʴʰʠʭ ʢʨʠʪʠʯʥʦʛʦ, ʦʩʥʦʚʥʠʡ ʚʢʣʘʜ ʫ ʧʨʦʬʽʣʴ ʍʇʈ ʚʥʦʩʠʪʴ 

ʨʦʟʩʽʷʥʥʷ ʥʘ ʝʣʝʢʪʨʦʥʥʽʡ ʛʫʩʪʠʥʽ. ʗʢʱʦ ʜʦʩʣʽʜʞʫʚʘʥʘ ʧʦʚʝʨʭʥʷ ʤʘʻ ʥʝʥʫʣʴʦʚʫ 

ʰʦʨʩʪʢʽʩʪʴ, ʫ ʪʘʢʦʤʫ ʚʠʧʘʜʢʫ ʩʧʦʩʪʝʨʽʛʘʻʪʴʩʷ ʟʙʽʣʴʰʝʥʥʷ ʜʠʬʫʟʥʦʛʦ ʨʦʟʩʽʷʥʥʷ 

ʪʘ ʟʤʝʥʰʝʥʥʥʷ ʚʢʣʘʜʫ ʜʟʝʨʢʘʣʴʥʦʾ ʩʢʣʘʜʦʚʦʾ ʫ ʧʨʦʬʽʣʴ ʍʇʈ (ʨʠʩ. 1.9ʙ). 
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ʈʠʩʫʥʦʢ 1.9 ʉʠʤʫʣʴʦʚʘʥʽ ʧʨʦʬʽʣʽ ʍʇʈ ʫ ʟʘʣʝʞʥʦʩʪʽ ʚʽʜ (ʘ) ï ʛʫʩʪʠʥʠ ʜʦʩʣʽʜʞʫʚʘʥʦʛʦ 

ʤʘʪʝʨʽʘʣʫ, (ʙ) ï ʰʦʨʩʪʢʦʩʪʽ ʧʦʚʝʨʭʥʽ ʪʘ (ʚ) ï ʪʦʚʱʠʥʠ ʧʣʽʚʢʠ. 

 

ʗʢʱʦ ʧʣʽʚʢʘ ʭʘʨʘʢʪʝʨʠʟʫʻʪʴʩʷ ʤʘʣʦʶ ʰʦʨʩʪʢʽʩʪʶ ʤʘʻ ʜʦʩʪʘʪʥʶ 

ʨʽʚʥʦʤʽʨʥʫ ʧʦ ʧʣʦʱʽ ʪʦʚʱʠʥʫ, ʷʢʘ ʟʥʘʭʦʜʠʪʴʩʷ ʫ ʤʝʞʘʭ ʚʽʜ ~1 ʜʦ ~100 ʥʤ, ʪʦ ʥʘ 

ʧʨʦʬʽʣʽ ʍʇʈ ʩʧʦʩʪʝʨʽʛʘʶʪʴʩʷ ̔ ʥʪʝʨʬʨʝʥʮʽʡʥʽ ʤʘʢʩʠʤʫʤʠ (ʨʠʩ. 1.9ʚ) ʚʽʜʩʪʘʥʴ ʤʽʞ 

ʷʢʠʤʠ ʽ ʚʠʟʥʘʯʘʻʪʴʩʷ ʪʦʚʱʠʥʦʶ ʧʣʽʚʢʠ ʟʛʽʜʥʦ ʩʧʽʚʚʽʜʥʦʰʝʥʥʷ: 

ὸ
ά ὲ‗

ςίὭὲ— ίὭὲ—
     ρȢρπ 

ʜʝ ὸ ï ʪʦʚʱʠʥʘ ʧʣʽʚʢʠ, ά, ὲ ï ʧʦʨʷʜʢʠ ʽʥʪʝʨʬʝʨʝʥʮʽʡʥʠʭ ʤʘʢʩʠʤʫʤʽʚ; — , — ï 

ʢʫʪʠ ʧʨʠ ʷʢʠʭ ʮʽ ʤʘʢʩʠʤʫʤʠ ʩʧʦʩʪʝʨʽʛʘʶʪʴʩʷ. 

ʋ ʦʩʪʘʥʥʽ ʜʠʩʷʪʠʣʽʪʪʷ, ʫ ʟʚʷʟʢʫ ʟ ʧʝʨʝʭʦʜʦʤ ʪʝʭʥʦʣʦʛʽʡ ʥʘ ʥʘʥʦʤʝʪʨʦʚʠʡ 

ʤʘʰʪʘʙ ʪʘ ʟ ʨʦʩʪʦʤ ʟʘʮʽʢʘʚʣʝʥʦʩʪʽ ʜʦ ʥʘʥʦʨʦʟʤʽʨʥʠʭ ʩʪʨʫʢʪʫʨ, ʚʩʝ ʯʘʩʪʽʰʝ ʜʣʷ 

ʜʦʩʣʽʜʞʝʥʴ ʚʠʢʦʨʠʩʪʦʚʫʶʪʴ ʍʇʈ. ɺʦʥʘ ʧʨʘʢʪʠʯʥʦ ʥʝʟʘʤʽʥʥʘ ʜʣʷ ʝʢʩʧʨʝʩ ʘʥʘʣʽʟʫ 

ʛʝʦʤʝʪʨʠʯʥʠʭ ʧʘʨʘʤʝʪʨʽʚ ʪʦʥʢʠʭ ʧʣʽʚʦʢ, ʪʘʢʠʭ ʷʢ ʪʦʚʱʠʥʘ ʪʘ ʰʦʨʩʪʢʽʩʪʴ. 

ɿʘʚʜʷʢʠ ʢʦʚʟʥʠʤ ʢʫʪʘʤ ʧʘʜʽʥʥʷ ʍ-ʧʨʦʤʝʥʽʚ, ʷʢʽ ʚʠʢʦʨʠʩʪʦʚʫʶʪʴʩʷ ʫ ʍʇʈ, 

ʦʪʨʠʤʘʥʘ ʽʥʬʦʨʤʘʮʽʷ ʻ ʽʥʪʝʛʨʘʣʴʥʦʶ ʧʦ ʚʝʣʠʢʽʡ ʧʣʦʱʽ ʜʦʩʣʽʜʞʫʚʘʥʦʾ ʩʪʨʫʢʪʫʨʠ. 

ʆʜʥʘʢ ʢʨʽʤ ʚʠʢʦʨʠʩʪʘʥʥʷ ʤʝʪʦʜʫ ʜʣʷ ʧʣʦʩʢʠʭ ʧʣʘʥʘʨʥʠʭ ʦʙô̒ ʢʪʽʚ ʫ 

ʣʽʪʝʨʘʪʫʨʽ ʟʫʩʪʨʽʯʘʶʪʴʩʷ ʽ ʜʦʩʠʪʴ ʝʢʟʦʪʠʯʥʽ ʧʨʠʢʣʘʜʠ ʟʘʩʪʦʩʫʚʘʥʥʷ ʍʇʈ. ʊʘʢ ʫ 

ʨʦʙʦʪʽ [54] ʍʇʈ ʚʠʢʦʨʠʩʪʦʚʫʚʘʣʠ ʜʣʷ ʜʦʩʣʽʜʞʝʥʥʷ ʦʩʪʨʽʚʢʦʚʠʭ ʧʣʽʚʦʢ, ʘ ʫ ʨʦʙʦʪʽ 
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[55] ʜʦʩʣʽʜʞʫʚʘʣʠʩʷ ʟʘʩʪʠʛʰʽ ʅʏ ʫ ʩʝʨʝʜʦʚʠʱʽ ʬʦʩʬʦʣʽʧʽʜʽʚ, ʘ ʫ ʨʦʙʦʪʽ [56] 

ʥʘʚʝʜʝʥʽ ʩʧʨʦʙʠ ʚʠʢʦʨʠʩʪʘʥʥʷ ʤʝʪʦʜʠʢʠ ʜʣʷ ʜʦʩʣʽʜʞʝʥʥʷ ʥʘʥʦʜʨʦʪʽʚ ʢʨʝʤʥʽʶ, 

ʦʪʨʠʤʘʥʠʭ ʰʣʷʭʦʤ ʢʘʪʘʣʽʪʠʯʥʦʛʦ ʨʦʩʪʫ. ʎʝ ʩʚʽʜʯʠʪʴ, ʱʦ ʤʝʪʦʜ ʩʝʙʝ ʱʝ ʥʝ 

ʚʠʯʝʨʧʘʚ ʽ ʫ ʧʦʜʘʣʴʰʦʤʫ ʤʦʞʣʠʚʘ ʡʦʛʦ ʦʧʪʠʤʽʟʘʮʽʷ ʜʣʷ ʜʦʩʣʽʜʞʝʥʥʷ ʙʽʣʴʰ 

ʩʢʣʘʜʥʠʭ ʯʠ ʥʘʚʽʪʴ ʥʝʦʨʜʠʥʘʨʥʠʭ ʦʙʻʢʪʽʚ 

 

1.3.2. ʆʩʥʦʚʥʽ ʧʨʠʥʮʠʧʠ ʪʨʠʚʽʩʥʦʾ ʨʝʬʣʝʢʪʦʤʝʪʨʽʾ ʙʘʛʘʪʦʰʘʨʦʚʠʭ 

ʥʘʧʽʚʧʨʦ-ʚʽʜʥʠʢʦʚʠʭ ʥʘʥʦʩʪʨʫʢʪʫʨ 

ɺʨʘʭʦʚʫʶʯʠ, ʱʦ ʧʨʦʬʽʣʴ ʍʇʈ ʫ ʟʘʛʘʣʴʥʦʤʫ ʚʠʧʘʜʢʫ ʥʝʯʫʪʣʠʚʠʡ ʜʦ ʟʤʽʥ 

ʧʘʨʘʤʝʪʨʽʚ ʛʨʘʪʦʢ (ʪʦʙʪʦ ʜʝʬʦʨʤʘʮʽʡ) ʪʦʤʫ ʦʩʥʦʚʥʠʡ ʚʢʣʘʜ ʚʥʦʩʷʪ ʛʝʦʤʝʪʨʠʯʥʽ 

ʧʘʨʘʤʝʪʨʠ ʩʪʨʫʢʪʫʨʠ. ʎʝ ʚʽʜʨʽʟʥʷʻ ʜʘʥʠʡ ʤʝʪʦʜ ʚʽʜ ɺʈʍɼ, ʜʝ ʜʣʷ ʚʠʟʥʘʯʝʥʥʷ 

ʽʥʜʠʚʽʜʫʘʣʴʥʠʭ ʪʦʚʱʠʥ ʰʘʨʽʚ ʅɻ ʧʦʪʨʽʙʥʘ ʜʦʜʘʪʢʦʚʘ ʽʥʬʦʨʤʘʮʽʷ ʧʨʦ 

ʫʩʝʨʝʜʥʝʥʠʡ ʧʘʨʘʤʝʪʨ ʛʨʘʪʢʠ ʜʣʷ ʅɻ ʩʪʨʫʢʪʫʨʠ. ʽ ʨʦʙʠʪʴ ʍʇʈ ʧʦʪʫʞʥʠʤ ʟʘʩʦʙʦʤ 

ʜʣʷ ʜʦʩʣʽʜʞʝʥʥʷ ʅɻ. ʋ ʪʘʢʦʤʫ ʚʠʧʘʜʢʫ ʅɻ ʛʨʘʻ ʨʦʣʴ ʜʝʷʢʦʾ ʧʝʨʽʦʜʠʯʥʦʾ 

ʤʦʜʫʣʷʮʽʾ ʝʣʝʢʪʨʦʥʥʦʾ ʛʫʩʪʠʥʠ, ʪʦʜʽ ʥʘ ʧʨʦʬʽʣʷʭ ʍʇʈ ʧʨʦʷʚʣʷʶʪʴʩʷ ʜʚʽ ʩʠʩʪʝʤʠ 

ʽʥʪʝʨʬʝʨʝʥʮʽʡʥʠʭ ʤʘʢʩʠʤʫʤʽʚ ʨʠʩ. 1.10. ʇʝʨʰʘ ʩʠʩʪʝʤʘ, ʜʣʷ ʷʢʦʾ ʭʘʨʘʢʪʝʨʥʽ 

ʚʽʜʥʦʩʥʦ ʚʠʩʦʢʽ ʽʥʪʝʥʩʠʚʥʦʩʪʽ ʪʘ ʚʝʣʠʢʽ ʢʫʪʦʚʽ ʚʽʜʩʪʘʥʽ ʤʽʞ ʤʘʢʩʠʤʫʤʘʤʠ 

ʚʠʟʥʘʯʘʻʪʴʩʷ ʧʝʨʽʦʜʦʤ ʅɻ (T=t1+t2), ʘ ʜʨʫʛʘ ʩʠʩʪʝʤʘ ï ʟʘʛʘʣʴʥʦʶ ʪʦʚʱʠʥʦʶ 

(d=TĬP). 

ɼʣʷ ʙʽʣʴʰ ʜʝʪʘʣʴʥʦʛʦ ʚʠʚʯʝʥʥʷ ʚʧʣʠʚʫ ʛʝʦʤʝʪʨʠʯʥʠʭ ʧʘʨʘʤʝʪʨʽʚ ʅɻ ʥʘ 

ʧʨʦʬʽʣʴ ʍʇʈ ʨʦʟʛʣʷʥʫʪʦ ʩʝʨʽʶ ʩʠʤʫʣʴʦʚʘʥʠʭ ʧʨʦʬʽʣʽʚ ʍʇʈ. ʊʘʢ ʥʘ ʨʠʩ. 1.10 

ʧʨʝʜʩʪʘʚʣʝʥʽ ʩʠʤʫʣʴʦʚʘʥʽ ʧʨʦʬʽʣʽ ʍʇʈ ʜʣʷ AlN/GaN ʅɻ, ʽʟ ʨʽʟʥʠʤʠ 

ʛʝʦʤʝʪʨʠʯʥʠʤʠ ʧʘʨʘʤʝʪʨʘʤʠ. ɺʠʜʥʦ, ʱʦ ʟʙʽʣʴʰʝʥʥʷ ʢʽʣʴʢʦʩʪʽ ʧʝʨʽʦʜʽʚ ʟ 5 ʜʣʷ 

S1 ʜʦ 10 ʜʣʷ S2 ʚʠʢʣʠʢʘʻ ʟʤʝʥʰʝʥʥʷ ʢʫʪʦʚʦʾ ʚʽʜʩʪʘʥʽ ʤʽʞ ʰʚʠʜʢʠʤʠ ʦʩʮʠʣʷʮʽʷʤʠ 

ʽʥʪʝʥʩʠʚʥʦʩʪʽ, ʱʦ ʫʟʛʦʜʞʫʻʪʴʩʷ ʟ ʬʦʨʤʫʣʦʶ (1.10) ʜʣʷ ʚʠʧʘʜʢʫ ʟʙʽʣʴʰʝʥʥʷ 

ʪʦʚʱʠʥʠ ʧʣʽʚʢʠ. ʋ ʪʦʡ ʞ ʯʘʩ, ʱʝ ʥʝ ʚʠʢʣʠʢʘʻ ʟʤʽʥʫ ʧʦʣʦʞʝʥʴ ʤʘʢʩʠʤʫʤʽʚ ʷʢʽ 

ʚʽʜʧʦʚʽʜʘʶʪʴ ʪʦʚʱʠʥʽ ʧʝʨʽʦʜʫ ʘʣʝ ʩʧʨʠʯʠʥʷʻ ʟʤʝʥʰʝʥʥʷ ʾʭʥʴʦʾ ʥʘʧʽʚʰʠʨʠʥʠ. 
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ʈʠʩʫʥʦʢ 1.10 ʉʠʤʫʣʴʦʚʘʥʽ ʧʨʦʬʽʣʽ ʍʇʈ ʜʣʷ AlN/GaN ʅɻ ʫ ʟʘʣʝʞʥʦʩʪʽ ʚʽʜ ʢʽʣʴʢʽʩʪʽ ʧʝʨʽʦʜʽʚ 

(S1 ̔  S2), ʪʦʚʱʠʥʠ ʰʘʨʽʚ (S2 ʽ S3), ʩʧʽʚʚʽʜʥʦʰʝʥʥʷ ʪʦʚʱʠʥ ʰʘʨʽʚ ʫ ʧʝʨʽʦʜʽ (S3 ʽ S4).   

 

ɿʙʽʣʴʰʝʥʥʷ ʪʦʚʱʠʥʠ ʽʥʜʠʚʽʜʫʘʣʴʥʠʭ ʰʘʨʽʚ ʅɻ, ʧʨʠ ʟʙʝʨʝʞʝʥʥʥʽ ʾʭʥʴʦʛʦ 

ʩʧʽʚʚʽʜʥʦʰʝʥʥʷ ʟ 3/3 ʥʤ ʜʣʷ S2 ʜʦ 4/4 ʥʤ ʜʣʷ S3 ʩʧʨʠʯʠʥʷʻ ʟʤʽʥʫ ʧʦʣʦʞʝʥʴ 

ʤʘʢʩʠʤʫʤʽʚ ʜʚʦʭ ʩʠʩʪʝʤ, ʪʘʢ ʷʢ ʟʤʽʥʘ ʪʦʚʱʠʥʠ ʧʝʨʽʦʜʫ ʙʫʜʝ ʚʧʣʠʚʘʪʠ ʽ ʥʘ 

ʟʘʛʘʣʴʥʫ ʪʦʚʱʠʥʫ ʅɻ. ʋ ʪʦʡ ʞʝ ʯʘʩ ʮʽʢʘʚʠʡ ʨʝʟʫʣʴʪʘʪ ʩʧʦʩʪʝʨʽʛʘʻʪʴʩʷ ʧʨʠ ʟʤʽʥʽ 

ʩʧʽʚʚʽʜʥʦʰʝʥʥʷ ʪʦʚʱʠʥ ʫ ʧʝʨʽʦʜʽ ʧʨʠ ʥʝʟʤʽʥʥʦʤʫ ʟʥʘʯʝʥʥʽ ʪʦʚʱʠʥʠ ʧʝʨʽʦʜʫ (S3 

ʪʘ S4 ʨʠʩ. 1.10). ʇʦʨʽʚʥʶʶʯʠ S3 ʪʘ S4 ʤʦʞʥʘ ʧʦʙʘʯʠʪʠ, ʱʦ ʜʣʷ ʥʠʭ ʭʘʨʘʢʪʝʨʥʘ 

ʪʽʣʴʢʠ ʥʝʟʥʘʯʥʘ ʟʤʽʥʘ ʬʦʨʤʠ ʧʨʦʬʽʣʽʚ ʽ ʱʦ ʧʦʣʦʞʝʥʥʷ ʽʥʪʝʨʝʨʝʥʮʽʡʥʠʭ 

ʤʘʢʩʠʤʫʤʽʚ ʧʨʘʢʪʠʯʥʦ ʥʝ ʟʤʽʥʠʣʦʩʷ. ʊʘʢʦʞ ʤʦʞʥʘ ʧʦʙʘʯʠʪʠ ʥʝʟʥʘʯʥʫ ʟʤʽʥʫ 

ʧʦʣʦʞʝʥʥʷ ʢʨʠʪʠʯʥʦʛʦ ʢʫʪʘ, ʷʢʠʡ ʫ ʚʠʧʘʜʢʫ ʅɻ ʚʠʟʥʘʯʘʻʪʴʩʷ ʫʩʝʨʝʜʥʝʥʠʤ 

ʟʥʘʯʝʥʥʷʤ ʛʫʩʪʠʥʠ. 

ʎʝʡ ʨʝʟʫʣʴʪʘʪ ʩʚʽʜʯʠʪʴ ʧʨʦ ʥʝʦʙʭʽʜʥʽʩʪʴ ʚʠʢʦʨʠʩʪʘʥʥʷ ʢʦʤʧʶʪʝʨʥʦʛʦ 

ʤʦʜʝʣʶʚʘʥʥʷ ʽʟ ʧʦʜʘʣʴʰʦʶ ʧʽʜʛʦʥʢʦʶ ʜʣʷ ʪʦʯʥʦʛʦ ʚʠʟʥʘʯʝʥʥʷ ʛʝʦʤʝʪʨʠʯʥʠʭ 

ʧʘʨʘʤʝʪʨʽʚ ʅɻ ʩʪʨʫʢʪʫʨ.  

 

1.3.3. ɺʪʦʨʠʥʥʘ ʥʝʡʪʨʘʣʴʥʘ ʤʘʩ-ʩʧʝʢʪʨʦʤʝʪʨʽʷ 

ɺʅʄʉ ï ʦʜʠʥ ʟ ʥʘʡʙʽʣʴʰ ʝʬʝʢʪʠʚʥʠʭ ʤʝʪʦʜʽʚ ʜʣʷ ʘʥʘʣʽʟʫ ʧʨʦʬʽʣʶ 

ʛʣʠʙʠʥʥʦʛʦ ʨʦʟʧʦʜʽʣʫ ʘʪʦʤʽʚ [57]. ʎʝ ʜʝʩʪʨʫʢʪʠʚʥʠʡ ʤʝʪʦʜ, ʷʢʽʡ ʧʦʣʷʛʘʻ ʚ 

ʙʦʤʙʘʨʜʫʚʘʥʥʽ ʧʝʨʚʠʥʥʠʤʠ ̔ ʦʥʘʤʠ (ʫ ʥʘʰʦʤʫ ʚʠʧʘʜʢʫ Ar+) ʧʦʚʝʨʭʥʽ, 
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ʨʦʟʧʠʣʶʶʯʠ ʟ ʥʝʾ ʽʦʥʠ, ʘʪʦʤʠ, ʤʦʣʝʢʫʣʠ ʪʘ ʢʣʘʩʪʝʨʠ, ʱʦ ʧʨʠʚʦʜʠʪʴ ʜʦ 

ʬʦʨʤʫʚʘʥʥʷ ʛʣʠʙʠʥʥʦʛʦ ʢʨʘʪʝʨʫ. ʅʝʧʝʨʝʨʠʚʥʝ ʜʝʪʝʢʪʫʚʘʥʥʷ ʨʦʟʧʠʣʝʥʠʭ ʯʘʩʪʦʢ 

ʜʦʟʚʦʣʷʻ ʤʝʪʦʜʫ ʚʠʟʥʘʯʘʪʠ ʧʨʦʬʽʣʽ ʨʦʟʧʦʜʽʣʫ ʝʣʝʤʝʥʪʽʚ ʧʦ ʛʣʠʙʠʥʽ. 

ʂʣʶʯʦʚʦʶ ʚʽʜʤʽʥʥʽʩʪʶ ɺʅʄʉ ʚʽʜ ʚʪʦʨʠʥʥʦʾ ʽʦʥʥʦʾ ʤʘʩʩ-ʩʧʝʢʪʨʦʤʝʪʨʽʾ ʻ 

ʯʽʪʢʘ ʩʝʧʘʨʘʮʽʷ ʤʽʞ ʨʦʟʧʠʣʝʥʠʤʠ ʪʘ ʽʦʥʽʟʦʚʘʥʠʤʠ ʯʘʩʪʠʥʢʘʤʠ. ʇʽʩʣʷ 

ʙʦʤʙʘʨʜʫʚʘʥʥʷ ʧʦʚʝʨʭʥʽ ʟʨʘʟʢʘ ʽʦʥʥʠʤ ʧʫʯʢʦʤ, ʨʦʟʧʠʣʝʥʽ ʥʝʡʪʨʘʣʴʥʽ ʘʪʦʤʠ ʪʘ 

ʢʣʘʩʪʝʨʠ ʧʽʜʜʘʶʪʴʩʷ ʧʦʩʪ-ʽʦʥʽʟʘʮʽʾ, ʧʽʩʣʷ ʯʦʛʦ ʜʝʪʝʢʪʫʶʪʴʩʷ ʤʘʩʩ-

ʩʧʝʢʪʨʦʤʝʪʨʦʤ. ʊʘʢ ʷʢ ʽʦʥʽʟʘʮʽʷ ʚʽʜʙʫʚʘʻʪʴʩʷ ʚʞʝ ʧʽʩʣʷ ʪʦʛʦ ʷʢ ʥʝʡʪʨʘʣʴʥʽ 

ʯʘʩʪʠʥʢʠ ʧʦʢʠʥʫʪʴ ʧʦʚʝʨʭʥʶ ʜʦʩʣʽʜʞʫʚʘʥʦʛʦ ʟʨʘʟʢʘ, ʪʦ ʨʽʟʥʽ ʯʘʩʪʠʥʢʠ ʫ 

ʟʘʛʘʣʴʥʦʤʫ ʟʘʟʥʘʶʪʴ ʦʜʥʘʢʦʚʦʛʦ ʩʪʫʧʝʥʶ ʽʦʥʽʟʘʮʽʾ. ʎʝ ʜʦʟʚʦʣʷʻ ʫʩʫʥʫʪʠ ʚʧʣʠʚ 

ʪʘʢ ʟʚʘʥʠʭ ʤʘʪʨʠʯʥʠʭ ʝʬʝʢʪʽʚ, ʷʢʽ ʧʨʦʷʚʣʷʶʪʴʩʷ ʜʣʷ ʚʪʦʨʠʥʥʦʾ ʽʦʥʥʦʾ ʤʘʩʩ-

ʩʧʝʢʪʨʦʤʝʪʨʽʾ [58]. ʋ ʪʘʢʦʤʫ ʚʠʧʘʜʢʫ ʩʠʛʥʘʣ ɺʅʄʉ ʧʨʷʤʦ ʽ ʢʽʣʴʢʽʩʥʦ ʢʦʨʝʣʶʻ ʟ 

ʜʽʡʩʥʦʶ ʢʦʥʮʝʥʪʨʘʮʽʻʶ ʝʣʝʤʝʥʪʽʚ ʫ ʟʨʘʟʢʫ [59]. ʎʝ ʨʦʙʠʪʴ ɺʅʄʉ ʥʘʜʽʡʥʠʤ 

ʤʝʪʦʜʦʤ ʢʽʣʴʢʽʩʥʦʛʦ ʚʠʟʥʘʯʝʥʥʷ ʩʢʣʘʜʫ ʟʨʘʟʢʘ.  

 

ʈʠʩʫʥʦʢ 1.11 ʉʧʦʨʦʱʝʥʘ ʙʣʦʢ-ʩʭʝʤʘ ʚʪʦʨʠʥʥʦʛʦ ʥʝʡʪʨʘʣʴʥʦʛʦ ʤʘʩʩ-ʩʧʝʢʪʨʦʤʝʪʨʘ INA-3. 

 

ɸʥʘʣʽʟ ʧʨʦʬʽʣʽʚ ʨʦʟʧʦʜʽʣʫ ʝʣʝʤʝʥʪʽʚ ʧʦ ʛʣʠʙʠʥʽ, ʫ ʚʠʨʦʱʝʥʠʭ ʩʪʨʫʢʪʫʨʘʭ, 

ʧʨʦʚʦʜʠʚʩʷ ʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʩʠʩʪʝʤʠ ɺʅʄʉ INA-3 (Laybold-Heraeus, 

ʅʽʤʝʯʯʠʥʘ). ʉʭʝʤʘʪʠʯʥʘ ʜʽʘʛʨʘʤʘ ʧʨʠʣʘʜʫ ʧʨʝʜʩʪʘʚʣʝʥʘ ʥʘ ʨʠʩ. 1.11. ʎʝ ʩʠʩʪʝʤʘ 

ʚʠʢʦʨʠʩʪʦʚʫʻ ʚʠʩʦʢʦʯʘʩʪʦʥʫ ʧʣʘʟʤʫ ʷʢ ʜʣʷ ʨʦʟʧʠʣʝʥʥʷ ʧʦʚʝʨʭʥʽ ʪʘʢ ʽ ʜʣʷ ʧʦʩʪ-
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ʽʦʥʽʟʘʮʽʾ ʨʦʟʧʠʣʝʥʠʭ ʥʝʡʪʨʘʣʴʥʠʭ ʯʘʩʪʠʥʦʢ. ʏʘʩʪʠʥʢʠ, ʱʦ ʽʦʥʽʟʫʚʘʣʠʩʷ ʫ 

ʚʠʩʦʢʦʯʘʩʪʦʪʥʽʡ ʧʣʘʟʤʽ ʘʨʛʦʥʫ, ʟʙʠʨʘʶʪʴʩʷ ʪʘ ʬʦʢʫʩʫʶʪʩʷ ʟʘ ʜʦʧʦʤʦʛʦʶ ʣʽʥʟʠ, 

ʧʽʩʣʷ ʯʦʛʦ ʧʨʦʭʦʜʷʪʴ ʯʝʨʝʟ ʝʥʝʨʛʝʪʠʯʥʠʡ ʬʽʣʴʪʨ, ʷʢʠʡ ʧʨʦʚʦʜʠʪʴ ʩʝʧʘʨʘʮʽʶ ʧʦ 

ʤʘʩʽ. ʋ ʢʽʥʮʝʚʽʡ ʩʪʘʜʽʾ ʚʪʦʨʠʥʥʦ-ʝʣʝʢʪʨʦʥʥʠʡ ʧʦʤʥʦʞʫʚʘʯ ʧʽʜʩʠʣʶʻ ʥʘʜʭʦʜʞʝʥʽ 

ʩʠʛʥʘʣʠ ʚʽʜ ʢʦʞʥʦʛʦ ʝʣʝʤʝʥʪʫ. ɿʘ ʜʦʧʦʤʦʛʦʶ ʢʦʤʧʶʪʝʨʘ ʙʫʜʫʻʪʴʩʷ ʟʘʣʝʞʥʽʩʪʴ 

ʝʣʝʤʝʥʪʥʦʛʦ ʧʨʦʬʽʣʶ ʚʽʜ ʯʘʩʫ ʨʦʟʧʠʣʝʥʥʷ. ʑʦʙ ʦʪʨʠʤʘʪʠ ʛʣʠʙʠʥʥʠʡ ʨʦʟʧʦʜʽʣ, 

ʧʨʦʚʦʜʠʪʴʩʷ ʢʘʣʽʙʨʫʚʘʥʥʷ ʛʣʠʙʠʥʠ ʢʨʘʪʝʨʘ ʟʘ ʜʦʧʦʤʦʛʦʶ ʧʨʦʬʽʣʦʤʝʪʨʘ. ʇʨʠʣʘʜ 

ʜʦʟʚʦʣʷʻ ʚʠʟʥʘʯʘʪʠ ʢʦʥʮʝʥʪʘʮʽʾ ʝʣʝʤʝʥʪʽʚ ʫ ʤʝʞʘʭ ʚʽʜ 0,1 ʜʦ 100 % ʽʟ ʨʦʟʜʽʣʴʥʦʶ 

ʟʜʘʪʥʽʩʪʶ ʧʦ ʛʣʠʙʠʥʽ ʜʦ ~1 ʥʤ. 

 

1.3.4. ɸʪʦʤʥʦ-ʩʠʣʦʚʘ ʤʽʢʨʦʩʢʦʧʽʷ 

ɸʪʦʤʥʦ-ʩʠʣʦʚʘ ʤʽʢʨʦʩʢʦʧʽʷ ï ʧʦʪʫʞʥʠʡ ʤʝʪʦʜ ʜʦʩʣʽʜʞʝʥʥʷ ʧʦʚʝʨʭʥʽ 

ʟʨʘʟʢʽʚ ʽʟ ʨʦʟʜʽʣʴʥʦʶ ʟʜʘʪʥʽʩʪʶ, ʱʦ ʩʷʛʘʻ ʘʪʦʤʘʨʥʦʛʦ ʨʽʚʥʷ [60]. ʍʘʨʘʢʪʝʨʥʦʶ 

ʦʩʦʙʣʠʚʽʩʪʴ ɸʉʄ ʻ ʤʦʞʣʠʚʽʩʪʴ ʦʪʨʠʤʘʥʥʷ ʧʩʝʚʜʦ-ʪʨʴʦʭʤʽʨʥʦʛʦ ʟʦʙʨʘʞʝʥʥʷ 

ʧʦʚʝʨʭʥʽ. ʂʨʽʤ ʪʦʛʦ ʚʽʜʥʦʩʥʘ ʜʝʰʝʚʠʟʥʘ, ʢʦʤʧʘʢʪʥʽʩʪʴ, ʚʠʩʦʢʘ ʩʪʝʧʽʥʴ 

ʢʦʤʧʶʪʝʨʠʟʘʮʽʾ ʟʘʙʝʟʧʝʯʠʣʠ ʰʠʨʦʢʝ ʚʠʢʦʨʠʩʪʘʥʥʷ ʤʝʪʦʜʫ. ɺʠʢʣʠʢʘʥʦ ʮʝ ʪʘʢʦʞ 

ʧʝʨʝʭʦʜʦʤ ʜʦ ʥʘʥʦʨʦʟʤʽʨʥʠʭ ʤʘʰʪʘʙʽʚ ï ʭʘʨʘʢʪʝʨʥʠʭ ʜʣʷ ʩʫʯʘʩʥʠʭ ʪʝʭʥʦʣʦʛʽʡ. 

ɺʩʝ ʯʘʩʪʽʰʝ ɸʉʄ ʚʠʢʦʨʠʩʪʦʚʫʶʪʴ ʜʣʷ ʝʢʩʧʨʝʩ ʘʥʘʣʽʟʫ ʧʦʚʝʨʭʥʽ ʜʦʩʣʽʜʞʫʚʘʥʠʭ 

ʩʪʨʫʢʪʫʨ. 

ɺ ʦʩʥʦʚʽ ɸʉʄ ʣʝʞʠʪʴ ʟʘʣʝʞʥʽʩʪʴ ʝʥʝʨʛʽʷ ɺʘʥ-ʜʝʨ-ɺʘʘʣʴʩʘ ʚʟʘʻʤʦʜʽʾ ʜʚʦʭ 

ʘʪʦʤʽʚ ʥʘ ʚʽʜʩʪʘʥʽ ὶ ʦʜʠʥ ʚʽʜ ʦʜʥʦʛʦ, ʷʢʫ ʟʘʟʚʠʯʘʡ ʘʧʨʦʢʩʠʤʫʶʪʴ ʧʦʪʝʥʮʽʘʣʦʤ 

ʃʝʥʘʨʜʘɼʞʦʥʩʘ: 

Ὗὶ Ὗ ς
ὶ

ὶ

ὶ

ὶ
     ρȢρρ 

ʜʝ Ὗ  ï ʟʥʘʯʝʥʥʷ ʤʽʥʽʤʫʤʫ ʝʥʝʨʛʽʾ, ὶ ï ʨʽʚʥʦʚʘʞʥʘ ʚʽʜʩʪʘʥʴ ʤʽʞ ʘʪʦʤʘʤʠ. 

ʆʪʨʠʤʘʥʥʷ ʟʦʙʨʘʞʝʥʥʷ ʧʦʚʝʨʭʥʽ ʟʘ ʜʦʧʦʤʦʛʦʶ ɸʉʄ ʚʽʜʙʫʚʘʻʪʴʩʷ ʰʣʷʭʦʤ 

ʨʝʻʩʪʨʘʮʽʾ ʤʘʣʦʛʦ ʟʛʠʥʫ ʧʨʫʞʥʴʦʾ ʢʦʥʩʦʣʽ (ʢʘʥʪʠʣʝʚʝʨʘ) ʟʦʥʜʦʚʦʛʦ ʜʘʪʯʠʢʘ 

(ʨʠʩ. 1.12).  
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ʈʠʩʫʥʦʢ 1.12 ɹʣʦʢ-ʩʭʝʤʘ ʘʪʦʤʥʦ-ʩʠʣʦʚʦʛʦ ʤʽʢʨʦʩʢʦʧʘ. 

 

ɼʦʩʣʽʜʞʝʥʥʷ ʤʦʨʬʦʣʦʛʽʾ, ʰʦʨʩʪʢʦʩʪʽ ʧʦʚʝʨʭʥʽ, ʨʦʟʤʽʨʫ ʟʝʨʝʥ ʧʨʦʚʦʜʠʣʦʩʴ 

ʘʪʦʤʥʦ-ʩʠʣʦʚʠʤ ʤʽʢʨʦʩʢʦʧʦʤ NanoScope IIIa Dimension 3000TM (Digital 

Instruments, ʉʐɸ). ɺʠʤʽʨʶʚʘʥʥʷ ʧʨʦʚʦʜʠʣʠʩʴ ʚ ʨʝʞʠʤʽ ʧʝʨʽʦʜʠʯʥʦʛʦ ʢʦʥʪʘʢʪʫ, 

ʜʣʷ ʮʴʦʛʦ ʟʘ ʜʦʧʦʤʦʛʦʶ ʧô̒ ʟʦʜʘʚʘʯʘ ʟʙʫʜʞʫʶʪʴʩʷ ʢʦʣʠʚʘʥʥʷ ʢʘʥʪʝʣʝʚʝʨʘ. ʎʝ 

ʟʚʦʜʠʪʴ ʜʦ ʤʽʥʽʤʫʤʫ ʚʟʘʻʤʦʜʽʶ ʟʦʥʜʘ ʽʟ ʜʦʩʣʽʜʞʫʚʘʥʦʶ ʧʦʚʝʨʭʥʝʶ. ɼʣʷ 

ʦʪʨʠʤʘʥʥʷ ʚʠʩʦʢʦʾ ʦʟʜʽʣʴʥʦʾ ʟʜʘʪʥʦʩʪʽ ʚʠʢʦʨʠʩʪʦʚʫʚʘʚʩʷ ʢʨʝʤʥʽʻʚʠʡ ʟʦʥʜ ʟ̔ 

ʥʦʤʽʥʘʣʴʥʠʤ ʨʘʜʽʫʩʦʤ ~10 ʥʤ. ʑʦʙ ʦʜʝʨʞʘʪʠ ʽʥʪʝʛʨʘʣʴʥʽ ʪʘ ʣʦʢʘʣʴʥʽ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʧʦʚʝʨʭʥʽ, ʘʥʘʣʽʟ ʟʦʙʨʘʞʝʥʴ ɸʉʄ ʧʨʦʚʦʜʠʚʩʷ ʟʘ ʜʦʧʦʤʦʛʦʶ 

ʧʨʦʛʨʘʤʥʦʛʦ ʟʘʙʝʟʧʝʯʝʥʥʷ ɸʉʄ NanoScope IIIa. ʉʝʨʝʜʥʴʦʢʚʘʜʨʘʪʠʯʥʫ 

ʰʦʨʩʪʢʽʩʪʴ „ ʨʦʟʨʘʭʦʚʫʚʘʣʘʩʴ ʟʘ ʬʦʨʤʫʣʦʶ: 

„ ώ Ễώ Ⱦὲ     ρȢρς 

ʜʝ ώ ï ʤʘʢʩʠʤʘʣʴʥʝ ʚʽʜʭʠʣʝʥʥʷ ʧʨʦʬʽʣʶ ʥʘ ʜʽʣʷʥʮʽ ὲ ʚʽʜ ʜʝʷʢʦʛʦ ʩʝʨʝʜʥʴʦʛʦ 

ʟʥʘʯʝʥʥʷ. 

ɺʠʭʦʜʷʯʠ ʟ ʚʠʱʝ ʥʘʧʠʩʘʥʦʛʦ, ʤʦʞʥʘ ʩʪʚʝʨʜʞʫʚʘʪʠ, ʱʦ ɸʉʄ ʧʨʘʢʪʠʯʥʦ 

ʥʝʟʘʤʽʥʥʘ ʤʝʪʦʜʠʢʘ ʜʣʷ ʣʦʢʘʣʴʥʦʛʦ ʜʦʩʣʽʜʞʝʥʥʷ ʧʦʚʝʨʭʥʽ. ʊʘʢʦʞ ʚʦʥʘ ʜʦʟʚʦʣʷʻ 

ʦʪʨʠʤʫʚʘʪʠ ʽʥʬʦʨʤʘʮʽʶ ʷʢ ʚʽʜ ʤʘʩʠʚʫ ʪʘʢ ʽ ʚʽʜ ʦʢʨʝʤʠʭ ʅʏ. 
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1.4. ɺʠʩʥʦʚʢʠ ʽ ʧʦʩʪʘʥʦʚʢʘ ʟʘʜʘʯʽ 

ʇʽʜʩʫʤʦʚʫʶʯʠ ʚʠʱʝ ʥʘʧʠʩʘʥʝ, ʤʦʞʥʘ ʩʪʚʝʨʜʞʫʚʘʪʠ, ʱʦ ʅɻ ʻ 

ʧʝʨʩʧʝʢʪʠʚʥʠʤʠ ʦʙô̒ ʢʪʘʤʠ ʫ ʩʫʯʘʩʥʽʡ ʥʘʥʦʝʣʝʢʪʨʦʥʽʮʽ. ɸʣʝ ʩʢʣʘʜʥʽ ʧʨʦʮʝʩʠ 

ʨʝʣʘʢʩʘʮʽʾ ʥʘʧʨʫʞʝʥʴ ʅɻ ɯɯɯ-ʥʽʪʨʠʜʽʚ ʟʫʤʦʚʣʶʶʪʴ ʫʪʚʦʨʝʥʥʷ ʚʝʣʠʢʦʾ ʢʽʣʴʢʦʩʪʽ 

ʜʝʬʝʢʪʽʚ, ʷʢʽ ʧʦʛʽʨʰʫʶʪʴ ʧʨʠʣʘʜʥʽ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʦʙô̒ ʢʪʽʚ, ʘ ʪʘʢʦʞ ʟʤʽʥʫ 

ʚʝʣʠʯʠʥ ʧô̒ ʟʦʝʣʝʢʪʨʠʯʥʠʭ ʧʦʣʽʚ, ʱʦ ʪʘʢʦʞ ʚʧʣʠʚʘʻ ʥʘ ʝʣʝʢʪʨʦʦʧʪʠʯʥʽ 

ʚʣʘʩʪʠʚʦʩʪʽ ʩʠʩʪʝʤʠ. ʊʦʤʫ, ʜʣʷ ʩʪʚʦʨʝʥʥʷ ʷʢʽʩʥʥʦʾ ʧʨʠʣʘʜʥʦʾ ʩʪʨʫʢʪʫʨʠ ʽʟ 

ʧʨʦʛʥʦʟʦʚʘʥʠʤʠ ʬʽʟʠʯʥʠʤʠ ʚʣʘʩʪʠʚʦʩʪʷʤʠ ʥʝʦʙʭʽʜʥʝ ʜʝʪʘʣʴʥʝ ʜʦʩʣʽʜʞʝʥʥʷ 

ʤʝʭʘʥʽʟʤʽʚ ʨʝʣʘʢʩʘʮʽʾ ɯɯɯ-ʥʽʪʨʠʜʥʠʭ ʛʝʪʝʨʦʝʧʪʘʢʩʽʡʥʠʭ ʅɻ. 

ʄʘʩʠʚʠ ʟ ʅʏ ʟʦʣʦʪʘ ʚʦʣʦʜʽʶʪʴ ʨʷʜʦʤ ʭʘʨʘʢʪʝʨʠʩʪʠʢ, ʷʢʽ ʜʦʟʚʦʣʠʣʠ ʾʤ 

ʦʪʨʠʤʘʪʠ ʰʠʨʦʢʝ ʟʘʩʪʦʩʫʚʘʥʥʷ ʫ ʥʘʥʦʧʣʘʟʤʦʥʽʮʽ. ɸʣʝ ʯʝʨʝʟ ʩʧʽʚʤʽʨʥʽʩʪʴ 

ʨʦʟʤʽʨʽʚ ʅʏ, ʧʦʨ ʪʘ ʪʦʚʱʠʥ ʧʣʽʚʢʠ, ʚʠʥʠʢʘʶʪʴ ʟʥʘʯʥʽ ʪʨʫʜʥʦʱʽ ʜʣʷ ʢʦʥʪʨʦʣʶ ʾʭ 

ʛʝʦʤʝʪʨʠʯʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ, ʮʝ ʥʝ ʜʦʟʚʦʣʷʻ ʫ ʧʦʚʥʽʡ ʤʽʨʽ ʧʝʨʝʜʙʘʯʘʪʠ ʪʘ 

ʢʝʨʫʚʘʪʠ ʾʭ ʧʣʘʟʤʦʥʥʠʤʠ ʚʣʘʩʪʠʚʦʩʪʷʤʠ. ʊʦʤʫ ʨʦʟʨʦʙʢʘ ʪʘʢʠʭ ʤʝʪʦʜʽʚ 

ʥʝʦʙʭʽʜʥʘ ʜʣʷ ʧʦʜʘʣʴʰʦʛʦ ʫʩʧʽʰʥʦʛʦ ʨʦʟʚʠʪʢʫ ʥʘʥʦʧʣʘʟʤʦʥʽʢʠ. 
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ʈʆɿɼɯʃ 2. ɼɽʑʆ ʇʈʆ ʆʉʆɹʃʀɺʆʉʊɯ ʄɽʊʆɼʀʂʀ ɽʂʉʇɽʈʀʄɽʅʊʋ 

 

2.1. ɺʠʤʽʨʶʚʘʥʥʷ ʧʘʨʘʤʝʪʨʽʚ ʛʨʘʪʢʠ ʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʂʆʇ 

ɼʣʷ ʪʦʯʥʦʛʦ ʚʠʟʥʘʯʝʥʥʷ ʧʘʨʘʤʝʪʨʽʚ ʛʨʘʪʦʢ ʛʝʪʝʨʦʝʧʽʪʘʢʩʽʡʥʠʭ ʩʪʨʫʢʪʫʨ 

ʥʝʦʙʭʽʜʥʝ ʚʠʤʽʨʶʚʘʥʥʷ ʢʘʨʪ ʦʙʝʨʥʝʥʦʛʦ ʧʨʦʩʪʦʨʫ (ʂʆʇ) [61]. ʂʘʨʪʘ ʦʙʝʨʥʝʥʦʛʦ 

ʧʨʦʩʪʦʨʫ ʷʚʣʷʻ ʩʦʙʦʶ ʨʦʟʧʦʜʽʣ ʽʥʪʝʥʩʠʚʥʦʩʪʽ ʨʦʟʩʽʷʥʠʭ ʍ-ʧʨʦʤʝʥʽʚ ʷʢ ʬʫʥʢʮʽʶ 

ʢʦʦʨʜʠʥʘʪ ʚ ʦʙʝʨʥʝʥʦʤʫ ʧʨʦʩʪʦʨʽ, ʷʢʽ ʟʘʜʘʶʪʴʩʷ ʥʘʩʪʫʧʥʠʤʠ ʩʧʽʚʚʽʜʥʦʰʝʥʥʷʤʠ: 

▲ ▓ίὭὲ‌ ίὭὲ‌      ςȢρ 

▲ ▓ίὭὲ‌ ίὭὲ‌      ςȢς 

ʜʝ ‌, ‌ ï ʢʫʪʠ ʧʘʜʽʥʥʷ ʪʘ ʚʽʜʙʠʪʪʷ ʍ-ʧʨʦʤʝʥʽʚ ʚʽʜʧʦʚʽʜʥʦ, ▓ ï ʭʚʠʣʴʦʚʠʡ ʚʝʢʪʦʨ, 

z ʪʘ x ʚʽʜʧʦʚʽʜʥʦ ʚʽʜʧʦʚʽʜʘʶʪʴ ʥʘʧʨʷʤʢʘʤ ʦʩʝʡ ʚʟʜʦʚʞ ʥʦʨʤʘʣʽ ʜʦ ʧʦʚʝʨʭʥʽ ʪʘ 

ʧʘʨʘʣʝʣʴʥʦ ʧʦʚʝʨʭʥʽ. 

ʋ ʦʙʝʨʥʝʥʦʤʫ ʧʨʦʩʪʦʨʽ ʟʨʫʯʥʦ ʦʧʝʨʫʚʘʪʠ ʧʦʥʷʪʪʷʤ ʦʙʝʨʥʝʥʘ ʛʨʘʪʢʘ, ʷʢʘ 

ʧʦʻʜʥʫʻ ʚ ʩʦʙʽ ʽʥʬʦʨʤʘʮʽʶ ʷʢ ʧʨʦ ʤʽʞʧʣʦʱʠʥʥʽ ʚʽʜʩʪʘʥʽ ʪʘʢ ʽ ʧʨʦ ʾʭʥʽ ʢʫʪʠ. 

ʆʙʝʨʥʝʥʘ ʛʨʘʪʢʘ ʚʦʣʦʜʽʻ ʪʘʢʠʤʠ ʞ ʩʘʤʠʤʠ ʝʣʝʤʝʥʪʘʤʠ ʩʠʤʝʪʨʽʾ ʷʢ ʽ ʨʝʘʣʴʥʘ 

ʢʨʠʩʪʘʣʽʯʥʘ ʢʨʘʪʢʘ. ʊʦʤʫ, ʚʠʟʥʘʯʠʚʰʠ ʚʣʘʩʪʠʚʦʩʪʽ ʦʙʝʨʥʝʥʦʾ ʛʨʘʪʢʠ ʤʦʞʥʘ 

ʣʝʛʢʦ ʦʪʨʠʤʘʪʠ ʪʽ ʞ ʩʘʤʽ ʚʣʘʩʪʠʚʦʩʪʽ ʽ ʜʣʷ ʨʝʘʣʴʥʦʾ ʛʨʘʪʢʠ. ɺʝʢʪʦʨ ʦʙʝʨʥʝʥʦʾ 

ʛʨʘʪʢʠ ʚʠʟʥʘʯʘʻʪʴʩʷ ʷʢ: 

▲ Ὤ╫ Ὧ╫ ὰ╫     ςȢσ 

ʜʝ Ὤ, Ὧ, ὰ ʮʝ ʽʥʜʝʢʩʠ ʄʽʣʣʝʨʘ ʜʣʷ ʩʽʤʝʡʩʪʚʘ ʘʪʦʤʥʠʭ ʧʣʦʱʠʥ ʚ ʢʨʠʩʪʘʣʽ. 

ʈʝʘʣʴʥʘ ʪʘ ʦʙʝʨʥʝʥʘ ʛʨʘʪʢʠ ʧʦʚôʷʟʘʥʽ ʤʽʞ ʩʦʙʦʶ ʬʦʨʤʫʣʘʤʠ (2.4-2.6): 

╫
╪ ╪

╪ Ͻ╪ ╪
     ςȢτ 

╫
╪ ╪

╪ Ͻ╪ ╪
     ςȢυ 

╫
╪ ╪

╪ Ͻ╪ ╪
     ςȢφ 

ʜʝ ╪ , ╪ , ╪  ʮʝ ʙʘʟʠʩʥʽ ʚʝʢʪʦʨʠ. 

ɼʦʚʞʠʥʘ ʚʝʢʪʦʨʘ ʦʙʝʨʥʝʥʦʾ ʛʨʘʪʢʠ ʟʘʜʘʻʪʴʩʷ ʥʘʩʪʫʧʥʠʤ ʩʧʽʚʚʽʜʥʦʰʝʥʥʷʤ: 

ȿ▲ȿ
ρ

Ὠ
     ςȢχ 
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ʜʝ Ὠ  ʮʝ ʤʽʞʧʣʦʱʠʥʥʘ ʚʽʜʩʪʘʥʴ ʜʣʷ ʜʚʦʭ ʩʫʩʽʜʥʽʭ ʢʨʠʩʪʘʣʽʯʥʠʭ ʧʣʦʱʠʥ. 

ʆʙʝʨʥʝʥʘ ʛʨʘʪʢʘ ʙʫʜʫʻʪʴʩʷ ʪʘʢ ʩʘʤʦ, ʷʢ ʽ ʧʨʷʤʘ: ʙʘʟʠʩʥʘ ʝʣʝʤʝʥʪʘʨʥʘ ʢʦʤʽʨʢʘ 

ʨʦʟʤʥʦʞʫʻʪʴʩʷ ʟʘ ʜʦʧʦʤʦʛʦʶ ʪʨʘʥʩʣʷʮʽʾ ʚ ʫʩʽ ʥʘʧʨʷʤʠ ʥʘ ʙʘʟʠʩʥʽ ʚʝʢʪʦʨʠ ╫░, 

ʧʦʤʥʦʞʝʥʽ ʥʘ ʜʦʚʽʣʴʥʽ ʮʽʣʽ ʯʠʩʣʘ [62], [63]. 

ʋ ʪʦʡ ʞʝ ʯʘʩ ʜʦʚʞʠʥʘ ʚʝʢʪʦʨʘ ʦʙʝʨʥʝʥʦʾ ʛʨʘʪʢʠ ʯʝʨʝʟ ʢʦʦʨʜʠʥʘʪʠ 

ʦʙʝʨʥʝʥʦʛʦ ʧʨʦʩʪʦʨʫ ʚʠʨʘʞʘʻʪʴʷ ʥʘʩʪʫʧʥʠʤ ʯʠʥʦʤ: 

ȿ▲ȿ ή ή     ςȢψ 

ʇʝʨʰʠʡ ʜʦʜʘʥʦʢ ʫ ʚʠʨʘʟʽ (2.8) ʚʠʟʥʘʯʘʻ ʧʦʣʦʞʝʥʥʷ ʪʦʯʢʠ ʚ ʦʙʝʨʥʝʥʦʤʫ 

ʧʨʦʩʪʦʨʽ ʫ ʥʘʧʨʷʤʢʫ ʧʘʨʘʣʝʣʴʥʦʤʫ ʜʦ ʧʦʚʝʨʭʥʽ, ʘ ʜʨʫʛʠʡ ʫ ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦʤʫ. 

ʊʦʙʪʦ ʢʨʠʩʪʘʣʦʛʨʘʬʽʯʥʽ ʧʣʦʱʠʥʠ ʟ ʽʥʜʝʢʩʘʤʠ (hkl) ʫ ʦʙʝʨʥʝʥʦʤʫ ʧʨʦʩʪʦʨʽ 

ʟʦʙʨʘʞʫʶʪʴʩʷ ʪʦʯʢʘʤʠ, ʘ ʚʽʜʩʪʘʥʴ ʚʽʜ ʮʝʥʪʨʘ ʢʦʦʨʜʠʥʘʪ ʜʦ ʪʦʯʢʠ ʥʘ ʦʙʝʨʥʝʥʦʤʫ 

ʧʨʦʩʪʦʨʽ ʚʠʟʥʘʯʘʻʪʴʩʷ ʚʝʣʠʯʠʥʦʶ ʤʽʞʧʣʦʱʠʥʥʦʾ ʚʽʜʩʪʘʥʽ. ʇʨʠʢʣʘʜ ʧʦʙʫʜʦʚʠ 

ʜʚʦʚʠʤʽʨʥʦʾ ʦʙʝʨʥʝʥʦʾ ʛʨʘʪʢʠ ʧʨʝʜʩʪʘʚʣʝʥʦ ʥʘ ʨʠʩ. 2.1. ʊʫʪ ʽ ʜʘʣʽ ʨʦʟʛʣʷʜʘʶʪʴʩʷ 

ʤʦʜʝʣʴʥʽ ʩʪʨʫʢʪʫʨʠ ʟ ʢʨʠʩʪʘʣʦʛʨʘʬʽʯʥʦʶ ʦʨʽʻʥʪʘʮʽʻʶ (001). 

 

ʈʠʩʫʥʦʢ 2.1 ʉʭʝʤʘʪʠʯʥʝ ʟʦʙʨʘʞʝʥʥʷ ʛʝʦʤʝʪʨʽʾ ʩʢʘʥʫʚʘʥʥʷ ʪʘ ʧʨʠʢʣʘʜ ʧʦʙʫʜʦʚʠ ʜʚʦʚʠʤʽʨʥʦʾ 

ʦʙʝʨʥʝʥʦʾ ʛʨʘʪʢʠ ʜʣʷ ʢʽʣʴʢʦʭ ʛʨʫʧ ʢʨʠʩʪʘʣʦʛʨʘʬʽʯʥʠʭ ʧʣʦʱʠʥ. ʋ ʜʫʞʢʘʭ ʚʢʘʟʘʥʽ ʽʥʜʝʢʩʠ 

ʄʽʣʣʝʨʘ ʜʣʷ ʚʽʜʧʦʚʽʜʥʠʭ ʧʣʦʱʠʥ. 
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ɼʣʷ ʚʠʤʽʨʶʚʘʥʥʷ ʂʆʇ ʧʦʪʨʽʙʥʦ ʧʨʦʚʝʩʪʠ ʩʢʘʥʫʚʘʥʥʷ ʜʝʷʢʦʾ ʜʽʣʷʥʢʠ 

ʧʦʙʣʠʟʫ ʚʫʟʣʘ ʦʙʝʨʥʝʥʦʛʦ ʧʨʦʩʪʦʨʫ. ɼʣʷ ʮʴʦʛʦ ʟʘʟʚʠʯʘʡ ʧʨʦʚʦʜʷʪʴ ʚʠʤʽʨʶʚʘʥʥʷ 

ʩʝʨʽʾ ɤ/2ɗ ʧʨʦʬʽʣʽʚ ʧʨʠ ʟʤʽʥʽ ʢʫʪʘ ʧʘʜʽʥʥʷ ɤ. ʆʜʥʘʢ ʤʦʞʥʘ ʚʠʢʦʨʠʩʪʦʚʫʚʘʪʠ ʽ 2ɗ 

ʧʨʦʬʽʣʽ ʧʨʠ ʟʤʽʥʽ ʢʫʪʘ ʧʘʜʽʥʥʷ ɤ ʽ ɤ/2ɗ ʧʨʠ ʟʤʽʥʽ ʢʫʪʘ 2ɗ ʨʠʩ. 2.1. ɿʤʽʥʘ ʤʝʪʦʜʫ 

ʚʠʤʽʨʶʚʘʥʥʷ ʂʆʇ ʪʽʣʴʢʠ ʚʠʟʥʘʯʘʻ ʰʣʷʭ ʩʢʘʥʫʚʘʥʥʷ (ʪʦʙʪʦ ʨʫʭ ʢʽʥʮʷ ʚʝʢʪʦʨʘ 

ʦʙʝʨʥʝʥʦʾ ʛʨʘʪʢʠ ▲ ʚ ʦʙʝʨʥʝʥʦʤʫ ʧʨʦʩʪʦʨʽ) ʽ ʫ ʟʘʛʘʣʴʥʦʤʫ, ʥʝ ʚʧʣʠʚʘʻ ʥʘ 

ʨʝʟʫʣʴʪʘʪ. 

ɺʠʢʦʨʠʩʪʦʚʫʶʯʠ ʚʠʨʘʟ ʤʽʞʧʣʦʱʠʥʥʦʾ ʚʽʜʩʪʘʥʽ ʜʣʷ ʛʝʢʩʘʛʦʥʘʣʴʥʦʾ 

ʩʠʤʝʪʨʽʾ, ʤʦʞʥʘ ʟʘʧʠʩʘʪʠ: 

ȿ▲ȿ
ρ

Ὠ

τ

σ

Ὤ ὬὯ ὰ

ὥ

ὰ

ὧ
     ςȢω 

ʉʧʽʚʩʪʘʚʣʷʶʯʠ (2.8) ʪʘ (2.9) ʤʦʞʥʘ ʟʘʧʠʩʘʪʠ: 

ή
τ

σ

Ὤ ὬὯ ὰ

ὥ
     ςȢρπ 

ή
ὰ

ὧ
     ςȢρρ 

ʊʦʜʽ ʽʟ ʢʦʦʨʜʠʥʘʪ ʚʫʟʣʘ ʥʘ ʂʆʇ ʤʦʞʥʘ ʣʝʛʢʦ ʦʪʨʠʤʘʪʠ ʟʥʘʯʝʥʥʷ 

ʧʘʨʘʤʝʪʨʽʚ ʛʨʘʪʢʠ. ʎʷ ʫʤʦʚʘ ʜʦʙʨʝ ʚʠʢʦʥʫʻʪʴʩʷ ʚ ʽʜʝʘʣʴʥʦʤʫ ʚʠʧʘʜʢʫ, ʟʘ 

ʚʽʜʩʫʪʥʦʩʪʽ ʢʨʠʩʪʘʣʦʛʨʘʬʽʯʥʦʾ ʨʦʟʦʨʽʻʥʪʘʮʽʾ, ʱʦ ʥʘ ʧʨʘʢʪʠʮʽ ʤʘʡʞʝ ʥʝ 

ʟʫʩʪʨʽʯʘʻʪʴʩʷ. ʈʦʟʦʨʽʻʥʪʘʮʽʷ ʚʠʢʣʠʢʘʻ ʟʤʽʱʝʥʥʷ ʤʘʢʩʠʤʫʤʫ ʚʽʜʙʠʪʪʪʷ ʥʘ ʂʆʇ 

ʚʟʜʦʚʞ ʣʽʥʽʾ, ʱʦ ʚʽʜʧʦʚʽʜʘʻ ɤ ʩʢʘʥʫʚʘʥʥʶ ʨʠʩ. 2.1. ʎʝ ʟʤʽʱʝʥʥʷ ʚʠʢʣʠʢʘʥʝ 

ʥʝʦʙʭʽʜʥʽʩʪʶ ʧʽʜʣʘʰʪʦʚʫʚʘʪʠ ʟʨʘʟʦʢ ʧʦ ʦʩʽ ɤ, ʱʦʙ ʦʪʨʠʤʘʪʠ ʤʘʢʩʠʤʫʤ 

ʜʠʬʨʘʢʮʽʾ. ɿʤʽʥʘ ʧʦʣʦʞʝʥʥʷ ʚʽʜʙʠʪʪʷ ʥʘ ʂʆʇ ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʟʥʘʯʥʦʾ ʧʦʭʠʙʢʠ ʫ 

ʚʠʟʥʘʯʝʥʥʷ ʧʘʨʘʤʝʪʨʽʚ ʛʨʘʪʢʠ ʟ ʚʠʢʦʨʠʩʪʘʥʥʷ ʬʦʨʤʫʣ (2.10) ʪʘ (2.11). ɺʘʨʪʦ 

ʟʘʥʘʯʠʪʠ, ʱʦ ʢʨʠʩʪʘʣʦʛʨʘʬʽʯʥʘ ʨʦʟʦʨʽʻʥʪʘʮʽʷ ʟʫʤʦʚʣʶʻ ʟʤʽʥʫ ʧʦʣʦʞʝʥʥʷ ʢʽʥʮʷ 

ʚʝʢʪʦʨʘ ʦʙʝʨʥʝʥʦʾ ʛʨʘʪʠ, ʘʣʝ ʥʝ ʟʤʽʥʶʻ ʡʦʛʦ ʜʦʚʞʠʥʫ. 

ʑʦʙ ʧʦʟʙʫʪʠʩʷ ʚʧʣʠʚʫ ʨʦʟʦʨʽʻʥʪʘʽʾ ʥʘ ʪʦʯʥʽʩʪʴ ʚʠʤʽʨʶʚʘʥʥʷ ʧʘʨʘʤʝʪʨʽʚ 

ʛʨʘʪʢʠ ʚʠʢʦʨʠʩʪʦʚʫʶʪʴʩʷ ʜʚʽ ʂʆʇ. ʉʠʤʝʪʨʠʯʥʽ ʂʆʇ ʥʝʯʫʪʣʠʚʽ ʜʦ ʟʤʽʥʠ 

ʣʘʪʝʨʘʣʴʥʠʭ ʧʘʨʘʤʝʪʨʽʚ ʛʨʘʪʢʠ, ʘ ʧʦʣʦʞʝʥʥʷ ʚʽʜʙʠʪʪʷ ʚʠʟʥʘʯʘʻʪʴʩʷ ʪʽʣʴʢʠ 

ʟʥʘʯʝʥʥʷʤ ʧʘʨʘʤʝʪʨʘ ὧ ʨʠʩ. 2.2. ʋ ʪʦʡ ʞʝ ʯʘʩ ʥʘ ʘʩʠʤʝʪʨʠʯʥʠʭ ʂʆʇ ʧʦʣʦʞʝʥʥʷ  
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ʈʠʩʫʥʦʢ 2.2 ʇʨʠʢʣʘʜ ʧʦʙʫʜʦʚʠ ʩʠʤʝʪʨʠʯʥʦʛʦ (00l) ʚʽʜʙʠʪʪʷ ʫ ʦʙʝʨʥʝʥʦʤʫ ʧʨʦʩʪʦʨʽ ʜʣʷ 

ʜʚʦʰʘʨʦʚʦʾ ʩʪʨʫʢʪʫʨʠ ʽʟ ʦʜʥʘʢʦʚʠʤʠ ʪʘ ʨʽʟʥʠʤʠ ʣʘʪʝʨʘʣʴʥʠʤʠ ʧʘʨʘʤʝʪʨʘʤʠ ʛʨʘʪʦʢ, ʧʨʠ ʮʴʦʤʫ 

ʚʝʨʪʠʢʘʣʴʥʽ ʧʘʨʘʤʝʪʨʠ ʛʨʘʪʢ ʜʣʷ ʥʠʭ ʨʽʟʥʽ. 

 

ʈʠʩʫʥʦʢ 2.3 ʇʨʠʢʣʘʜ ʧʦʙʫʜʦʚʠ ʘʩʠʤʝʪʨʠʯʥʦʛʦ (hkl) ʚʽʜʙʠʪʪʷ ʫ ʦʙʝʨʥʝʥʦʤʫ ʧʨʦʩʪʦʨʽ ʜʣʷ 

ʜʚʦʰʘʨʦʚʦʾ ʩʪʨʫʢʪʫʨʠ ʽʟ ʦʜʥʘʢʦʚʠʤʠ ʪʘ ʨʽʟʥʠʤʠ ʣʘʪʝʨʘʣʴʥʠʤʠ ʧʘʨʘʤʝʪʨʘʤʠ ʛʨʘʪʦʢ, ʧʨʠ ʮʴʦʤʫ 

ʚʝʨʪʠʢʘʣʴʥʽ ʧʘʨʘʤʝʪʨʠ ʛʨʘʪʢ ʜʣʷ ʥʠʭ ʨʽʟʥʽ. 

 

ʚʽʜʙʠʪʪʷ ʟʘʣʝʞʠʪʴ ʚʽʜ ʟʥʘʯʝʥʴ ʦʙʦʭ ʧʘʨʘʤʝʪʨʽʚ ὥ ʽ ὧ. ʊʦʤʫ ʦʜʥʫ ʟ ʂʆʇ 

ʚʠʤʽʨʶʶʪʴ ʜʣʷ ʩʠʤʝʪʨʠʯʥʦʛʦ (000l) ʚʽʜʙʠʪʪʷ ʜʣʷ ʷʢʦʛʦ ʟʥʘʯʝʥʥʷ ʜʦʚʞʠʥʠ 

ʚʝʢʪʦʨʘ ʦʙʝʨʥʝʥʦʾ ʛʨʘʪʢʠ, ʚʠʢʦʨʠʩʪʦʚʫʶʯʠ ʬʦʨʤʫʣʫ (2.9), ʙʫʜʝ ʙʝʟʧʦʩʝʨʝʜʥʴʦ 

ʚʠʟʥʘʯʘʪʠ ʟʥʘʯʝʥʥʷ ʧʘʨʘʤʝʪʨʘ ʛʨʘʪʢʠ ὧ. ʊʦʜʽ ʚʠʢʦʨʠʩʪʦʚʫʶʯʠ ʟʥʘʯʝʥʥʷ ʜʦʚʞʠʥʠ 
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ʚʝʢʪʦʨʘ ʦʙʝʨʥʝʥʦʾ ʛʨʘʪʢʠ ▲, ʪʘ ʧʽʜʩʪʘʚʣʷʶʯʠ ʫ ʬʦʨʤʫʣʫ (2.9) ʨʦʟʨʘʭʦʚʘʥʝ 

ʟʥʘʯʝʥʥʷ ὧ, ʟʥʘʭʦʜʠʪʴʩʷ ʣʘʪʝʨʘʣʴʥʠʡ ʧʘʨʘʤʝʪʨʫ ʛʨʘʪʢʠ ὥ. ʊʘʢʠʡ ʧʽʜʭʽʜ ʜʦʟʚʦʣʷʻ 

ʫʩʫʥʫʪʠ ʚʧʣʠʚ ʨʦʟʦʨʽʻʥʪʘʮʽʾ ʥʘ ʪʦʯʥʽʩʪʴ ʚʠʟʥʘʯʝʥʥʷ ʧʘʨʘʤʝʪʨʽʚ ʛʨʘʪʢʠ. 

 

2.2. ʄʝʪʦʜʠʢʘ ʚʠʟʥʘʯʝʥʥʷ ʨʦʟʦʨʽʻʥʪʘʮʽʾ ʪʘ ʢʨʠʩʪʘʣʦʛʨʘʬʽʯʥʦʛʦ ʥʘʭʠʣʫ 

ʇʨʦʪʷʛʦʤ ʦʩʪʘʥʥʽʭ ʨʦʢʽʚ ʟôʷʚʠʣʘʩʷ ʚʝʣʠʢʘ ʢʽʣʴʢʽʩʪʴ ʨʦʙʽʪ ʧʨʠʩʚʷʯʝʥʠʭ 

ʜʦʩʣʽʜʞʝʥʥʶ ʦʙôʻʢʪʽʚ (ʝʧʽʪʘʢʩʽʡʥʠʭ ʰʘʨʽʚ, ʥʘʜʛʨʘʪʦʢ) ʚʠʨʦʱʝʥʠʭ ʥʘ ʧʽʜʢʣʘʜʢʘʭ 

ʟ ʨʦʟʦʨʽʻʥʪʘʮʽʻʶ [64]ï[76]. ɺ ʦʩʥʦʚʥʦʤʫ ʘʚʪʦʨʠ ʜʦʩʣʽʜʞʫʚʘʣʠ ʚʧʣʠʚʠ ʚʝʣʠʯʠʥʠ 

ʨʦʟʦʨʽʻʥʪʘʮʽʾ ʧʽʜʢʣʘʜʢʠ ʥʘ ʧʦʜʘʣʴʰʠʡ ʨʽʩʪ ʪʘ ʜʝʬʦʨʤʘʮʽʡʥʦ-ʨʝʣʘʢʩʘʮʽʡʥʠʡ ʩʪʘʥ 

ʚʞʝ ʚʠʨʦʱʝʥʠʭ ʩʪʨʫʢʪʫʨ [64], [65], [68], [69], [75], [77]. ɼʣʷ ʪʘʢʠʭ ʜʦʩʣʽʜʞʝʥʴ 

ʢʨʠʪʠʯʥʦ ʚʘʞʣʠʚʠʤ ʻ ʪʦʯʥʝ ʚʠʟʥʘʯʝʥʥʷ ʟʥʘʯʝʥʥʷ ʨʦʟʦʨʽʻʥʪʘʮʽʾ, ʪʘʢ ʷʢ ʜʦʩʠʪʴ 

ʤʘʣʘ ʟʤʽʥʘ ʢʫʪʘ ʨʦʟʦʨʽʻʥʪʘʮʽʾ ʧʽʜʢʣʘʜʢʠ ʤʦʞʝ ʢʘʨʜʠʥʘʣʴʥʦ ʚʧʣʠʚʘʪʠ ʥʘ ʨʽʩʪ ʽ 

ʜʝʬʦʨʤʘʮʽʡʥʠʡ ʩʪʘʥ ʚʠʨʦʱʝʥʠʭ ʝʧʽʪʘʢʩʽʡʥʠʭ ʰʘʨʽʚ (ʥʘʧʨʠʢʣʘʜ, ʜʝʬʦʨʤʘʮʽʷ 

ʩʪʠʩʢʫ ʤʦʞʝ ʧʦʤʽʥʷʪʠʩʷ ʥʘ ʜʝʬʦʨʤʘʮʽʶ ʨʦʟʪʷʛʫ ʯʠ ʥʘʚʧʘʢʠ) [64], [67], [68], [76]. 

ʋ ʚʠʧʘʜʢʫ ʨʦʩʪʫ ʥʘ ʨʦʟʦʨʽʻʥʪʦʚʘʥʠʭ ʧʦʚʝʨʭʥʷʭ ʝʧʽʪʘʢʩʽʡʥʠʭ ʰʘʨʽʚ, 

ʚʝʨʪʠʢʘʣʴʥʽ ʧʘʨʘʤʝʪʨʠ ʛʨʘʪʢʠ ʷʢʠʭ ʚʽʜʨʽʟʥʷʶʪʴʩʷ ʚʽʜʨʽʟʥʷʶʪʴʩʷ, ʩʧʦʩʪʝʨʽʛʘʻʪʴʩʷ 

ʥʘʭʠʣ ʢʨʠʩʪʘʣʦʛʨʘʬʽʯʥʠʭ ʧʣʦʱʠʥ ʰʘʨʫ ʚʽʜʥʦʩʥʦ ʚʽʜʧʦʚʽʜʥʠʭ ʧʣʦʱʠʥ ʧʽʜʢʣʘʜʢʠ 

ʨʠʩ. 2.4. ʇʝʨʰʠʤ ʪʘʢʠʡ ʝʬʝʢʪ ʦʧʠʩʘʚ ʅʘʛʘʾ (Nagai) ʫ ʨʦʙʦʪʽ [78], ʚʽʜʧʦʚʽʜʥʦ 

ʪʘʢʠʡ ʥʘʭʠʣ ʥʦʩʠʪʴ ʡʦʛʦ ʽʤôʷ. ɺʝʣʠʯʠʥʘ ʥʘʭʠʣʫ ʨʦʟʨʘʭʦʚʫʻʪʴʩʷ ʽʟ ʛʝʦʤʝʪʨʠʯʥʠʭ 

ʫʷʚʣʝʥʴ: 

ÔÁÎ Ўɻ ὔὥὫὥὭὧ ὧȾὧ ὸὥὲ‌       ςȢρς 

ʜʝ ὧ ʪʘ ὧ ʚʝʨʪʠʢʘʣʴʥʽ ʧʘʨʘʤʝʪʨʠ ʛʨʘʪʢʠ ʧʽʜʢʣʘʜʢʠ ʪʘ ʝʧʽʪʘʢʩʽʡʥʦʛʦ ʰʘʨʫ; 

ɻ, ‌ ʪʘ Ўɻ ʢʨʠʩʪʘʣʦʛʨʘʬʽʯʥʘ ʨʦʟʦʨʽʻʥʪʘʮʽʷ ʧʽʜʢʣʘʜʢʠ, ʝʧʽʪʘʢʩʽʡʥʦʛʦ ʰʘʨʫ ʪʘ 

ʢʨʠʩʪʘʣʦʛʨʘʬʽʯʥʠʡ ʥʘʭʠʣ (ʅʘʛʘʾ) ʝʧʽʪʘʢʩʽʡʥʦʛʦ ʰʘʨʫ. ʊʦʙʪʦ ʚ ʽʜʝʘʣʴʥʦʤʫ 

ʚʠʧʘʜʢʫ, ʟʥʘʯʝʥʥʷ ʥʘʭʠʣʫ ʅʘʛʘʾ ʚʠʟʥʘʯʘʻʪʴʩʷ ʪʽʣʴʢʠ ʚʝʨʪʠʢʘʣʴʥʠʤʠ 

ʧʘʨʘʤʝʪʨʘʤʠ ʛʨʘʪʢʠ ʰʘʨʫ ʪʘ ʧʽʜʢʣʘʜʢʠ, ʘ ʪʘʢʦʞ ʚʝʣʠʯʠʥʦʶ ʢʨʠʩʪʘʣʦʛʨʘʬʽʯʥʦʾ 

ʨʦʟʦʨʽʻʥʪʘʮʽʾ ʧʽʜʢʣʘʜʢʠ. ʎʝ ʪʘʢ ʟʚʘʥʠʡ ʪʝʦʨʝʪʠʯʥʠʡ ʥʘʭʠʣ ʅʘʛʘʾ. ʋ ʨʝʘʣʴʥʠʭ 

ʩʪʨʫʢʪʫʨʘʭ ʟʥʘʯʝʥʥʷ ʮʴʦʛʦ ʥʘʭʠʣʫ ʤʦʞʝ ʚʽʜʨʽʟʥʷʪʠʩʷ ʚʽʜ ʪʝʦʨʝʪʠʯʥʦ 

ʨʦʟʨʘʭʦʚʘʥʦʛʦ ʟʛʽʜʥʦ ʬʦʨʤʫʣʠ (2.12). ɿʤʽʥʘ ʥʘʭʠʣʫ ʅʘʛʘʾ ʜʣʷ ʛʝʪʝʨʦʝʧʽʪʘʢʩʽʡʥʠʭ 

ʩʪʨʫʢʪʫʨ ʤʦʞʝ ʙʫʪʠ ʦʜʥʠʤ ʽʟ ʜʞʝʨʝʣ ʨʝʣʘʢʩʘʮʽʾ ʥʘʧʨʫʞʝʥʴ. 
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ʈʠʩʫʥʦʢ 2.4 ʉʭʝʤʘ ʬʦʨʤʫʚʘʥʥʷ ʢʨʠʩʪʘʣʦʛʨʘʬʽʯʥʦʛʦ ʥʘʭʠʣʫ ʜʣʷ ʛʝʪʝʨʦʝʧʽʪʘʢʩʽʡʥʠʭ ʩʪʨʫʢʪʫʨ 

ʟ ʢʨʠʩʪʘʣʦʛʨʘʬʽʯʥʦʶ ʨʦʟʦʨʽʻʥʪʘʮʽʻʶ; ὧ ʪʘ ὧ ʚʽʜʧʦʚʽʜʘʶʪʴ ʚʝʨʪʠʢʘʣʴʥʠʤ ʧʘʨʘʤʝʪʨʘʤ ʛʨʘʪʢʠ 

ʧʽʜʢʣʘʜʢʠ ʪʘ ʝʧʽʪʘʢʩʽʡʥʦʛʦ ʰʘʨʫ; ɻ, ‌ ʪʘ Ўɻ ʚʽʜʧʦʚʽʜʘʶʪʴ ʢʨʠʩʪʘʣʦʛʨʘʬʽʯʥʽʡ ʨʦʟʦʨʽʻʥʪʘʮʽʾ 

ʧʽʜʢʣʘʜʢʠ, ʝʧʽʪʘʢʩʽʡʥʦʛʦ ʰʘʨʫ ʪʘ ʢʨʠʩʪʘʣʦʛʨʘʬʽʯʥʤʫ ʥʘʭʠʣʫ ʝʧʽʪʘʢʩʽʡʥʦʛʦ ʰʘʨʫ. 

 

ɼʽʡʩʥʝ ʟʥʘʯʝʥʥʷ ʝʧʽʪʘʢʩʽʡʥʦʛʦ ʥʘʭʠʣʫ ʚʠʟʥʘʯʘʻʪʴʩʷ ʷʢ ʨʽʟʥʠʮʷ 

ʨʦʟʦʨʽʻʥʪʘʮʽʡ ʢʨʠʩʪʘʣʽʯʥʦʾ ʛʨʘʪʢʠ ʰʘʨʫ ʪʘ ʧʽʜʢʣʘʜʢʠ. ɼʣʷ ʪʦʯʥʦʛʦ ʚʠʟʥʘʯʝʥʥʷ 

ʨʦʟʦʨʽʻʥʪʘʮʽʾ ʽ ʚʽʜʧʦʚʽʜʥʦ ʝʧʽʪʘʢʩʽʡ ʥʦʛʦ ʥʘʭʠʣʫ ʅɻ ʩʪʨʫʢʪʫʨ, ʟʘʧʨʦʧʦʥʦʚʘʥʦ 

ʚʠʢʦʨʠʩʪʦʚʫʚʘʪʠ ʚʠʤʽʨʶʚʘʥʥʷ ‫ • 2D ʢʘʨʪ ʨʦʟʩʽʷʥʥʷ ʽʥʪʝʥʩʠʚʥʦʩʪʽ. ɼʣʷ 

ʮʴʦʛʦ, ʚ ʘʟʠʤʫʪʘʣʴʥʦʤʫ ʜʽʘʧʘʟʦʥʽ 0-360Ü ʽʟ ʢʨʦʢʦʤ 10Ü ʧʨʦʚʦʜʠʪʩʷ ʚʠʤʽʨʶʚʘʥʥʷ 

ʧʨʦʬʽʣʽʚ ʜʣʷ ʩʠʤʝʪʨʠʯʥʦʛʦ (000l) ʚʽʜʙʠʪʪʷ. ɯʟ ʧʦʣʦʞʝʥʴ ʤʘʢʩʠʤʫʤʽʚ ʜʠʬʨʘʢʮʽʾ ‫ 

ʥʘ :ʦʪʨʠʤʫʻʪʴʩʷ ʷʢ ʬʫʥʢʮʽʷ ʚʽʜ ʘʟʠʤʫʪʫ ‫ ʧʨʦʬʽʣʷʭ, ʚʝʣʠʯʠʥʘ ʟʤʽʥʠ ‫ 

‌• •‫ —ˎ     ςȢρσ 

ʜʝ •‫  ʧʦʣʦʞʝʥʥʷ ʤʘʢʩʠʤʫʤʫ ʜʠʬʨʘʢʮʽʾ, —ˎ ï ʢʫʪ ɹʨʝʛʛʘ. ʂʫʪ ʨʦʟʦʨʽʻʥʪʘʮʽʾ ‌ 

ʢʨʠʩʪʘʣʦʛʨʘʬʽʯʥʠʭ ʧʣʦʱʠʥ ʟʥʘʭʦʜʠʪʩʷ ʰʣʷʭʦʤ ʧʽʜʛʦʥʢʠ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʾ 

ʬʫʥʢʮʽʾ ‌•  ʟ ʥʘʩʪʫʧʥʠʤ ʚʠʨʘʟʦʤ [76]: 

ÔÁÎ‌• ὧ ÃÏÓ• ὧ ÔÁÎ‌      ςȢρτ 

ʜʝ ὧ ʪʘ ὧ ï ʧʽʜʛʦʥʦʯʥʽ ʧʘʨʘʤʝʪʨʠ. ɼʣʷ ʚʠʧʘʜʢʫ ʅɻ, ʟʥʘʯʝʥʥʷ ʝʧʽʪʘʢʩʽʡʥʦʛʦ 

ʥʘʭʠʣʫ ʟʥʘʭʦʜʠʪʴʩʷ ʽʟ ʚʠʨʘʟʫ: 

Ў‌˚ː ‌
̨̐̅̋̌́̅̋̉

‌˚ː     ςȢρυ  
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ɼʣʷ ʪʦʯʥʦʛʦ ʚʠʟʥʘʯʝʥʥʷ ʢʨʠʩʪʘʣʦʛʨʘʬʽʯʥʦʛʦ ʥʘʧʨʷʤʢʫ ʨʦʟʦʨʽʻʥʪʘʮʽʾ ʪʘ 

ʝʧʽʪʘʢʩʽʡʥʦʛʦ ʥʘʭʠʣʫ, ʧʨʦʚʦʜʠʪʴʩʷ ʚʠʤʽʨʶʚʘʥʥʷ • ʩʢʘʥʽʚ ʜʣʷ ʘʩʠʤʝʪʨʠʯʥʦʛʦ 

ʚʽʜʙʠʪʪʷ ʚ ʜʽʘʧʘʟʦʥʽ 0-360Ü ʽʟ ʪʠʤʠ ʞʝ ʧʘʨʘʤʝʪʨʘʤʠ ʥʘʣʘʰʪʫʚʘʥʥʷ ʟʨʘʟʢʘ, ʱʦ ʽ 

ʜʣʷ ʚʠʤʽʨʶʚʘʥʥʷ ‫ • ʢʘʨʪ. 

ʍʘʨʘʢʪʝʨ ʚʧʣʠʚʫ ʝʧʽʪʘʢʩʽʡʥʦʛʦ ʥʘʭʠʣʫ ʥʘ ʧʦʣʦʞʝʥʥʷ ʚʽʜʙʠʪʪʽʚ ʥʘ ʂʆʇ 

ʧʦʜʽʙʥʠʡ ʜʦ ʚʧʣʠʚʫ ʨʦʟʦʨʽʻʥʪʘʮʽʾ, ʱʦ ʪʘʢʦʞ ʚʠʤʘʛʘʻ ʚʠʢʦʨʠʩʪʘʥʥʷ ʜʚʦʭ ʂʆʇ ʜʣʷ 

ʪʦʯʥʦʛʦ ʚʠʟʥʘʯʝʥʥʷ ʧʘʨʘʤʝʪʨʽʚ ʛʨʘʪʢʠ.  

 

2.3. ʄʝʪʦʜʠʢʘ ʚʠʟʥʘʯʝʥʥʷ ʽʥʩʪʨʫʤʝʥʪʘʣʴʥʦʾ ʬʫʥʢʮʽʾ ʪʨʠʤʘʯʘ ʟʨʘʟʢʘ 

ʗʢ ʙʫʣʦ ʟʘʟʥʘʯʝʥʦ ʚʠʱʝ, ʚʠʟʥʘʯʝʥʥʷ ʝʧʽʪʘʢʩʽʡʥʦʛʦ ʥʘʭʠʣʫ ʚʽʜʽʛʨʘʻ 

ʚʘʞʣʠʚʝ ʟʥʘʯʝʥʥʷ ʜʣʷ ʨʦʟʫʤʽʥʥʷ ʨʝʣʘʢʩʘʽʡʥʠʭ ʧʨʦʮʝʩʽʚ ʫ ʝʧʽʪʘʢʩʽʡʥʠʭ 

ʩʪʨʫʢʪʫʨʘʭ. ʊʦʤʫ ʜʣʷ ʧʽʜʚʠʱʝʥʥʷ ʪʦʯʥʦʩʪʽ ʚʠʟʥʘʯʝʥʥʷ ʢʨʠʩʪʘʣʦʛʨʘʬʽʯʥʦʾ 

ʨʦʟʦʨʽʻʥʪʘʮʽʾ ʟʘʧʨʦʧʦʥʦʚʘʥʦ ʚʨʘʭʦʚʫʚʘʪʠ ʽʥʩʪʨʫʤʝʥʪʘʣʴʥʫ ʬʫʥʢʮʽʶ (ɯʌ) 

ʪʨʠʤʘʯʘ ʟʨʘʟʢʘ. ɺʠʭʦʜʷʯʠ ʽʟ ʪʘʢʠʭ ʤʽʨʢʫʚʘʥʴ, ʦʪʨʠʤʘʥʽ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʽ ʜʘʥʽ 

ʷʚʣʷʶʪʴ ʩʫʤʫ ʮʽʻʾ ʬʫʥʢʮʽʾ ʽ ʨʝʘʣʴʥʦʛʦ ʟʥʘʯʝʥʥʷ ʨʦʟʦʨʽʻʥʪʘʮʽʾ.  

ɼʣʷ ʧʝʨʝʚʽʨʢʠ ʽʩʥʫʚʘʥʥʷ ʽʥʩʪʨʫʤʝʥʪʘʣʴʥʦʾ ʬʫʥʢʮʽʾ ʜʦʩʪʘʪʥʴʦ ʧʨʦʚʝʩʪʠ 

ʚʠʤʽʨʠ ʧʨʠ ʨʽʟʥʦʤʫ ʘʟʠʤʫʪʘʣʴʥʦʤʫ ʧʦʣʦʞʝʥʥʽ ʟʨʘʟʢʘ ʥʘ ʪʨʠʤʘʯʫ. ʗʢʱʦ ʧʨʠ 

ʮʴʦʤʫ ʟʤʽʥʶʻʪʴʩʷ ʥʝ ʪʽʣʴʢʠ ʘʟʠʤʫʪʘʣʴʥʠʡ ʥʘʧʨʷʤʦʢ ʨʦʟʦʨʽʻʥʪʘʮʽʾ, ʘ ʽ ʾʾ ʚʝʣʠʯʠʥʘ, 

ʪʦ ʚ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʠʭ ʜʘʥʠʭ ʻ ʚʢʣʘʜ ʽʥʩʪʨʫʤʝʥʪʘʣʴʥʦʾ ʬʫʥʢʮʽʾ. ʆʩʦʙʣʠʚʦ 

ʩʠʣʴʥʦ ʚʽʜʯʫʪʥʠʡ ʚʧʣʠʚ ɯʌ ʜʣʷ ʩʪʨʫʢʪʫʨ ʟ ʥʠʟʴʢʦʶ ʨʦʟʦʨʽʻʥʪʘʮʽʻʶ, ʜʣʷ ʷʢʠʭ 

ʥʘʚʽʪʴ ʤʘʣʽ ʟʥʘʯʝʥʥʷ ɯʌ ʙʫʜʫʪʴ ʜʘʚʘʪʠ ʚʝʣʠʢʽ ʚʽʜʥʦʩʥʽ ʚʽʜʭʠʣʝʥʥʷ ʚʽʜ ʜʽʡʩʥʦʛʦ 

ʟʥʘʯʝʥʥʷ. 

ʌʽʟʠʯʥʠʤ ʧʦʷʩʥʝʥʥʷ ɯʌ ʤʦʞʝ ʙʫʪʠ ʥʘʩʪʫʧʥʠʤ: ʧʣʦʱʠʥʘ ʪʨʠʤʘʯʘ, ʘ ʦʪʞʝ ʽ 

ʟʨʘʟʦʢ ʧʨʠʢʨʽʧʣʝʥʠʡ ʥʘ ʥʴʦʤʫ, ʧʨʠ ʘʟʠʤʫʪʘʣʴʥʦʤʫ ʧʦʚʦʨʦʪʽ ʥʝ ʣʝʞʠʪʴ ʚ ʦʜʥʽʡ 

ʧʣʦʱʠʥʽ. ɯʥʰʠʤʠ ʩʣʦʚʘʤʠ: ʥʦʨʤʘʣʴ, ʧʨʦʚʝʜʝʥʦ ʜʦ ʧʣʦʱʠʥʠ ʪʨʠʤʘʯʘ ʦʧʠʩʫʻ 

ʜʝʷʢʠʡ ʢʦʥʫʩ ʧʨʠ ʡʦʛʦ ʧʦʚʦʨʦʪʽ ʚʽʜʥʦʩʥʦ ʦʩʽ ʦʙʝʨʪʘʥʥʷ ï ű (ʧʨʦʷʚ ʧʨʝʮʝʩʽʾ). 

ʇʨʠʯʠʥʦʶ ʮʴʦʛʦ ʤʦʞʝ ʩʣʫʛʫʚʘʪʠ ʤʝʭʘʥʽʯʥʘ ʟʥʦʰʝʥʽʩʪʴ ʚʫʟʣʽʚ ʛʦʥʽʦʤʝʪʨʘ ʫ 

ʧʨʦʮʝʩʽ ʡʦʛʦ ʝʢʩʧʣʫʘʪʘʮʽʾ. ʂʨʽʤ ʪʦʛʦ ʚʘʞʢʦ ʜʦʩʷʛʥʫʪʠ ʘʙʩʦʣʶʪʥʦʾ ʩʧʽʚʚʽʩʥʦʩʪʽ 

ʩʠʩʪʝʤʠ, ʪʦʤʫ ʜʘʥʠʡ ʝʬʝʢʪ ʫ ʙʽʣʴʰʽʡ ʯʠ ʤʝʥʰʽʡ ʤʽʨʽ ʤʦʞʝ ʧʨʦʷʚʣʷʪʠʩʷ ʽ ʥʘ 

ʘʙʩʦʣʶʪʥʦ ʥʦʚʠʭ ʛʦʥʽʦʤʝʪʨʘʭ. 
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ɼʣʷ ʚʠʟʥʘʯʝʥʥʷ ɯʌ ʟʘʧʨʦʧʦʥʦʚʘʥʦ ʥʘʩʪʫʧʥʠʡ ʧʽʜʭʽʜ: 

1. ɿʛʽʜʥʦ ʧʨʦʮʝʜʫʨʠ, ʦʧʠʩʘʥʦʾ ʚ ʧʘʨʘʛʨʘʬʽ 2.2 ʚʠʟʥʘʯʘʻʪʴʩʷ ʟʥʘʯʝʥʥʷ 

ʨʦʟʦʨʽʻʥʪʘʮʽʾ ʷʢ ʬʫʥʢʮʽʷ ʘʟʠʤʫʪʘʣʴʥʦʛʦ ʢʫʪʘ •. 

2. ʇʽʩʣʷ ʮʴʦʛʦ ʧʨʦʚʦʜʠʪʩʷ ʟʘʢʨʽʧʣʝʥʥʷ ʟʨʘʟʢʘ ʥʘ ʪʨʠʤʘʯʽ ʽʟ ʧʦʚʦʨʦʪʦʤ ʥʘ 

90Ü ʚʽʜʥʦʩʥʦ ʡʦʛʦ ʧʦʯʘʪʢʦʚʦʛʦ ʧʦʣʦʞʝʥʥʷ 

3. ʇʦʚʪʦʨʥʦ ʚʠʢʦʥʫʻʪʴʩʷ ʧʨʦʮʝʜʫʨʘ ʦʧʠʩʘʥʘ ʚ ʧʫʥʢʪʽ 1. 

4. ʆʪʨʠʤʘʥʽ ʟʘʣʝʞʥʦʩʪʽ ʙʫʜʫʶʪʴʩʷ ʚ ʢʦʦʨʜʠʥʘʪʘʭ ‌ • . 

5. ɼʦ ʘʨʛʫʤʝʥʪʫ ʬʫʥʢʮʽʾ ʦʪʨʠʤʘʥʦʾ ʫ ʧʫʥʢʪʽ ʜʦʜʘʻʪʴʩʷ (ʯʠ ʚʽʜʥʽʤʘʻʪʴʩʷ, ʫ 

ʟʘʣʝʞʥʦʩʪʽ ʚʽʜ ʥʘʧʨʷʤʢʫ, ʚ ʷʢʦʤʫ ʧʨʦʚʦʜʠʚʩʷ ʧʦʚʦʨʦʪ ʟʨʘʟʢʘ ʫ ʧʫʥʢʪʽ 2) 

ʢʫʪ ʧʦʚʦʨʦʪʫ ʟʨʘʟʢʘ (90Ü) 

6. ʇʨʦʚʦʜʠʪʴʩʷ ʚʽʜʥʽʤʘʥʥʷ ʬʫʥʢʮʽʡ ʦʪʨʠʤʘʥʠʭ ʟ ʧʫʥʢʪʽʚ 1 ʪʘ 5. 

ʆʪʨʠʤʘʥʘ ʫ ʨʝʟʫʣʴʪʘʪʽ ʟʘʣʝʞʥʽʩʪʴ ʽ ʙʫʜʝ ɯʌ. ʇʨʠʢʣʘʜ ʚʧʣʠʚʫ ɯʌ ʥʘ ʪʦʯʥʽʩʪʴ 

ʚʠʟʥʘʯʝʥʥʷ ʨʦʟʦʨʽʻʥʪʘʮʽʾ ʧʨʝʜʩʪʘʚʣʝʥʦ ʥʘ ʨʠʩ. 2.5. 

ʈʠʩʫʥʦʢ 2.5 ɽʢʩʧʝʨʠʤʝʥʪʘʣʴʥʘ ʘʟʠʤʫʪʘʣʴʥʘ ʟʘʣʝʞʥʽʩʪʴ ʢʫʪʘ ʨʦʟʦʨʽʻʥʪʘʮʽʾ: 1, 3 ï ʙʝʟ 

ʚʨʘʭʫʚʘʥʥʷ ʽʥʩʪʨʫʤʝʥʪʘʣʴʥʦʾ ʬʫʥʢʮʽʾ, 2, 4 ï ʽʟ ʚʨʘʭʫʚʘʥʥʷʤ ʽʥʩʪʨʫʤʝʥʪʘʣʴʥʦʾ ʬʫʥʢʮʽʾ, 

ʚʠʤʽʨʷʥʽ ʧʨʠ ʧʝʨʝʢʣʝʡʮʽ ʟʨʘʟʢʘ ʥʘ 90Á. ʇʨʷʤʦʢʫʪʥʠʢʘʤʠ ʧʦʢʘʟʘʥʦ ʩʭʝʤʘʪʠʯʥʝ ʧʦʣʦʞʝʥʥʷ 

ʟʨʘʟʢʘ ʧʽʩʣʷ ʧʨʠʢʣʝʡʢʠ. 

ʆʧʠʩʘʥʘ ʚʠʱʝ ʧʨʦʮʝʜʫʨʘ, ʜʝʱʦ ʩʢʣʘʜʥʘ ʽ ʜʣʷ ʷʢʽʩʥʦʛʦ ʚʠʟʥʘʯʝʥʥʷ ɯʌ 

ʧʦʪʨʝʙʫ ʜʦʩʠʪʴ ʪʦʯʥʦʛʦ ʧʦʚʦʨʦʪʫ ʟʨʘʟʢʘ, ʦʧʠʩʘʥʦʛʦ ʚ ʧʫʥʢʪʽ 2. ʊʦʤʫ 

ʟʘʧʨʦʧʦʥʦʚʘʥʦ ʦʨʠʛʽʥʘʣʴʥʠʡ ʧʽʜʭʽʜ ʟʥʘʭʦʜʞʝʥʥʷ ɯʌ ʟʘ ʜʦʧʦʤʦʛʦʶ ʚʠʢʦʨʠʩʪʘʥʥʷ 
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ʍʇʈ ʪʘ ʥʘʜʛʨʘʪʢʦʚʠʭ ʩʪʨʫʢʪʫʨ. ʊʘʢ, ʷʢ ʍʇʈ ʥʝʯʫʪʣʠʚʘ ʜʦ ʟʤʽʥ ʢʨʠʩʪʘʣʽʯʥʦʾ 

ʛʨʘʪʢʠ, ʪʦ ʾʾ ʧʨʦʬʽʣʽ ʥʝ ʙʫʜʫʪʴ ʟʘʟʥʘʚʘʪʠ ʚʧʣʠʚʫ ʨʦʟʦʨʽʻʥʪʘʮʽʾ ʢʨʠʩʪʘʣʽʯʥʦʾ 

ʛʨʘʪʢʠ. ɼʣʷ ʚʠʧʘʜʢʫ ʅɻ ʩʪʨʫʢʪʫʨ, ʧʦʣʦʞʝʥʥʷ ʤʘʢʩʠʤʫʤʽʚ ʚʽʜʙʠʪʪʷ ʥʘ ʧʨʦʬʽʣʽ 

ʍʇʈ ʚʠʟʥʘʯʘʻʪʴʩʷ ʪʽʣʴʢʠ ʛʝʦʤʝʪʨʠʯʥʠʤʠ ʧʘʨʘʤʝʪʨʘʤʠ ʩʪʨʫʢʪʫʨʠ ʪʘ ʾʾ 

ʝʣʝʢʪʨʦʥʥʦʶ ʛʫʩʪʠʥʦʶ. ʊʦʤʫ ʚʠʢʦʨʠʩʪʘʥʥʷ ʍʇʈ ʪʘ ʅɻ ʜʦʟʚʦʣʷʻ ʧʦʣʝʛʰʠʪʠ 

ʟʥʘʭʦʜʞʝʥʥʷ ɯʌ. ɼʣʷ ʮʴʦʛʦ ʧʦʪʨʽʙʥʦ ʥʘʣʘʰʪʫʚʘʪʠʩʷ ʥʘ ʦʜʠʥ ʤʘʢʩʠʤʫʤʽʚ 

ʚʽʜʙʠʚʘʥʥʷ ʥʘ ʧʨʦʬʽʣʽ ʍʇʈ ʜʣʷ ʅɻ (ʨʠʩ. 1.10) ʪʘ ʚʠʢʦʥʘʪʠ ʧʨʦʮʝʜʫʨʫ ʟʛʽʜʥʦ 

ʧʫʥʢʪʫ 1. ʆʪʨʠʤʘʥʘ ʟʘʣʝʞʥʽʩʪʴ ʽ ʙʫʜʝ ʰʫʢʘʥʦʶ ɯʌ. ɿʘʤʽʩʪʴ ʚʠʢʦʨʠʩʪʘʥʥʷ 

ʤʘʢʩʠʤʫʤʫ ʚʽʜʙʠʪʪʷ ʚʽʜ ʅɻ ʩʪʨʫʢʪʫʨʠ, ʪʘʢʠʤ ʞʝ ʯʠʥʦʤ ʤʦʞʥʘ ʚʠʢʦʨʠʩʪʘʪʠ 

ʧʦʣʦʞʝʥʥʷ ʢʨʠʪʠʯʥʦʛʦ ʢʫʪʘ. ɸʣʝ ʫ ʟʚôʷʟʢʫ ʟ ʪʠʤ, ʱʦ ʜʣʷ ʢʨʠʪʠʯʥʦʛʦ ʢʫʪʘ 

ʭʘʨʘʢʪʝʨʥʽ ʟʥʘʯʥʦ ʙʽʣʴʰʽ ʥʘʧʽʚʰʠʨʠʥʠ ʧʨʦʬʽʣʽʚ, ʥʽʞ ʜʣʷ ʚʽʜʙʠʪʪʷ ʚʽʜ ʅɻ, ʪʦ ‫ 

ʟʥʘʡʜʝʥʝ ʫ ʮʴʦʤʫ ʚʠʧʘʜʢʫ ʟʥʘʯʝʥʥʷ ɯʌ ʥʝ ʚʽʜʨʽʟʥʷʻʪʴʩʷ ʦʩʦʙʣʠʚʦʶ ʪʦʯʥʽʩʪʶ. 

 

2.4 ɺʠʩʥʦʚʢʠ ʜʦ ʨʦʟʜʽʣʫ 2 

ʋ ʨʦʟʜʽʣʽ ʨʦʟʛʣʷʥʫʪʦ ʦʩʦʙʣʠʚʦʩʪʽ ʚʠʤʽʨʶʚʘʥʥʷ ʧʘʨʘʤʝʪʨʽʚ ʛʨʘʪʢʠ ʜʣʷ 

ʨʦʟʦʨʽʻʥʪʦʚʘʥʠʭ ʩʪʨʫʢʪʫʨ. ʇʦʢʘʟʘʥʦ ʥʝʦʙʭʽʜʥʽʩʪʴ ʚʠʢʦʨʠʩʪʘʥʥʷ ʜʚʦʭ ʂʆʇ 

(ʩʠʤʝʪʨʠʯʥʦʾ ʪʘ ʘʩʠʤʝʪʨʠʯʥʦʾ) ʜʣʷ ʪʦʯʥʦʛʦ ʚʠʟʥʘʯʝʥʥʷ ʧʘʨʘʤʝʪʨʽʚ ʛʨʘʪʢʠ. ʊʘʢʦʞ 

ʧʨʝʜʩʪʘʚʣʝʥʦ ʤʝʪʦʜʠʢʫ ʚʠʟʥʘʯʝʥʥʷ ʢʨʠʩʪʘʣʦʛʨʘʬʽʯʥʦʾ ʨʦʟʦʨʽʻʥʪʘʮʽʾ ʪʘ 

ʝʧʽʪʘʢʩʽʡʥʦʛʦ ʥʘʭʠʣʫ. ʇʨʦʜʝʤʦʥʩʪʨʦʚʘʥʦ, ʱʦ ʚʨʘʭʫʚʘʥʥʷ ʽʥʩʪʨʫʤʝʥʪʘʣʴʥʦʾ 

ʬʫʥʢʮʽʾ ʪʨʠʤʘʯʘ ʟʨʘʟʢʽʚ ʜʦʟʚʦʣʷʻ ʟʥʘʯʥʦ ʧʽʜʚʠʱʠʪʠ ʪʦʯʥʽʩʪʴ ʚʠʟʥʘʯʝʥʥʷ 

ʟʥʘʯʝʥʥʷ ʨʦʟʦʨʽʻʥʪʘʮʽʾ. ɿʘʧʨʦʧʦʥʦʚʘʥʦ ʦʨʠʛʽʥʘʣʴʥʠʡ ʧʽʜʭʽʜ ʜʣʷ ʚʠʟʥʘʯʝʥʥʷ ɯʌ 

ʚʠʢʦʨʠʩʪʦʚʫʶʯʠ ʍʇʈ ʪʘ ʅɻ. 
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ʈʆɿɼɯʃ 3. ʉʊʈʋʂʊʋʈʅɯ ʊɸ ɻɽʆʄɽʊʈʀʏʅɯ ɼʆʉʃɯɼɾɽʅʅʗ 

ʅɸʅʆʇʆʈʀʉʊʀʍ ʉʀʉʊɽʄ ɿ ʄɸʉʀɺɸʄʀ ʅɸʅʆʏɸʉʊʀʅʆʂ 

 

3.1. ɺʩʪʫʧ 

ʅʘʥʦʧʦʨʠʩʪʽ ʩʪʨʫʢʪʫʨʠ ï ʚʘʞʣʠʚʠʡ ʢʣʘʩ ʥʘʥʦʩʪʨʫʢʪʫʨʦʚʘʥʠʭ ʤʘʪʝʨʽʘʣʽʚ, 

ʱʦ ʰʠʨʦʢʦ ʟʘʩʪʦʩʦʚʫʶʪʴʩʷ ʚ ʨʦʣi ʤʝʤʙʨʘʥ, ʢʘʪʘʣiʟʘʪʦʨiʚ, ʩʝʥʩʦʨʽʚ, 

ʥʘʢʦʧʠʯʫʚʘʯʽʚ ʝʥʝʨʛʽʾ ʪʘ ʽʥ. [44], [79]. ʉʝʨʝʜ ʪʘʢʠʭ ʤʘʪʝʨʽʘʣʽʚ ʦʩʦʙʣʠʚʝ ʤʽʩʮʝ 

ʟʘʡʤʘʶʪʴ ʥʘʥʦʧʦʨʠʩʪʽ ʩʪʨʫʢʪʫʨʠ ʙʣʘʛʦʨʦʜʥʠʭ ʤʝʪʘʣʽʚ, ʟʦʢʨʝʤʘ ʽ ʟʦʣʦʪʘ [35]. ɰʭ 

ʦʧʪʠʯʥi ʚʣʘʩʪʠʚʦʩʪi ʚʠʟʥʘʯʘʶʪʴ ʤʦʞʣʠʚiʩʪʴ ʟʘʩʪʦʩʫʚʘʥʥʷ ʚ ʦʧʪʦʝʣʝʢʪʨʦʥiʮi, 

ʬʦʪʦʥiʮi, ʥʘʥʦʧʣʘʟʤʦʥiʮi, ʜʣʷ ʧiʜʢʣʘʜʦʢ ʜʣʷ ʧʦʚʝʨʭʥʝʚʦ-ʧiʜʩʠʣʝʥʦʛʦ 

ʢʦʤʙiʥʘʮiʡʥʦʛʦ ʨʦʟʩiʶʚʘʥʥʷ ʩʚiʪʣʘ (surface-enhanced Raman scattering) [80], ʜʣʷ 

ʧiʜʩʠʣʝʥʥʷ ʬʣʫʦʨʝʩʮʝʥʮiʾ ʤʦʣʝʢʫʣ i ʬʦʪʦʣʶʤiʥʝʩʮʝʥʮiʾ Si, Ge ʢʚʘʥʪʦʚʠʭ ʪʦʯʦʢ 

ʪʘ iʥ. 

ʇʣiʚʢʠ ʧʦʨʠʩʪʦʛʦ ʟʦʣʦʪʘ (ʧʦʨ-Au) ʻ ʥʘʥʦʢʦʤʧʦʟʠʪʘʤʠ, ʱʦ ʚʢʣʶʯʘʶʪʴ 

ʥʘʥʦʯʘʩʪʠʥʢʠ ʟʦʣʦʪʘ (Au ʅʏ) ʪʘ ʥʘʥʦʧʦʨʠ. ɺʠʟʥʘʯʥi ʦʧʪʠʯʥi ʚʣʘʩʪʠʚʦʩʪi Au ʅʏ 

ʧʦʚôʷʟʘʥi ʟ ʧʣʘʟʤʦʥʥʠʤ ʧʦʛʣʠʥʘʥʥʷʤ ʝʣʝʢʪʨʦʤʘʛʥiʪʥʠʭ ʭʚʠʣʴ. ʇʦʛʣʠʥʘʥʥʷ 

ʟʫʤʦʚʣʶʻ ʢʦʛʝʨʝʥʪʥi ʢʦʣʝʢʪʠʚʥi ʦʩʮʠʣʷʮiʾ ʚiʣʴʥʠʭ ʝʣʝʢʪʨʦʥiʚ, ʱʦ ʟʘʟʥʘʶʪʴ 

ʢʦʥʬʘʡʥʤʝʥʪ ʚ ʥʘʥʦʯʘʩʪʠʥʢʘʭ. ʊʨʘʜʠʮiʡʥi ʢʦʣʦʾʜʥi Au ʅʏ ʦʪʨʠʤʫʶʪʴ ʭiʤiʯʥʠʤ 

ʩʧʦʩʦʙʦʤ ʫ ʤʦʥʦʜʠʩʧʝʨʩʥʦʤʫ ʚʠʛʣʷʜi. ɼʠʧʦʣʴʥʠʡ ʧiʢ ʧʦʛʣʠʥʘʥʥʷ 

ʩʧʦʩʪʝʨiʛʘʻʪʴʩʷ i ʚ Au ʅʏ, ʱʦ ʟʘʥʫʨʝʥi ʚ ʪʚʝʨʜʝ, ʨiʜʢʝ ʘʙʦ ʛʘʟʦʧʦʜiʙʥʝ 

ʩʝʨʝʜʦʚʠʱʝ. ʆʧʪʠʯʥi ʚʣʘʩʪʠʚʦʩʪi Au ʅʏ ʟʘʣʝʞʘʪʴ ʚiʜ ʨʦʟʤiʨiʚ, ʬʦʨʤʠ ʅʏ, ʾʭ 

ʜiʝʣʝʢʪʨʠʯʥʦʛʦ ʦʪʦʯʝʥʥʷ, ʧʨʦʩʪʦʨʦʚʦʾ ʦʨʛʘʥiʟʘʮiʾ, ʚiʜʩʪʘʥi ʤiʞ ʅʏ [35], ʪʦʙʪʦ ʽ 

ʚiʜ ʧʦʨʠʩʪʦʩʪi ʥʘʥʦʩʪʨʫʢʪʫʨ. 

ɸʢʪʫʘʣʴʥʦʶ ʟʘʜʘʯʝʶ ʻ ʨʦʟʨʦʙʢʘ ʩʧʦʩʦʙiʚ ʦʪʨʠʤʘʥʥʷ ʧʣiʚʦʢ ʟ ʢʝʨʦʚʘʥʠʤʠ 

ʧʣʘʟʤʦʥʥʠʤʠ ʚʣʘʩʪʠʚʦʩʪʷʤʠ ʜʣʷ ʩʝʥʩʦʨʥʠʭ ʥʘʥʦʩʪʨʫʢʪʫʨ, ʜʣʷ ʩʪʚʦʨʝʥʥʷ 

ʧʽʜʢʣʘʜʦʢ ʽʟ ʧʦʚʝʨʭʥʝʚʦ-ʧʽʜʩʠʣʝʥʠʤ ʢʦʤʙʽʥʘʮʽʡʥʠʤ ʨʦʟʩʽʷʥʥʷʤ ʩʚʽʪʣʘ. ɺ 

ʦʩʪʘʥʥʴʦʤʫ ʚʠʧʘʜʢʫ ʮʝ ʧʦʚôʷʟʘʥʦ ʥʝ ʪiʣʴʢʠ ʟ ʚʝʣʠʢʦʶ ʚʥʫʪʨiʰʥʴʦʶ ʧʦʚʝʨʭʥʝʶ 

ʜʣʷ ʘʥʘʣiʪiʚ, ʘ i ʟ ʤʦʞʣʠʚʦʩʪʷʤʠ ʬʦʨʤʫʚʘʥʥʷ ʚ ʧʦʨʘʭ ñʛʘʨʷʯʠʭ ʧʣʷʤò, ʪʦʯʦʢ ʟ 

ʚʠʩʦʢʠʤʠ ʟʥʘʯʝʥʥʷʤʠ ʝʣʝʢʪʨʦʤʘʛʥiʪʥʠʭ ʣʦʢʘʣʴʥʠʭ ʧʦʣiʚ, ʷʢi ʚ ʦʩʥʦʚʥʦʤʫ i 

ʟʘʙʝʟʧʝʯʫʶʪʴ ʧiʜʩʠʣʝʥʥʷ ʢʦʤʙiʥʘʮiʡʥʦʛʦ ʨʦʟʩiʶʚʘʥʥʷ ʩʚiʪʣʘ ʘʥʘʣiʪʦʤ [35]. 



51 
 

ɺiʜʦʤi ʧʦʨʠʩʪi ʩʠʩʪʝʤʠ, ʚ ʷʢʠʭ ʩʪiʥʢʠ ʧʦʨ ʰʘʙʣʦʥiʚ ʟ ʦʢʩʠʜiʚ ʘʣʶʤiʥiʶ, 

ʢʨʝʤʥiʶ, ʦʜʝʨʞʘʥʠʭ ʝʣʝʢʪʨʦʭiʤiʯʥʠʤ ʪʨʘʚʣʝʥʥʷʤ, ʧʦʢʨʠʪi ʪʦʥʢʠʤ ʰʘʨʦʤ 

ʙʣʘʛʦʨʦʜʥʠʭ ʤʝʪʘʣiʚ [81]. Iʩʥʫʻ ʤʘʣʦ ʩʧʦʩʦʙiʚ ʦʪʨʠʤʘʥʥʷ ʧʦʨʠʩʪʠʭ ʧʣiʚʦʢ 

ʟʦʣʦʪʘ, ʷʢi ʥʝ ʚʠʤʘʛʘʶʪʴ ʚʠʢʦʨʠʩʪʘʥʥʷ ʰʘʙʣʦʥiʚ. ʋ [82] ʙʫʚ ʟʘʧʨʦʧʦʥʦʚʘʥʠʡ 

ʩʧʦʩiʙ ʬʦʨʤʫʚʘʥʥʷ ʪʦʥʢʠʭ ʤʝʟʦʧʦʨʠʩʪʠʭ Au ʤʝʤʙʨʘʥ, ʱʦ ʧʦʣʷʛʘʻ ʫ 

ʩʝʣʝʢʪʠʚʥʦʤʫ ʪʨʘʚʣʝʥʥi ʩʨiʙʣʘ ʟi ʩʧʣʘʚʫ Ag/Au. ʉʝʨʝʜ ʚʘʢʫʫʤʥʠʭ ʤʝʪʦʜiʚ 

ʬʦʨʤʫʚʘʥʥʷ ʧʣiʚʦʢ ʟ ʤʘʩʠʚʘʤʠ Au(Ag) ʅʏ ʦʩʦʙʣʠʚʝ ʤiʩʮʝ ʟʘʡʤʘʻ ʤʝʪʦʜ 

iʤʧʫʣʴʩʥʦʛʦ ʣʘʟʝʨʥʦʛʦ ʦʩʘʜʞʝʥʥʷ (Iʃʆ) [83], [84]. ʇʨʠ ʮʴʦʤʫ ʚ ʫʤʦʚʘʭ ʚʠʩʦʢʦʛʦ 

ʚʘʢʫʫʤʫ ʦʪʨʠʤʫʶʪʴ ʩʫʮiʣʴʥi ñʥʝʧʦʨʠʩʪiò ʧʣiʚʢʠ.  

ʉʢʣʘʜʥʽʩʪʴ ʩʪʨʫʢʪʫʨʥʠʭ ʜʦʩʣʽʜʞʝʥʥʷ ʪʘʢʠʭ ʦʙôʻʢʪʽʚ ʧʦʚôʷʟʘʥʘ ʽʟ ʤʘʣʦʶ 

(~10 ʥʤ) ʪʦʚʱʠʥʦʶ ʦʩʘʜʞʝʥʦʛʦ ʰʘʨʫ. ʆʩʦʙʣʠʚʦ ʪʨʫʜʥʦʱʽ ʚʠʥʠʢʘʶʪʴ ʧʨʠ 

ʚʠʟʥʘʯʝʥʥʽ ʧʘʨʘʤʝʪʨʘ ʧʦʨʠʩʪʦʩʪʽ ʧʣʽʚʦʢ, ʪʘʢ ʷʢ ʙʽʣʴʰʽʩʪʴ ʤʝʪʦʜʽʚ 

(ʛʨʘʚʽʤʝʪʨʠʯʥʠʡ, ʦʧʪʠʯʥʠʡ, ʤʝʪʦʜ ʢʦʥʪʨʦʣʶ ʛʘʟʦʚʦʾ ʘʜʩʦʨʙʮʽʾ) ʜʘʶʪʴ ʧʦʭʠʙʢʫ 

~50% ʽ ʙʽʣʴʰʝ ʜʣʷ ʩʪʨʫʢʪʫʨ, ʜʝ ʨʦʟʤʽʨʠ ʅʏ ʪʘ ʧʦʨ ʩʧʽʚʤʽʨʥʽ ʽʟ ʪʦʚʱʠʥʦʶ ʰʘʨʫ. 

ʃʘʙʦʨʘʪʦʨʥʽ ʤʝʪʦʜʠ ʭʘʨʘʢʪʝʨʠʟʘʮiʾ ʧʦʨʠʩʪʦʩʪi ʪʦʥʢʠʭ ʧʣiʚʦʢ ʚiʜʩʪʘʶʪʴ ʚiʜ 

ʪʝʭʥʦʣʦʛiʡ ʬʦʨʤʫʚʘʥʥʷ. ɺʽʜʩʫʪʥʽʩʪʴ ʝʬʝʢʪʠʚʥʦʛʦ ʤʝʪʦʜʫ ʢʦʥʪʨʦʣʶ ʧʦʨʠʩʪʦʩʪʽ 

ʥʝ ʜʦʟʚʦʣʷʻ ʧʦʚôʷʟʘʪʠ ʩʪʨʫʢʪʫʨʥʽ ʪʘ ʦʧʪʠʯʥi ʚʣʘʩʪʠʚʦʩʪi ʪʘʢʠʭ ʩʠʩʪʝʤ. 

 

3.2. ʈʝʬʣʝʢʪʦʤʝʪʨʠʯʥʽ ʜʦʩʣʽʜʞʝʥʥʷ ʥʘʥʦʧʦʨʠʩʪʠʭ ʧʣʽʚʦʢ ʟ ʤʘʩʠʚʦʤ 

ʥʘʥʦʯʘʩʪʠʥʦʢ ʟʦʣʦʪʘ 

ʋ ʜʘʥʦʤʫ ʨʦʟʜʽʣʽ ʤʝʪʦʜʦʤ ʍ-ʧʨʦʤʝʥʝʚʦʾ ʨʝʬʣʝʢʪʦʤʝʪʨiʾ ʜʦʩʣʽʜʞʝʥʦ ʚʧʣʠʚ 

ʫʤʦʚ ʬʦʨʤʫʚʘʥʥʷ iʤʧʫʣʴʩʥʠʤ ʣʘʟʝʨʥʠʤ ʦʩʘʜʞʝʥʥʷʤ ʧʣiʚʦʢ ʟʦʣʦʪʘ ʥʘ ʾʭ 

ʧʦʨʠʩʪiʩʪʴ, ʪʦʚʱʠʥʫ ʪʘ ʰʦʨʩʪʢʽʩʪʴ. 

ʇʣʽʚʢʠ ʟʦʣʦʪʘ (Au) ʽ ʧʦʨʠʩʪʦʛʦ ʟʦʣʦʪʘ (ʧʦʨ-Au) ʙʫʣʠ ʦʪʨʠʤʘʥʽ ʤʝʪʦʜʦʤ 

iʤʧʫʣʴʩʥʦʛʦ ʣʘʟʝʨʥʦʛʦ ʦʩʘʜʞʝʥʥʷ (Iʃʆ). ʂʨʽʤ ʪʨʘʜʠʮʽʡʥʦʛʦ ʦʩʘʜʞʝʥʥʷ ʟ 

ʧʨʷʤʦʛʦ ʧʦʪʦʢʫ (D) ʯʘʩʪʠʥʦʢ ʝʨʦʟiʡʥʦʛʦ ʬʘʢʝʣʘ (ʧʽʜʢʣʘʜʢʘ ʨʦʟʪʘʰʦʚʘʥʘ ʧʦ 

ʥʦʨʤʘʣʽ ʜʦ ʤiʰʝʥi (7 ʥʘ ʨʠʩ. 3.1) ʙʫʣʠ ʦʪʨʠʤʘʥʽ ʩʪʨʫʢʪʫʨʠ ʽʟ ʟʚʦʨʦʪʥʦʛʦ ʧʦʪʦʢʫ 

(B) (ʧʽʜʢʣʘʜʢʘ ʟʥʘʭʦʜʠʪʴʩʷ ʫ ʧʣʦʱʠʥʽ ʤʽʰʝʥʽ (6 ʥʘ ʨʠʩ. 3.1). ʇʨʠ ʦʩʘʜʞʝʥʥi iʟ 

ʟʚʦʨʦʪʥʦʛʦ ʧʦʪʦʢʫ ʯʘʩʪʠʥʦʢ ʝʨʦʟiʡʥʦʛʦ ʬʘʢʝʣʘ ʥʘ ʜiʣʷʥʮi ʧiʜʢʣʘʜʢʠ, ʷʢʘ 

ʨʦʟʪʘʰʦʚʘʥʘ ʧʦʙʣʠʟʫ ʦʩi ʬʘʢʝʣʘ, ʬʦʨʤʫʶʪʴʩʷ ʥʘʥʦʩʪʨʫʢʪʫʨʠ ʙiʣʴʰʦʾ ʪʦʚʱʠʥʠ, 
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ʘ ʥʘ ʚiʜʩʪʘʥi ʚiʜ ʦʩi ʬʘʢʝʣʘ ï ʤʝʥʰʦʾ ʪʦʚʱʠʥʠ (ʨʠʩ. 3.1). ʇʣʽʚʢʠ ʙʫʣʠ ʦʪʨʠʤʘʥʽ ʫ 

ʚʘʢʫʫʤʥʽʡ ʢʘʤʝʨʽ ʽʟ ʟʘʣʠʰʢʦʚʠʤ ʪʠʩʢʦʤ 10-2 ʇʘ ʪʘ ʧʨʠ ʪʠʩʢʫ ʘʨʛʦʥʫ 

PAr = 5 ï 100 ʇʘ ʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ɯɸɻ:Nd3+ ʣʘʟʝʨʘ (ʜʦʚʞʠʥʘ ʭʚʠʣʽ 

ʚʠʧʨʦʤʽʥʶʚʘʥʥʷ 1.06 ʤʢʤ, ʝʥʝʨʛʽʷ ʽʤʧʫʣʴʩʫ 0.2 ɼʞ, ʪʨʠʚʘʣʽʩʪʴ 10 ʥʩ, ʯʘʩʪʦʪʘ 

ʧʦʚʪʦʨʝʥʥʷ 25 ɻʮ). ɻʫʩʪʠʥʘ ʝʥʝʨʛʽʾ ʚ ʽʤʧʫʣʴʩʽ ʙʫʣʘ ʚ ʜʽʘʧʘʟʦʥʽ j = 5 ï 20 ɼʞ/ʩʤ2. 

ʏʠʩʣʦ iʤʧʫʣʴʩiʚ N ʟʤiʥʶʚʘʣʦʩʴ ʚiʜ 1,5Ŀ104 ʜʦ 6Ŀ104. 

 

ʈʠʩʫʥʦʢ3.1 ɿʘʣʝʞʥʦʩʪʽ ʪʦʚʱʠʥ ʧʣʽʚʦʢ ʧʦʨ-Au, B-ʪʠʧʫ (ʢʨ.(ʘ), (ʙ)) ʚʽʜ ʚʽʜʩʪʘʥʽ L ʪʦʯʢʠ ʧʣʽʚʢʠ 

ʚʽʜ ʦʩʽ ʝʨʦʟʽʡʥʦʛʦ ʬʘʢʝʣʫ, ʜʣʷ ʧʣʽʚʦʢ ʦʪʨʠʤʘʥʽ ʧʨʠ ʪʠʩʢʫ ʘʨʛʦʥʫ 13,5 ʇʘ (ʢʨʠʚʘ (ʘ)) ʪʘ 100 ʇʘ 

(ʢʨʠʚʘ (ʙ)). ɺʩʪʘʚʢʘ: ʩʭʝʤʘ ʚʘʢʫʫʤʥʦʾ ʫʩʪʘʥʦʚʢʠ ɯʃʆ: 1 ï ʧʨʦʤʽʥʴ ʣʘʟʝʨʘ, 2 ï ʥʘʧʫʩʢ ʛʘʟʫ, 3 ï 

ʚʘʢʫʫʤʥʘ ʢʘʤʝʨʘ, 4 ï ʝʨʦʟʽʡʥʠʡ ʬʘʢʝʣ, 5 ï ʤʽʰʝʥʴ, 6, 7 ï ʧʽʜʢʣʘʜʢʠ, 8 ï ʜʦ ʚʘʢʫʫʤʥʦʛʦ ʥʘʩʦʩʫ. 
 

ʆʪʨʠʤʘʥʽ ʧʣʽʚʢʠ por-Au ʻ ʥʘʥʦʢʦʤʧʦʟʠʪʘʤʠ, ʱʦ ʚʢʣʶʯʘʶʪʴ ʥʘʥʦʯʘʩʪʠʥʢʠ 

ʟʦʣʦʪʘ (Au ʅʏ) ʪʘ ʥʘʥʦʧʦʨʠ. ʇʨʠ ʮʴʦʤʫ ʚ ʫʤʦʚʘʭ ʚʠʩʦʢʦʛʦ ʚʘʢʫʫʤʫ, ʟ ʧʨʷʤʦʛʦ 

ʧʦʪʦʢʫ ʯʘʩʪʠʥʦʢ ʝʨʦʟiʡʥʦʛʦ ʬʘʢʝʣʘ, ʦʪʨʠʤʫʶʪʴ ʩʫʮiʣʴʥi ñʥʝʧʦʨʠʩʪiò ʧʣiʚʢʠ. 

ɼʦʩʣʽʜʞʝʥʥʷ ʬʘʟʦʚʦʛʦ ʩʢʣʘʜʫ ʧʨʦʚʦʜʠʣʦʩʴ ʟʘ ʜʦʧʦʤʦʛʦʶ ʍ-ʧʨʦʤʝʥʝʚʦʾ 

ʜʠʬʨʘʢʮʽʾ. ɺʩʪʘʥʦʚʣʝʥʦ, ʱʦ ʦʩʘʜʞʝʥʽ ʩʪʨʫʢʪʫʨʠ ʚʽʜʥʦʩʷʪʴʩʷ ʜʦ ʧʦʣʽʢʨʠʩʪʘʣʽʯʥʦʾ 

ʬʘʟʠ ʟʦʣʦʪʘ ʽʟ ʛʨʘʥʝʮʝʥʪʨʦʚʘʥʦʶ ʢʫʙʽʯʥʦʶ ʢʨʠʩʪʘʣʽʯʥʦʶ ʛʨʘʪʢʦʶ. ʊʠʧʦʚʠʡ 

ʧʨʦʬʽʣʴ ʍ-ʧʨʦʤʝʥʝʚʦʾ ʜʠʬʨʘʢʮʽʾ ʩʪʨʫʢʪʫʨ ʟʦʣʦʪʘ ʦʪʨʠʤʘʥʠʭ ɯʃʆ ʧʨʝʜʩʪʘʚʣʝʥʠʡ 

ʥʘ ʨʠʩʫʥʢʫ 3.2  
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ʈʠʩʫʥʦʢ 3.2 ʊʠʧʦʚʠʡ ʍ-ʧʨʦʤʝʥʝʚʠʡ ʧʨʦʬʽʣʴ ʩʪʨʫʢʪʫʨ ʟʦʣʦʪʘ, ʦʪʨʠʤʘʥʠʭ ɯʃʆ. ʋ ʜʫʞʢʘʭ 

ʚʢʘʟʘʥʽ ʽʥʜʝʢʩʠ ʄʽʣʣʝʨʘ ʜʣʷ ʢʦʞʥʦʛʦ ʚʽʜʙʠʪʪʷ. 

 

ɼʣʷ ʭʘʨʘʢʪʝʨʠʟʘʮʽʾ ʦʪʨʠʤʘʥʠʭ ʩʪʨʫʢʪʫʨ ʚʠʢʦʨʠʩʪʦʚʫʚʘʣʠ ʤʝʪʦʜ ʍ-

ʧʨʦʤʝʥʝʚʦʾ ʨʝʬʣʝʢʪʦʤʝʪʨiʾ, ʷʢʠʡ ʜʝʪʘʣʴʥʦ ʦʧʠʩʘʥʠʡ ʫ ʨʦʟʜʽʣʽ 1. ɿʥʘʯʝʥʥʷ 

ʧʦʨʠʩʪʦʩʪʽ ʨʦʟʨʘʭʦʚʫʚʘʣʦʩʷ ʟʘ ʩʧʽʚʚʽʜʥʦʰʝʥʥʷʤ: 

˜ ” ” Ⱦ” ρππϷ     σȢρ 

ʜʝ ”  ï ʣʽʪʝʨʘʪʫʨʥʝ ʟʥʘʯʝʥʥʷ ʛʫʩʪʠʥʠ, ʷʢʝ ʜʣʷ ʟʦʣʦʪʘ ʨʽʚʥʝ 19,3 ʛ/ʩʤ3, ”  ï 

ʛʫʩʪʠʥʘ ʚʠʤʽʨʷʥʘ ʟ ʍʇʈ. 

ɺʠʢʦʨʠʩʪʘʥʥʷ ʢʦʤʧôʶʪʝʨʥʦʛʦ ʤʦʜʝʣʶʚʘʥʥʷ ʧʨʦʬʽʣʽʚ ʍʇʈ ʨʘʟʦʤ ʽʟ ʾʭ 

ʧʦʜʘʣʴʰʦʶ ʧʽʜʛʦʥʢʦʶ (ʨʠʩ. 3.3) ʜʦʟʚʦʣʠʣʦ ʟ ʪʦʯʥʽʩʪʶ ʜʦ 0,1% ʨʦʟʨʘʭʦʚʫʚʘʪʠ 

ʟʥʘʯʝʥʥʷ ʧʦʨʠʩʪʦʩʪʽ ʪʘ ʟ ʪʦʯʥʽʩʪʶ ʜʦ 0,1 ʥʤ ʪʦʚʱʠʥʫ ʽ ʰʦʨʩʪʢʽʩʪʴ ʦʩʘʜʞʝʥʠʭ 

ʩʪʨʫʢʪʫʨ ʟʦʣʦʪʘ. ɺʘʨʪʦ ʟʘʟʥʘʯʠʪʠ, ʱʦ ʟʥʘʯʝʥʥʷ ʪʦʚʱʠʥʠ ʥʝ ʤʦʞʝ ʙʫʪʠ ʚʠʟʥʘʯʝʥʝ 

ʤʝʪʦʜʦʤ ʍʇʈ ʫ ʚʠʧʘʜʢʘʭ ʟʥʘʯʥʦʾ ʥʝʦʜʥʦʨʽʜʥʦʩʪʽ, ʰʦʨʩʪʢʦʩʪʽ ʯʠ ʪʦʚʱʠʥʠ 

ʩʪʨʫʢʪʫʨʠ. ʊʠʧʦʚʽ ʧʨʦʬʽʣʽ ʍʇʈ ʧʨʝʜʩʪʘʚʣʝʥʽ ʥʘ ʨʠʩ. 3.3ʘ. ʗʢ ʚʠʜʥʦ ʟ 

ʨʠʩʫʥʢʘ 3.3ʘ, ʜʣʷ ʚʩʽʭ ʪʨʴʦʭ ʧʨʝʜʩʪʘʚʣʝʥʠʭ ʟʨʘʟʢʽʚ ʯʽʪʢʦ ʧʨʦʷʚʣʷʶʪʴʩʷ 

ʚʽʜʤʽʥʥʦʩʪʽ ʚ ʧʨʦʬʽʣʷʭ. ɸ ʩʘʤʝ: ʜʣʷ ʥʠʭ ʨʽʟʥʽ ʟʥʘʯʝʥʥʷ ʢʨʠʪʠʯʥʠʭ ʢʫʪʽʚ, ʢʫʪʦʚʦʾ 

ʚʽʜʩʪʘʥʽ ʤʽʞ ʽʥʪʝʨʬʝʨʝʥʮʽʡʥʠʤʠ ʤʘʢʩʠʤʫʤʘʤʠ ʽ ʢʫʪʽʚ ʥʘʭʠʣʫ ʧʨʦʬʽʣʶ (ʪʦʙʪʦ, 

ʰʚʠʜʢʽʩʪʴ ʩʧʘʜʫ ʽʥʪʝʥʩʠʚʥʦʩʪʽ). ʎʝ ʚʽʜʧʦʚʽʜʥʦ ʩʚʽʜʯʠʪʴ, ʱʦ ʛʫʩʪʠʥʠ, ʪʦʚʱʠʥʠ ʪʘ 

ʰʘʨʩʪʢʦʩʪʽ ʧʦʚʝʨʭʥʽ ʜʣʷ ʢʦʞʥʦʛʦ ʽʟ ʟʨʘʟʢʽʚ ʨʽʟʥʽ. ʊʘʢ ʜʣʷ ʟʨʘʟʢʘ D733 
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ʩʧʦʩʪʝʨʽʛʘʻʪʴʩʷ ʤʘʣʘ ʧʦʨʠʩʪʽʩʪʴ ʪʘ ʰʦʨʩʪʢʽʩʪʴ ʧʦʚʝʨʭʥʽ ʽ ʚʝʣʠʢʘ ʪʦʚʱʠʥʘ 

ʦʩʘʜʞʝʥʦʾ ʩʪʨʫʢʪʫʨʠ. ʋ ʪʦʡ ʞʝ ʯʘʩ ʜʣʷ ʟʨʘʟʢʘ ɺ709(2) ʥʘʚʧʘʢʠ ʭʘʨʘʢʪʝʨʥʘ ʪʘ 

ʚʝʣʠʢʘ ʧʦʨʠʩʪʽʩʪʴ ʪʘ ʰʦʨʩʪʢʽʩʪʴ ʽ ʤʘʣʘ ʪʦʚʱʠʥʘ. ʈʦʟʨʘʭʦʚʘʥʽ ʟʥʘʯʝʥʥʷ 

ʧʦʨʠʩʪʦʩʪʽ, ʪʦʚʱʠʥʠ ʪʘ ʰʦʨʩʪʢʦʩʪʽ ʥʘʚʝʜʝʥʽ ʚ ʪʘʙʣʠʮʽ 3.1. 

 

 ʈʠʩʫʥʦʢ 3.3 (ʘ) ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʽ (ʪʦʯʢʠ) ʪʘ ʩʠʤʫʣʴʦʚʘʥʽ (ʣʽʥʽʾ) ʧʨʦʬʽʣʽ ʍʇʈ ʜʣʷ 

ʥʘʥʦʧʦʨʠʩʪʠʭ ʩʪʨʫʢʪʫʨ ʟʦʣʦʪʘ. (ʙ) ʧʨʦʬʽʣʽ ʍʇʈ ʜʣʷ ʟʨʘʢʘ ʦʪʨʠʤʘʥʦʛʦ ʪʝʨʤʽʯʥʠʤ ʦʩʘʜʞʝʥʥʷʤ 

(TAu) ʪʘ ʤʝʪʦʜʦʤ ɯʃʆ ʟ ʧʨʷʤʦʛʦ ʧʦʪʦʢʫ ʝʨʦʟʽʡʥʦʛʦ ʬʘʢʝʣʘ, ʧʨʠ ʪʠʩʢʫ ʘʨʛʦʥʫ PAr=5 ʇʘ. 

 

ʆʜʝʨʞʘʥi ʨʝʟʫʣʴʪʘʪʠ ʨʝʬʣʝʢʪʦʤʝʪʨʠʯʥʠʭ ʜʦʩʣiʜʞʝʥʴ ʧʦʨʠʩʪʦʩʪi ʧʣiʚʦʢ 

ʟʘʣʝʞʥʦ ʚiʜ ʫʤʦʚ ʾʭ ʬʦʨʤʫʚʘʥʥʷ ʟʚʦʜʷʪʴʩʷ ʜʦ ʪʘʢʦʛʦ. ʇʣiʚʢʠ por-Au, ʦʩʘʜʞʝʥi ʟ 

ʧʨʷʤʦʛʦ ʧʦʪʦʢʫ ʯʘʩʪʠʥʦʢ ʝʨʦʟiʡʥʦʛʦ ʬʘʢʝʣʘ, ʭʘʨʘʢʪʝʨʠʟʫʶʪʴʩʷ ʧʦʨʠʩʪiʩʪʶ, 

ʟʥʘʯʝʥʥʷ ʷʢʦʾ ʟʥʘʭʦʜʷʪʴʩʷ ʧʝʨʝʚʘʞʥʦ ʚ ʜiʘʧʘʟʦʥi 0,1 ï 30%, ʘ iʟ ʟʚʦʨʦʪʥʦʛʦ 

ʧʦʪʦʢʫ ʯʘʩʪʠʥʦʢ ï ʚ ʜiʘʧʘʟʦʥi 30 ï 70% (ʜʠʚ. ʪʘʙʣʠʮʶ). ɺiʜʧʦʚiʜʥʦ, ʥʘʡʙiʣʴʰʦʶ 

ʛʫʩʪʠʥʦʶ, ʙʣʠʟʴʢʦʶ ʜʦ ʛʫʩʪʠʥʠ ʤʘʩʠʚʥʦʛʦ ʧʦʣiʢʨʠʩʪʘʣiʯʥʦʛʦ ʟʦʣʦʪʘ, 

ʭʘʨʘʢʪʝʨʠʟʫʶʪʴʩʷ ʧʣiʚʢʠ D, ʥʘʡʤʝʥʰʦʶ ï ʧʣiʚʢʠ B. ʉʣiʜ ʚiʜʟʥʘʯʠʪʠ, ʱʦ ʛʫʩʪʠʥʘ 

ʧʣiʚʦʢ D, ʦʜʝʨʞʘʥʠʭ ʧʨʠ PAr = 10-2 ʇʘ (D733), ʙiʣʴʰʘ ʟʘ ʛʫʩʪʠʥʫ ʧʣiʚʦʢ, 

ʦʜʝʨʞʘʥʠʭ ʪʝʨʤiʯʥʠʤ ʥʘʧʠʣʝʥʥʷʤ (TAu), ʾʭ ʧʦʨʠʩʪiʩʪʴ Ʉ å 0,1%. ʇʨʠ PAr = 5 ʇʘ 

ʧʦʨʠʩʪiʩʪʴ ʧʣiʚʦʢ (D749) ʥʝ ʧʝʨʝʚʠʱʫʻ ʦʜʠʥʠʮʴ ʚiʜʩʦʪʢiʚ, ʘʣʝ ʚʩʝ ʱʝ ʤʝʥʴʰʘ 

ʥʽʞ ʜʣʷ TAu(ʨʠʩ. 3.3ʙ). ʇʦʯʠʥʘʶʯʠ ʟ PAr = 10 ï 13,5 ʇʘ (D746 ï D734) ʧʦʨʠʩʪʽʩʪʴ 

ʟʨʦʩʪʘʻ ʜʦ 20ï30 % (ʜʠʚ ʪʘʙʣ.3.1). 

(ʙ) 
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ʗʢʱʦ ʧʦʨʠʩʪiʩʪʴ ʚ ʟʥʘʯʥiʡ ʤiʨi ʟʘʣʝʞʠʪʴ ʚiʜ ʪʠʩʢʫ ʘʨʛʦʥʫ, ʪʦ ʟʤiʥʘ 

ʱiʣʴʥʦʩʪi ʝʥʝʨʛiʾ ʚ iʤʧʫʣʴʩi ʚ ʜiʘʧʘʟʦʥi 5ï20 ɼʞ/ʩʤ2 ʪʘ ʯʠʩʣʘ iʤʧʫʣʴʩiʚ ï ʚ 

ʜiʘʧʘʟʦʥi 30ï60 ʪʠʩʷʯ ʧʨʠ ʟʥʘʯʝʥʥʷʭ PAr Ó 10 ʇʘ ʥʝ ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʩʫʪʪʻʚʠʭ ʟʤiʥ 

ʧʦʨʠʩʪʦʩʪi. ɿʘʣʝʞʥiʩʪʴ ʧʦʨʠʩʪʦʩʪi ʧʣiʚʦʢ ʚiʜ ʪʠʩʢʫ ʚ ʢʘʤʝʨi ʧʦʚôʷʟʘʥʘ ʟ ʪʠʤ, ʱʦ 

ʧʨʠ ʡʦʛʦ ʟʙiʣʴʰʝʥʥi ʚiʜʙʫʚʘʻʪʴʩʷ ʨʦʟʩiʷʥʥʷ ʝʥʝʨʛiʾ ʘʪʦʤiʚ, ʢʣʘʩʪʝʨiʚ ʥʘ ʘʪʦʤʘʭ 

ʛʘʟʫ ʪʘ ʧʣiʚʢʠ ʬʦʨʤʫʶʪʴʩʷ ʟ ʥʘʥʦʯʘʩʪʠʥʦʢ ʤʝʥʰ ʚʠʩʦʢʦʝʥʝʨʛʝʪʠʯʥʠʭ. ʏʠʩʣʦ 

ʘʪʦʤiʚ ʚ Au ʅʏ ʨiʟʢʦ ʟʨʦʩʪʘʻ, ʾʭ ʨʦʟʤiʨʠ ʜʦʩʷʛʘʶʪʴ ʜʦ 10 ʥʤ (ʜʠʚ. ʪʘʢʦʞ [84]). 

ʆʩʘʜʞʝʥʥʷ ʪʘʢʠʭ Au ʅʏ ʧʨʠʚʦʜʠʪʴ ʜʦ ʦʜʝʨʞʘʥʥʷ ʧʦʨʠʩʪʠʭ ʩʪʨʫʢʪʫʨ, ʚ ʪʦʡ ʯʘʩ, 

ʷʢ ʧʨʠ ʟʘʣʠʰʢʦʚʦʤʫ ʪʠʩʢʫ 10ī2 ʇʘ ʧʣiʚʢʠ ʬʦʨʤʫʶʪʴʩʷ ʥʘʡʙiʣʴʰ ʩʫʮiʣʴʥʠʤʠ, 

ñʥʝʧʦʨʠʩʪʠʤʠò ʟ ʚʠʩʦʢʦʝʥʝʨʛʝʪʠʯʥʠʭ Au ʅʏ ʤʘʣʠʭ ʨʦʟʤiʨiʚ. 

ʗʢ ʧʦʢʘʟʘʣʦ ʩʠʤʫʣʶʚʘʥʥʷ ʪʝʦʨʝʪʠʯʥʠʭ ʢʨʠʚʠʭ ʨʝʬʣʝʢʪʦʤʝʪʨiʾ ʟ ʾʭ 

ʧʦʜʘʣʴʰʦʶ ʧiʜʛʦʥʢʦʶ, ʧʨʠ ʥʠʟʴʢʠʭ ʪʠʩʢʘʭ ʛʘʟʫ ʚ ʢʘʤʝʨi ʰʦʨʩʪʢiʩʪʴ ʧʣiʚʦʢ 

ʥʠʟʴʢʘ (< 1 ʥʤ), ʪʦʚʱʠʥʘ ʧʣiʚʦʢ d å 50 ʥʤ. ʇʨʠ ʪʠʩʢʘʭ ʘʨʛʦʥʫ PAr Ó 10 ʇʘ, 

ʰʦʨʩʪʢiʩʪʴ ʧʣiʚʦʢ ʟʨʦʩʪʘʻ ʜʦ 1 ï 2,6 ʥʤ, ʘ ʪʦʚʱʠʥʘ ʧʣiʚʦʢ ʟʤʝʥʰʫʻʪʴʩʷ ʜʦ 

d å 10 ʥʤ. ʊʘʢʠʡ ʭʘʨʘʢʪʝʨ ʟʘʣʝʞʥʦʩʪʝʡ ʧʘʨʘʤʝʪʨiʚ ʧʣiʚʢʠ ʚiʜ ʪʠʩʢʫ ʛʘʟʫ ʢʦʨʝʣʶʻ 

iʟ ʟʤʝʥʰʝʥʥʷʤ ʝʥʝʨʛiʾ ʥʘʥʦʯʘʩʪʠʥʦʢ i ʟʙiʣʴʰʝʥʥʷʤ ʾʭ ʨʦʟʤiʨiʚ. 

 

ʈʠʩʫʥʦʢ. 3.4 ʍʇʈ ʧʨʦʬʽʣʽ ʜʣʷ ʩʪʨʫʢʪʫʨ ʟʦʣʦʪʘ ʦʪʨʠʤʘʥʠʭ ʽʟ ʟʚʦʨʦʪʥʴʦʛʦ ʧʦʪʦʢʫ (ɺ-ʪʠʧ) ʥʘ 

ʚʽʜʩʪʘʥʽ L=5 ʤʤ ʚʽʜ ʦʩʽ ʬʘʢʝʣʘ (ɺ707(1)) ʪʘ L=15 ʤʤ ʚʽʜ ʦʩʽ ʬʘʢʝʣʘ (ɺ707(2)). 
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ʍʘʨʘʢʪʝʨʥʦʶ ʦʩʦʙʣʠʚʽʩʪʶ ʬʦʨʤʫʚʘʥʥʷ ʧʣʽʚʦʢ ʽʟ ʟʚʦʨʦʪʥʦʛʦ ʧʦʪʦʢʫ 

ʯʘʩʪʠʥʦʢ ʝʨʦʟʽʡʥʦʛʦ ʬʘʢʝʣʫ (B-ʪʠʧ) ʻ ʪʝ, ʱʦ ʧʦʨʷʜ ʟ ʪʨʴʦʤʘ ʧʘʨʘʤʝʪʨʘʤʠ 

ʦʩʘʜʞʝʥʥʷ (p, j, N) ʽʩʥʫʻ ʽ ʯʝʪʚʝʨʪʠʡ ï L, ʷʢʠʡ ʧʦʚ'ʷʟʘʥʠʡ ʟ ʚʽʜʜʘʣʝʥʥʷʤ ʜʽʣʷʥʢʠ 

ʧʣʽʚʢʠ ʚʽʜ ʦʩʽ ʬʘʢʝʣʫ. ʅʘ ʜʽʣʷʥʮʽ ʧʽʜʢʣʘʜʢʠ, ʷʢʘ ʨʦʟʪʘʰʦʚʘʥʘ ʧʦʙʣʠʟʫ ʦʩʽ ʬʘʢʝʣʫ, 

ʬʦʨʤʫʶʪʴʩʷ ʥʘʥʦʩʪʨʫʢʪʫʨʠ ʙʽʣʴʰʦʾ ʪʦʚʱʠʥʠ ʟ ʙʽʣʴʰʠʤʠ ʨʦʟʤʽʨʘʤʠ Au ʅʏ, ʘ ʥʘ 

ʚʽʜʜʘʣʽ ʚʽʜ ʦʩʽ ʬʘʢʝʣʫ ï ʤʝʥʰʦʾ ʪʦʚʱʠʥʠ ʟ ʤʝʥʰʠʤʠ ʨʦʟʤʽʨʘʤʠ Au ʅʏ. ʎʝ 

ʜʦʟʚʦʣʷʻ ʩʝʧʘʨʫʚʘʪʠ ʅʏ ʪʘ ʧʦʨʠ ʥʘ ʧʽʜʢʣʘʜʮʽ ʟʘ ʨʦʟʤʽʨʘʤʠ. ɿʥʘʯʝʥʥʷ ʧʦʨʠʩʪʦʩʪʽ 

ʪʘʢʠʭ ʧʣʽʚʦʢ ʪʨʝʙʘ ʨʦʟʛʣʷʜʘʪʠ ʷʢ ʝʬʝʢʪʠʚʥʽ, ʫʩʝʨʝʜʥʝʥʽ, ʱʦ ʧʦʚôʷʟʘʥʦ ʟ 

ʛʨʘʜʽʻʥʪʘʤʠ ʪʦʚʱʠʥʠ, ʨʦʟʤʽʨʽʚ ʅʏ ʪʘ ʧʦʨ. ɺʘʨʪʦ ʚʽʜʤʽʪʠʪʠ, ʱʦ ʛʨʘʜʽʻʥʪ 

ʧʦʨʠʩʪʽʩʪʴ ʩʪʨʫʢʪʫʨ B-ʪʠʧʫ ʢʨʽʤ ʚʽʜʩʪʘʥʽ ʜʦ ʝʨʦʟʽʡʥʦʛʦ ʬʘʢʝʣʫ ʩʠʣʴʥʦ ʟʘʣʝʞʠʪʴ 

ʚʽʜ ʽʥʰʠʭ ʧʘʨʘʤʝʪʨʽʚ ʦʩʘʜʞʝʥʥʷ ʽ ʧʦ ʤʽʨʽ ʚʽʜʜʘʣʝʥʥʷ ʚʽʜ ʦʩʽ ʝʨʦʟʽʡʥʦʛʦ ʬʘʢʝʣʫ 

ʟʘʟʚʠʯʘʡ ʩʧʦʯʘʪʢʫ ʟʨʦʩʪʘʻ ʜʦ ʜʝʷʢʦʛʦ ʤʘʢʩʠʤʘʣʴʥʦʛʦ ʟʥʘʯʝʥʥʷ, ʘ ʧʦʪʽʤ ʧʦʯʠʥʘʻ 

ʟʤʝʥʰʫʚʘʪʠʩʴ (ʜʠʚ. ʪʘʙʣ. 3.1, ʟʨʘʟʢʠ ɺ705(1), ɺ705(2), ɺ705(3),). ʎʝ ʟʫʤʦʚʣʝʥʦ 

ʪʦʶ ʞ ʩʘʤʦʶ ʩʝʧʘʨʘʮʽʻʶ ʅʏ ʧʦ ʨʦʟʤʽʨʘʤ, ʢʦʣʠ ʦʜʥʘʢʦʚʘ ʧʦʨʠʩʪʽʩʪʴ ʤʦʞʝ ʙʫʪʠ 

ʦʙʫʤʦʚʣʝʥʘ ʤʘʣʦʶ ʢʽʣʴʢʽʩʪʴ ʚʝʣʠʢʠʭ ʧʦʨ ʘʙʦ ʚʝʣʠʢʦʶ ʢʽʣʴʢʽʩʪʶ ʤʘʣʠʭ ʧʦʨ. ɼʦ 

ʜʘʣʴʥʽʭ ʜʽʣʷʥʦʢ ʧʣʽʚʢʠ ʜʦʣʽʪʘʶʪʴ ʪʽʣʴʢʠ ʤʘʣʽ ʟʘ ʨʦʟʤʽʨʦʤ ʅʏ, ʱʦ ʟʫʤʦʚʣʶʻ 

ʥʠʟʴʢʫ ʧʦʨʠʩʪʽʩʪʴ. 

ʇʨʠʢʣʘʜ ʧʨʦʬʽʣʽʚ ʍʇʈ ʜʣʷ ʜʣʷ ʩʪʨʫʢʪʫʨ ɺ-ʪʠʧʫ ʥʘ ʙʣʠʞʥʽʡ ʪʘ ʜʘʣʴʥʽʡ 

ʜʽʣʷʥʮʽ ʥʘʚʝʜʝʥʠʡ ʥʘ ʨʠʩ 3.4. ʊʘʢ ʷʢ ʜʣʷ ʥʘʚʝʜʝʥʦʛʦ ʟʨʘʟʢʘ ʪʠʩʢ ʘʨʛʦʥʫ ʙʫʚ 

ʥʝʟʥʘʯʥʠʡ PAr = 13.5 ʇʘ, ʪʦ ʟʥʘʯʝʥʥʷ ʧʦʨʠʩʪʦʩʪʽ ʽ ʪʦʚʱʠʥ ʥʝ ʩʠʣʴʥʦ 

ʚʽʜʨʽʟʥʷʶʪʴʩʷ ʚ ʙʣʠʞʥʽʡ ʪʘ ʜʘʣʴʥʽʡ ʪʦʯʢʘʭ. ɺiʜʧʦʚiʜʥi ʫʤʦʚʠ ʦʜʝʨʞʘʥʥʷ ʧʣiʚʦʢ 

ʪʘ ʨʦʟʨʘʭʦʚʘʥi ʧʘʨʘʤʝʪʨʠ ʧʣiʚʦʢ ʟʚʝʜʝʥi ʜʦ ʪʘʙʣʠʮi 3.1 

ɼʦʜʘʪʢʦʚʦ ʧʨʦʚʦʜʠʣʦʩʴ ʜʦʩʣiʜʞʝʥʥʷ ʤʦʨʬʦʣʦʛiʾ ʧʦʚʝʨʭʥi ʪʘ ʪʦʚʱʠʥʠ 

ʧʣiʚʦʢ ʤʝʪʦʜʦʤ ʘʪʦʤʥʦ-ʩʠʣʦʚʦʾ ʤiʢʨʦʩʢʦʧiʾ (ɸʉʄ) ʥʘ ʤiʢʨʦʩʢʦʧi NanoScope IIIa 

(Digital Instruments) ʫ ʨʝʞʠʤi ʧʝʨiʦʜʠʯʥʦʛʦ ʢʦʥʪʘʢʪʫ ʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ 

ʢʨʝʤʥiʻʚʠʭ ʟʦʥʜiʚ iʟ ʥʦʤiʥʘʣʴʥʠʤ ʨʘʜiʫʩʦʤ ʚiʩʪʨʷ 10 ʥʤ. ɼʣʷ por-Au ʧʣiʚʦʢ 

ʦʮiʥʶʚʘʣʠ ʚʝʨʪʠʢʘʣʴʥi ʪʘ ʛʦʨʠʟʦʥʪʘʣʴʥi ʨʦʟʤiʨʠ Au ʅʏ ʪʘ ʟʘʛʣʠʙʠʥ, ʟ ʷʢʠʭ 

ʩʢʣʘʜʘʻʪʴʩʷ ʧʦʚʝʨʭʥʷ ʧʣiʚʦʢ. ɼʣʷ ʚʠʟʥʘʯʝʥʥʷ ʪʦʚʱʠʥʠ ʧʣiʚʦʢ ʚʠʤiʨʶʚʘʣʠ 

ʚʠʩʦʪʫ ʩʭʦʜʠʥʦʢ ʧiʜʢʣʘʜʢʘïʧʣiʚʢʘ, ʷʢi ʬʦʨʤʫʚʘʣʠ ʤʝʪʦʜʦʤ ʧiʜʨʠʚʥʦʾ ʣiʪʦʛʨʘʬiʾ. 
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ʇʦʧʝʨʝʯʥʠʡ ʨʦʟʤʽʨ ʟʘʛʣʠʙʠʥ, ʥʤ ɽʬʝʢʪʠʚʥʠʡ ʜʽʘʤʝʪʨ Au ʅʏ, ʥʤ 

ʈʠʩʫʥʦʢ 3.5. ɸʉʄ ʟʦʙʨʘʞʝʥʥʷ ʬʨʘʛʤʝʥʪiʚ ʧʦʚʝʨʭʥi ʧʣiʚʦʢ ʧʦʨ-Au (Ὦ=5 ɼʞ/ʩʤ2, ὔ=3Ĭ104, 

ὖAr=100 ʇʘ) (ʘ); ʾʾ ʩʝʢʮiʡʥʠʡ ʘʥʘʣiʟ (ʙ). ɿʣiʚʘ ï ʙʣʠʞʥʷ ʦʙʣʘʩʪʴ ʧʣiʚʢʠ, ʩʧʨʘʚʘ ï ʜʘʣʴʥʷ; 

ʛiʩʪʦʛʨʘʤʠ ʨʦʟʤiʨiʚ ʟʘʛʣʠʙʠʥ i Au ʅʏ (ʚ). ɿʚʝʨʭʫ ï ʙʣʠʞʥʷ ʦʙʣʘʩʪʴ ʧʣiʚʢʠ, ʟʥʠʟʫ ï ʜʘʣʴʥʷ 

 

ɼʣʷ ʧʣiʚʦʢ, ʱʦ ʦʜʝʨʞʘʥi iʟ ʟʚʦʨʦʪʥʦʛʦ ʧʦʪʦʢʫ ʯʘʩʪʠʥʦʢ ʝʨʦʟiʡʥʦʛʦ ʬʘʢʝʣʘ, 

ʥʘ ʨʠʩ. 3.1 ʟʘ ʜʘʥʠʤʠ ɸʉʄ ʚʠʤiʨʶʚʘʥʴ ʥʘʚʝʜʝʥʦ ʟʘʣʝʞʥʦʩʪi ʪʦʚʱʠʥʠ (d) ʚiʜ 

ʢʦʦʨʜʠʥʘʪʠ ʪʦʯʢʠ ʧiʜʢʣʘʜʢʠ (L). ʇʣiʚʢʠ, ʦʜʝʨʞʘʥi ʧʨʠ ʧʘʨʘʤʝʪʨʘʭ ʦʩʘʜʞʝʥʥʷ 

j = 5 ɼʞ/ʩʤ2, N = 3Ĭ104 ʚiʜʨiʟʥʷʶʪʴʩʷ ʟʥʘʯʝʥʥʷʤʠ ʪʠʩʢʫ ʘʨʛʦʥʫ: PAr = 100 ʇʘ 

(ʢʨʠʚʘ (ʙ)), PAr = 13,5 ʇʘ (ʢʨʠʚʘ (ʘ)). ɿ ʨʠʩ. 3.1 ʚʠʜʥʦ, ʱʦ ʧʨʦʬiʣʴ ʪʦʚʱʠʥʠ 

ʙʣʠʟʴʢʠʡ ʜʦ ʬʦʨʤʠ ʢʣʠʥʫ, ʟ ʚiʜʜʘʣʝʥʥʷʤ ʚiʜ ʦʩi ʬʘʢʝʣʘ ʪʦʚʱʠʥʘ ʧʣiʚʢʠ 

(ʘ) 

(ʙ) 

(ʚ) 
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ʟʤʝʥʰʫʻʪʴʩʷ. ɼʣʷ ʧʣiʚʢʠ, ʦʜʝʨʞʘʥʦʾ ʧʨʠ PAr = 100 ʇʘ, ʩʧʦʩʪʝʨiʛʘʻʪʴʩʷ ʙiʣʴʰ 

ʩʪʨiʤʢʝ ʟʤʝʥʰʝʥʥʷ ʪʦʚʱʠʥʠ ʥʘ ʜiʣʷʥʮi ʜʦ 15 ʤʤ ʪʘ ʙiʣʴʰ ʧʦʣʦʛʘ ʟʘʣʝʞʥiʩʪʴ ʥʘ 

ʚʝʣʠʢʠʭ ʚiʜʩʪʘʥʷʭ ʚiʜ ʦʩi ʬʘʢʝʣʘ (ʚiʜ 15 ʜʦ 25 ʤʤ) (ʨʠʩ. 3.1, ʢʨʠʚʘ (ʙ)). ɼʣʷ ʧʣiʚʢʠ, 

ʦʜʝʨʞʘʥʦʾ ʧʨʠ PAr = 13,5 ʇʘ, ʥʘ ʚʩiʡ ʚiʜʩʪʘʥi ï ʟʘʣʝʞʥiʩʪʴ d(L) ï ʧʦʣʦʛʘ (ʨʠʩ. 3.1, 

ʢʨʠʚʘ (ʘ)). ɿ ʨʠʩ. 3.1 ʚʠʜʥʦ, ʱʦ ʪʦʚʱʠʥʘ ʧʣiʚʦʢ ʩʫʪʪʻʚʦ ʟʨʦʩʪʘʻ ʧʨʠ ʟʙiʣʴʰʝʥʥi 

ʪʠʩʢʫ ʘʨʛʦʥʫ ʚ ʢʘʤʝʨi ʜʦ PAr = 100 ʇʘ ʚ ʥʘʡʙʣʠʞʯʠʭ ʪʦʯʢʘʭ ʧʣiʚʢʠ ʚiʜ ʦʩi ʬʘʢʝʣʘ 

ï ʜʦ d = 120 ʥʤ. 

ɹʫʣʦ ʧʦʢʘʟʘʥʦ, ʱʦ ʜʦ ʟʙiʣʴʰʝʥʥʷ ʪʦʚʱʠʥʠ ʧʣiʚʢʠ ʧʨʠʚʦʜʠʪʴ ʢʨiʤ 

ʟʙiʣʴʰʝʥʥʷ ʪʠʩʢʫ ʘʨʛʦʥʫ, ʟʙiʣʴʰʝʥʥʷ ʯʠʩʣʘ iʤʧʫʣʴʩiʚ ʦʧʨʦʤiʥʝʥʥʷ ʤiʰʝʥi ʜʦ 

N = 6Ĭ104 ʪʘ ʟʙiʣʴʰʝʥʥʷ ʛʫʩʪʠʥʠ ʝʥʝʨʛiʾ ʚ iʤʧʫʣʴʩi ʜʦ j = 20 ɼʞ/ʩʤ2. ʊʦʚʱʠʥʠ 

ʙʫʣʠ ʤʘʡʞʝ ʦʜʥʘʢʦʚi ʧʨʠ ʪʘʢiʡ ʩʫʢʫʧʥʦʩʪi ʧʘʨʘʤʝʪʨiʚ: j = 5 ɼʞ/ʩʤ2, PAr = 20 ʇʘ 

ʪʘ ʧʨʠ j = 20 ɼʞ/ʩʤ2, PAr = 13,5 ʇʘ ʧʨʠ N = 3Ĭ104 ʪʘ N = 6Ĭ104, j = 5 ɼʞ/ʩʤ2, 

PAr = 13,5 ʇʘ. ʊʦʚʠɦʥʠ ʧʣiʚʦʢ ʩʪʘʥʦʚʠʣʠ ʚiʜ ʜʝʢiʣʴʢʦʭ ʥʘʥʦʤʝʪʨiʚ ʜʦ å100 ʥʤ 

ʅʘ ʨʠʩ 3.4ʘ ʧʨʝʜʩʪʘʚʣʝʥʦ ɸʉʄ ʟʦʙʨʘʞʝʥʥʷ ʩʪʨʫʢʪʫʨʠ B-ʪʠʧʫ, ʷʢʘ 

ʦʜʝʨʞʘʥʘ ʧʨʠ PAr = 100 ʇʘ, j = 5 ɼʞ/ʩʤ2, N = 3Ĭ104 ʚ ʜʚʦʭ ʪʦʯʢʘʭ ʥʘ ʚiʜʩʪʘʥʷʭ 5 

ʪʘ 15 ʤʤ ʚiʜ ʦʩi ʬʘʢʝʣʘ. ʅʘ ʨʠʩ 3.4ʙ ʥʘʚʝʜʝʥi ʨʝʟʫʣʴʪʘʪʠ ʩʝʢʮiʡʥʦʛʦ ʘʥʘʣiʟʫ, ʥʘ 

ʨʠʩ 3.4ʚ ï ʛiʩʪʦʛʨʘʤʠ ʨʦʟʧʦʜiʣʫ ʨʦʟʤiʨiʚ Au ʅʏ ʪʘ ʟʘʛʣʠʙʠʥ ʜʣʷ ʮʠʭ ʜʚʦʭ ʪʦʯʦʢ 

ʧʣiʚʢʠ. ɸʥʘʣiʟ ʤʦʨʬʦʣʦʛiʾ ʧʦʚʝʨʭʥi ʧʣiʚʦʢ ʩʚiʜʯʠʪʴ ʧʨʦ ʥʘʷʚʥiʩʪʴ ʘʥʩʘʤʙʣʶ Au 

ʅʏ ʪʘ ʟʘʛʣʠʙʠʥ ʤiʞ ʥʠʤʠ ʧʦʨiʚʥʷʥʠʭ ʨʦʟʤiʨiʚ ʪʘ ʢʦʥʮʝʥʪʨʘʮiʾ. ʗʢʱʦ ʚ 

ʥʘʡʙʣʠʞʯʠʭ ʪʦʯʢʘʭ ʧʣiʚʢʠ ʚiʜ ʦʩi ʬʘʢʝʣʘ ʨʦʟʤiʨʠ Au ʅʏ ʪʘ ʧʦʨ ʜʦʩʷʛʘʶʪʴ 

ʜʝʩʷʪʢiʚ ʥʘʥʦʤʝʪʨiʚ, ʪʦ ʚ ʥʘʡʜʘʣʴʰʠʭ ï ʜʝʢiʣʴʢʦʭ ʥʘʥʦʤʝʪʨiʚ. ɿʥʘʯʝʥʥʷ ʪʦʚʱʠʥʠ 

ʧʣiʚʢʠ ʦʜʥʦʛʦ ʧʦʨʷʜʢʫ ʟ ʨʦʟʤiʨʘʤʠ Au ʅʏ ʪʘ ʟʘʛʣʠʙʠʥ.  

ʇʨʠ ʟʘʣʠʰʢʦʚʦʤʫ ʪʠʩʢʫ ʚ ʚʘʢʫʫʤʥiʡ ʢʘʤʝʨi PAr = 10-2 ʇʘ ʥʘʚiʪʴ ʧʨʠ 

j = 20 ɼʞ/ʩʤ2 ʪʘ N = 60 ʪʠʩ. ʪʦʚʱʠʥʠ ʧʣiʚʦʢ ʟʘʥʘʜʪʦ ʤʘʣi. ʇʨʠ ʥʝʚʝʣʠʢʠʭ ʪʠʩʢʘʭ 

ʘʨʛʦʥʫ PAr = 5 ʇʘ ʬʦʨʤʫʶʪʴʩʷ ʧʣiʚʢʠ ʤʘʣʦʾ ʪʦʚʱʠʥʠ (å10 ʥʤ) (B709(2)). ʊʦʚʱʠʥʘ 

ʧʣiʚʢʠ, ʨʦʟʤiʨʠ Au ʅʏ ʪʘ ʧʦʨ ʧʦʨiʚʥʷʥi. ʊʦʤʫ ʥʠʟʴʢʘ ʛʫʩʪʠʥʘ ʮiʻʾ ʧʣiʚʢʠ 

(” = 6,71 ʛ/ʩʤ3) ʚiʜʧʦʚiʜʥʦ ʚʝʣʠʢʘ ʧʦʨʠʩʪiʩʪʴ (Ʉ = 65,2%) ʤʦʞʝ ʙʫʪʠ ʧʦʚôʷʟʘʥʘ 

ʟ ʚʝʣʠʢʦʶ ʢiʣʴʢiʩʪʶ ʧʦʨ ʤʘʣʠʭ ʨʦʟʤiʨiʚ. ʇʨʠ ʚʝʣʠʢʠʭ ʪʠʩʢʘʭ ʘʨʛʦʥʫ 

PAr = 50, 100 ʇʘ (ɺ719(2), ɺ705(1), ɺ705(2) ɺ738(1), ɺ738(2)), ʢʦʣʠ ʬʦʨʤʫʶʪʴʩʷ 
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ʧʣiʚʢʠ ʙiʣʴʰʦʾ ʪʦʚʱʠʥʠ ʟ ʙiʣʴʰʠʤʠ ʨʦʟʤiʨʘʤʠ Au ʅʏ ʪʘ ʧʦʨ, ʾʭ ʚʝʣʠʢʘ 

ʧʦʨʠʩʪiʩʪʴ (Ʉ = 60 ï 70%) ʟʫʤʦʚʣʝʥʘ ʥʝʚʝʣʠʢʦʶ ʢiʣʴʢiʩʪʶ ʧʦʨ ʟʥʘʯʥʠʭ ʨʦʟʤiʨiʚ. 

 

ʊʘʙʣʠʮʷ 3.1 ʋʤʦʚʠ ʬʦʨʤʫʚʘʥʥʷ ʧʣʽʚʦʢ, ʦʩʘʜʞʝʥʠʭ ʟ ʧʨʷʤʦʛʦ (D) ʪʘ ʟʚʦʨʦʪʥʦʛʦ 

(B) ʧʦʪʦʢʽʚ ʯʘʩʪʠʥʦʢ ʬʘʢʝʣʫ ʪʘ ʾʭ ʧʘʨʘʤʝʪʨʠ: ʪʦʚʱʠʥʘ d, ʛʫʩʪʠʥʘ r ̔  ʧʦʨʠʩʪʽʩʪʴ ʇ. 

ɿʨʘʟʦʢ 
ʋʤʦʚʠ ʬʦʨʤʫʚʘʥʥʷ ʇʘʨʘʤʝʪʨʠ ʧʣʽʚʦʢ 

PAr, ʇʘ j, ɼʞ/ʩʤ2 N, ʪʠʩ. L, ʤʤ d, ʥʤ r, ʛ/ʩʤ3 ʇ, % 

TAu 0,01 ï ï ï ï 18,79 2,6 

D733 0,01 20 60 ï 45,8 19,28 0,1 

D749 5 20 60 ï ï 19,1 1,0 

D746 13,5 20 60 ï ï 15 22,3 

D745 13,5 5 30 ï 11,4 14,3 25,9 

D718 13,5 20 30 ï 9,4 14,19 26,5 

D734 50 20 30 ï ï 13 32,6 

B709(1) 
5 20 30 

5 ï 7,71 60,1 

B709(2) 15 11,8 6,71 65,2 

B707(1) 
13,5 20 30 

5 25,4 13,92 27,9 

B707(2) 15 22,4 12,7 34,2 

B706(1) 
13,5 5 30 

5 ï 8,75 54,7 

B706(2) 15 13,6 8,95 53,6 

B708(1) 
13,5 20 60 

5 ï 12,8 33,7 

B708(2) 15 30,2 12,25 36,5 

B719(2) 50 20 30 15 15,4 7 63,7 

B705(1) 

5 5 30 

5 47,6 6,86 64,5 

B705(2) 15 26,3 5,59 71 

B705(3) 25 4,1 12,85 36,4 

B738(1) 
100 20 30 

5 ï 7 63,7 

B738(2) 15 ï 5,8 69,9 

 

ʇʨʠ ʪʠʩʢʫ ʘʨʛʦʥʫ PAr = 13,5 ʇʘ ʧʣiʚʢʠ (ɺ706ïɺ708) ʭʘʨʘʢʪʝʨʠʟʫʶʪʴʩʷ 

ʟʥʘʯʝʥʥʷʤ ʧʦʨʠʩʪʦʩʪi Ʉ = 30 ī 54%. ʇʨʠ ʥʝʟʤiʥʥʠʭ ʧʘʨʘʤʝʪʨʘʭ PAr = 13,5 ʇʘ, 
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N = 3Ŀ104 iʟ ʟʙiʣʴʰʝʥʥʷʤ ʱiʣʴʥʦʩʪi ʝʥʝʨʛiʾ ʚ iʤʧʫʣʴʩi ʚiʜ j = 5 ʜʦ  j = 20 ɼʞ/ʩʤ2 

(ɺ706(1) ʪʘ ɺ707(1)) ʟʙiʣʴʰʫʻʪʴʩʷ ʯʠʩʣʦ ʘʪʦʤiʚ ʟʦʣʦʪʘ ʫ ʬʘʢʝʣi ʚ ʨʝʟʫʣʴʪʘʪi 

ʟʤiʥʠ ʨʝʞʠʤʫ ʘʙʣʷʮiʾ, ʪʦʤʫ ʟʤiʥʶʻʪʴʩʷ ʪʦʚʱʠʥʘ ʦʩʘʜʞʝʥʦʾ ʧʣiʚʢʠ ʚiʜ å11 ʜʦ å25 

ʥʤ, ʟʙiʣʴʰʫʻʪʴʩʷ i ʛʫʩʪʠʥʘ ʚiʜ 8,5 ʜʦ 13,92 ʛ/ʩʤ3, ʚiʜʧʦʚiʜʥʦ ʧʦʨʠʩʪiʩʪʴ 

ʟʤʝʥʰʫʻʪʴʩʷ ʚiʜ 54,7 ʜʦ 27,9%. ʇʨʠ PAr = 13,5 ʇʘ, j = 20 ɼʞ/ʩʤ2 iʟ ʟʙiʣʴʰʝʥʥʷʤ 

ʯʠʩʣʘ iʤʧʫʣʴʩiʚ ʚiʜ 3 ʜʦ 6Ŀ104 (ɺ706 (2) ʪʘ ɺ708 (2)), ʪʦʚʱʠʥʘ ʧʣʚʦʢ ʟʙiʣʴʰʫʻʪʴʩʷ 

ʙiʣʴʰ ʥiʞ ʚ 2 ʨʘʟʠ ʚiʜ å 13 ʜʦ å 30 ʥʤ, ʱʦ i ʚʠʟʥʘʯʘʻ ʟʙiʣʴʰʝʥʥʷ ʛʫʩʪʠʥʠ 

” = 8,95 ʜʦ 12,25 ʛ/ʩʤ3, ʚiʜʧʦʚiʜʥʦ ʧʦʨʠʩʪiʩʪʴ ʟʤʝʥʰʫʻʪʴʩʷ ʚiʜ 53,6 ʜʦ 36,5 %. 

ʉʝʨʝʜʥi ʪʦʚʱʠʥʠ ʧʣiʚʦʢ ɺ-ʪʠʧʫ, ʧʨʠ ʚʢʘʟʘʥʠʭ ʪʝʭʥʦʣʦʛiʯʥʠʭ ʧʘʨʘʤʝʪʨʘʭ ʣʝʞʘʪʴ 

ʚ ʜiʘʧʘʟʦʥi ʟʥʘʯʝʥʴ 10 ï 40 ʥʤ, ʘ ʰʦʨʩʪʢiʩʪʴ ʧʦʚʝʨʭʥi ʜʦʨiʚʥʶʻ ů å 2 ʥʤ. 

ɺʠʟʥʘʯʝʥi ʟʥʘʯʝʥʥʷ ʪʦʚʱʠʥʠ ʧʣiʚʦʢ ʙʣʠʟʴʢi ʜʦ ʦʜʝʨʞʘʥʠʭ ʤʝʪʦʜʦʤ ʘʪʦʤʥʦʾ 

ʩʠʣʦʚʦʾ ʤiʢʨʦʩʢʦʧi  ʾ

 

 

3.3 ɼʦʩʣʽʜʞʝʥʥʷ ʧʣʘʟʤʦʥʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ ʥʘʥʦʧʦʨʠʩʪʠʭ ʧʣʽʚʦʢ ʟ 

ʤʘʩʠʚʦʤ ʥʘʥʦʯʘʩʪʠʥʦʢ ʟʦʣʦʪʘ 

ʋ ʜʘʥʦʤʫ ʨʦʟʜʽʣʽ ʜʦʩʣʽʜʞʝʥʦ ʟʚʷʟʦʢ ʧʘʨʘʤʝʪʨʘ ʧʦʨʠʩʪʦʩʪʽ ʩʪʨʫʢʪʫʨ ʟʦʣʦʪʘ, 

ʦʪʨʠʤʘʥʠʭ ʤʝʪʦʜʦʤ ɯʃʆ, ʪʠ ʾʭ ʧʣʘʟʤʦʥʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ. 

ʇʣʘʟʤʦʥʥʽ ʚʣʘʩʪʠʚʦʩʪʽ ʜʦʩʣʽʜʞʫʚʘʣʠʩʴ ʤʝʪʦʜʦʤ ʧʦʚʝʨʭʥʝʚʦʛʦ ʧʣʘʟʤʦʥ-

ʧʦʣʷʨʠʪʦʥʥʦʛʦ ʨʝʟʦʥʘʥʩʫ (ʇʇʈ) ʥʘ ʩʧʝʢʪʨʦʤʝʪʨʽ ñʇʣʘʟʤʦʥ-6ò, ʷʢʠʡ ʙʫʚ 

ʨʦʟʨʦʙʣʝʥʠʡ ʚ Iʥʩʪʠʪʫʪi ʬiʟʠʢʠ ʥʘʧiʚʧʨʦʚiʜʥʠʢiʚ iʤ. ɺ.ɭ. ʃʘʰʢʘʨʴʦʚʘ ʅɸʅ 

ʋʢʨʘʾʥʠ. ɼʦʩʣiʜʞʝʥʥi ʧʣiʚʦʢ ʧʨʦʚʦʜʠʣʦʩʴ ʫ ʛʝʦʤʝʪʨʽ ʂʨʝʯʤʘʥʘ. ʂʫʪʦʚi 

ʟʘʣʝʞʥʦʩʪi ʧʦʨʫʰʝʥʦʛʦ ʧʦʚʥʦʛʦ ʚʥʫʪʨiʰʥʴʦʛʦ ʚiʜʙʠʪʪʷ (ʇʇɺɺ) ʙʫʣʠ 

ʘʧʨʦʢʩʠʤʦʚʘʥi ʦʧʪʠʯʥʦʶ ʤʦʜʝʣʣʶ ʥʘ ʦʩʥʦʚi ʨiʚʥʷʥʴ ʌʨʝʥʝʣʷ ʟ ʚʠʟʥʘʯʝʥʥʷʤ 

ʝʬʝʢʪʠʚʥʠʭ ʟʥʘʯʝʥʴ ʧʦʢʘʟʥʠʢʘ ʟʘʣʦʤʣʝʥʥʷ (neff), ʢʦʝʬiʮiʻʥʪʘ ʝʢʩʪʠʥʢʮiʾ (keff) ʪʘ 

ʪʦʚʱʠʥʠ ʧʣiʚʢʠ (d) ʟʘ ʜʦʧʦʤʦʛʦʶ ʧʨʦʛʨʘʤʥʦʛʦ ʟʘʙʝʟʧʝʯʝʥʥʷ WinSpall 3.02 [85]. 
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ʈʠʩʫʥʦʢ 3.5 (ʘ) ï ʢʫʪʦʚʽ ʟʘʣʝʞʥʦʩʪʽ ʽʥʪʝʥʩʠʚʥʦʩʪʽ ʚʽʜʙʠʪʪʷ Rʇʇɺɺ ʧʨʠ ʟʙʫʜʞʝʥʥʽ ʩʚʽʪʣʦʤ p- 

ʧʦʣʷʨʠʟʘʮʽʾ ʟ l = 640 ʥʤ ʜʣʷ ʧʣʽʚʦʢ, ʱʦ ʦʜʝʨʞʘʥʽ ʪʝʨʤʽʯʥʠʤ ʥʘʧʠʣʝʥʥʷʤ (1), ʤʝʪʦʜʦʤ ɯʃʆ ʟ 

ʧʨʷʤʦʛʦ ʧʦʪʦʢʫ ʯʘʩʪʠʥʦʢ ʝʨʦʟʽʡʥʦʛʦ ʬʘʢʝʣʫ ʧʨʠ ʟʘʣʠʰʢʦʚʦʤʫ ʪʠʩʢʫ 10-2 ʇʘ (2), ʧʨʠ ʪʠʩʢʘʭ 

ʘʨʛʦʥʫ 5 ʇʘ (3) ʪʘ 10 ʇʘ (4).  (ʙ) ʩʧʝʢʪʨʠ ʧʨʦʧʫʩʢʘʥʥʷ ʥʘʥʦʧʦʨʠʩʪʠʭ ʩʪʨʫʢʪʫʨ ʟʦʣʦʪʘ D-ʪʠʧʫ 

(ʢʨ. 1, 2, 4), B-ʪʠʧʫ (ʢʨ.3, 5ï7);ʊʝʭʥʦʣʦʛʽʯʥʽ ʧʘʨʘʤʝʪʨʠ: P, ʇʘ: 10ï2 (ʢʨ.1), 10 (ʢʨ.2), 13,5 (ʢʨ.5, 

7), 100 (ʢʨ.3, 6); j, ɼʞ/ʩʤ2: 5 (ʢʨ.3, 5ï7), 20 (ʢʨ.1, 2, 4); N, ʪʠʩ.: 30 (ʢʨ.3ï7), 45 (ʢʨ.1), 60 (ʢʨ.2); 

L,ʤʤ: 5 (ʢʨ.3ï5), 15 (6, 7). 

 

ʅʘ ʨʠʩ. 3.5 ʥʘʚʝʜʝʥʦ ʢʫʪʦʚi ʟʘʣʝʞʥʦʩʪi iʥʪʝʥʩʠʚʥʦʩʪi ʧʦʨʫʰʝʥʦʛʦ ʧʦʚʥʦʛʦ 

ʚʥʫʪʨiʰʥʴʦʛʦ ʚiʜʙʠʪʪʷ Rʇʇɺɺ(ɗ) ʜʣʷ ʧʣiʚʦʢ D-ʪʠʧʫ (ʢʨʠʚi 2ï4) ʪʘ ʜʣʷ ʧʣiʚʢʠ 

ʟʦʣʦʪʘ, ʱʦ ʦʜʝʨʞʘʥʘ ʪʝʨʤiʯʥʠʤ ʥʘʧʠʣʝʥʥʷʤ (ʢʨʠʚʘ 1). ɿ ʨʠʩ. 3.5, ʢʨʠʚʘ 2 ʚʠʜʥʦ, 

ʱʦ ʜʣʷ ʧʣiʚʢʠ, ʷʢʘ ʦʜʝʨʞʘʥʘ ʧʨʠ ʟʘʣʠʰʢʦʚʦʤʫ ʪʠʩʢʫ PAr = 10-2 ʇʘ ʟʜiʡʩʥʶʻʪʴʩʷ 

ʨʝʞʠʤ ʧʦʚʝʨʭʥʝʚʦʛʦ ʧʣʘʟʤʦʥ-ʧʦʣʷʨʠʪʦʥʥʦʛʦ ʨʝʟʦʥʘʥʩʫ ʧʨʠ ʦʧʨʦʤiʥʝʥʥi 

ʩʚiʪʣʦʤ p-ʧʦʣʷʨʠʟʘʮiʾ ʟ ɚ = 640 ʥʤ. ʂʨʠʚʘ Rʇʇɺɺ(ɗ) ʜʣʷ ʮiʻʾ ʧʣiʚʢʠ ʤʘʡʞʝ 

ʟʙiʛʘʻʪʴʩʷ ʟ ʪʘʢʦʶ ʜʣʷ ʧʣiʚʢʠ, ʱʦ ʦʜʝʨʞʘʥʘ ʪʝʨʤiʯʥʠʤ ʥʘʧʠʣʝʥʥʷʤ. ɸʣʝ 

ʧʦʣʦʞʝʥʥʷ ɗmin ʜʣʷ ʧʣiʚʢʠ D ʟʩʫʥʫʪʦ ʚ ʙiʢ ʪʨʦʭʠ ʤʝʥʰʦʛʦ ʟʥʘʯʝʥʥʷ ʢʫʪʘ. ʎʝ 

ʩʚiʜʯʠʪʴ ʧʨʦ ʾʾ ʜʝʱʦ ʟʤʝʥʰʝʥʠʡ ʧʦʢʘʟʥʠʢ ʟʘʣʦʤʣʝʥʥʷ. ʇʨʠ ʙʣʠʟʴʢʠʭ ʟʥʘʯʝʥʥʷʭ 

ʪʦʚʱʠʥʠ ʧʣiʚʦʢ ʮʝ ʚʢʘʟʫʻ ʥʘ ʤʝʥʰʝ ʟʥʘʯʝʥʥʷ i ʧʦʨʠʩʪʦʩʪi ʧʣiʚʢʠ D. ʅʝʦʙʭiʜʥʦ 

ʚiʜʟʥʘʯʠʪʠ, ʱʦ ʮʝʡ ʨʝʟʫʣʴʪʘʪ ʟʙiʛʘʻʪʴʩʷ ʟ ʦʜʝʨʞʘʥʠʤ ʤʝʪʦʜʦʤ ʍ-ʧʨʦʤʝʥʝʚʦʾ 

ʨʝʬʣʝʢʪʦʤʝʪʨiʾ. ɿ ʨʠʩ. 3.5ʘ, ʢʨʠʚʘ 3, ʚʠʜʥʦ, ʱʦ ʜʣʷ ʧʣiʚʢʠ D, ʷʢʘ ʦʜʝʨʞʘʥʘ ʧʨʠ 

ʪʠʩʢʫ ʘʨʛʦʥʫ PAr = 5 ʇʘ ʧʦʣʦʞʝʥʥʷ ɗmin ʢʨʠʚʦʾ Rʇʇɺɺ(ɗ) ʟʩʫʚʘʻʪʴʩʷ ʚ ʧʦʨiʚʥʷʥʥi ʟ 

ʧʦʧʝʨʝʜʥʴʦʶ ʧʣiʚʢʦʶ D (ʢʨʠʚʘ 2) ʚ ʙiʢ ʙiʣʴʰʠʭ ʢʫʪiʚ. ʊʦʙʪʦ, ʧʨʠ ʙʣʠʟʴʢʠʭ 

ʪʦʚʱʠʥʘʭ ʮʠʭ ʧʣiʚʦʢ ʟʥʘʯʝʥʥʷ ʧʦʢʘʟʥʠʢʘ ʟʘʣʦʤʣʝʥʥʷ ʟʙiʣʴʰʫʶʪʴʩʷ ʪʘ 
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ʧʦʨʠʩʪiʩʪʴ ʟʨʦʩʪʘʻ. ʎʝʡ ʨʝʟʫʣʴʪʘʪ ʟʙiʛʘʻʪʴʩʷ ʟ ʦʜʝʨʞʘʥʠʤ ʤʝʪʦʜʦʤ ʍ-ʧʨʦʤʝʥʝʚʦʾ 

ʨʝʬʣʝʢʪʦʤʝʪʨiʾ. 

ʈʦʟʨʘʭʫʥʢʠ ʚ ʨʘʤʢʘʭ ʦʧʪʠʯʥʦʾ ʤʦʜʝʣi ʜʘʶʪʴ ʟʥʘʯʝʥʥʷ neff = 0,371, keff = 3,57, 

d = 51,62 ʥʤ ʜʣʷ ʧʣiʚʢʠ AuT, ʚ ʪʦʡ ʯʘʩ ʷʢ neff = 0,34, keff = 3,76 ʪʘ d = 46,13 ʥʤ ʜʣʷ 

ʧʣiʚʢʠ D733 ʪʘ neff = 0,48, keff = 3,37, d = 49,69 ʥʤ ʜʣʷ ʧʣiʚʢʠ D749. ʉʣiʜ 

ʟʘʫʚʘʞʠʪʠ, ʱʦ ʧʣiʚʢʘ AuT ʦʜʝʨʞʘʥʘ ʪʝʨʤiʯʥʠʤ ʥʘʧʠʣʝʥʥʷʤ ʚ ʚʘʢʫʫʤi ʙʝʟ ʙʫʜʴ-

ʷʢʠʭ ʫʤʦʚ ʜʣʷ ʧʦʢʨʘʱʝʥʥʷ ʾʾ ʩʪʨʫʢʪʫʨʠ. ɺʠʟʥʘʯʝʥi ʟʥʘʯʝʥʥʷ neff ʜʣʷ ʤʝʥʰ 

ʧʦʨʠʩʪʠʭ ʧʣiʚʦʢ (D733), ʷʢ i ʧʦʚʠʥʥi, ʤʝʥʰi, ʘ ʜʣʷ ʙiʣʴʰ ʧʦʨʠʩʪʠʭ (D749) ʙiʣʴʰi, 

ʙʦ ʟʥʘʯʝʥʥʷ nʧʦʚiʪʨʷ = 1, ʘ nAu å 0,33. ʇʨʠ ʮʴʦʤʫ ʚʠʟʥʘʯʝʥi ʟʥʘʯʝʥʥʷ ʪʦʚʱʠʥ ʧʣiʚʦʢ 

d å 50 ʥʤ ʟʙiʛʘʶʪʴʩʷ ʟ ʪʠʤʠ, ʱʦ ʦʜʝʨʞʘʥi ʤʝʪʦʜʦʤ ʨʝʥʪʛʝʥiʚʩʴʢʦʾ 

ʨʝʬʣʝʢʪʦʤʝʪʨiʾ. 

ʅʘ ʨʠʩ. 3.5ʘ, ʢʨʠʚʘ 4 ʚiʜʥʦʩʠʪʴʩʷ ʜʦ ʧʣiʚʢʠ D, ʱʦ ʦʜʝʨʞʘʥʘ ʧʨʠ PAr = 10 ʇʘ 

ɺʠʜʥʦ, ʱʦ ʟi ʟʙiʣʴʰʝʥʥʷʤ ʪʠʩʢʫ ʘʨʛʦʥʫ ʧʦʨʫʰʫʶʪʴʩʷ ʫʤʦʚʠ ʨʝʞʠʤʫ 

ʧʦʚʝʨʭʥʝʚʦʛʦ ʧʣʘʟʤʦʥ-ʧʦʣʷʨʠʪʦʥʥʦʛʦ ʨʝʟʦʥʘʥʩʫ. ɼʣʷ ʫʩiʭ ʧʣiʚʦʢ ʪʠʧʫ B ʮi 

ʫʤʦʚʠ ʥʝ ʚʠʢʦʥʫʶʪʴʩʷ. 

 

ʈʠʩʫʥʦʢ 3.6 ɿʘʣʝʞʥʽʩʪʴ ʜʦʚʞʠʥʠ ʭʚʠʣʽ ʃʇʇʈ ʜʣʷ ʩʪʨʫʢʪʫʨ D-ʪʠʧʫ ʚʽʜ ʪʠʩʢʫ ʘʨʛʦʥʫ ʫ ʢʘʤʝʨʽ 

ʧʨʠ ʥʝʟʤʽʥʥʠʭ ʽʥʰʠʭ ʧʘʨʘʤʝʪʨʘʭ: j=15 ɼʞ/ʩʤ2, N=15Ĭ103. 

 

ʉʧʝʢʪʨʠ ʧʨʦʧʫʩʢʘʥʥʷ ʧʣiʚʦʢ ʚʠʤiʨʶʚʘʣʠ ʟʘ ʜʦʧʦʤʦʛʦʶ ʩʧʝʢʪʨʦʬʦʪʦʤʝʪʨʘ 

ʉʌ-26 ʚ ʜiʘʧʘʟʦʥi ʜʦʚʞʠʥ ʭʚʠʣʴ 360ï1000 ʥʤ. ʅʘ ʨʠʩ. 3.5ʙ ʥʘʚʝʜʝʥʦ ʩʧʝʢʪʨʠ 

ʧʨʦʧʫʩʢʘʥʥʷ T(ɚ) ʦʜʝʨʞʘʥʠʭ ʧʣiʚʦʢ. ɿ ʨʠʩ. 3.5ʙ ʚʠʜʥʦ ʚiʜʤiʥʥiʩʪʴ ʦʧʪʠʯʥʠʭ 

ʚʣʘʩʪʠʚʦʩʪʝʡ ʜʚʦʭ ʛʨʫʧ ʧʣiʚʦʢ. ɼʣʷ ʧʣiʚʢʠ D-ʪʠʧʫ, ʱʦ ʦʩʘʜʞʝʥʘ iʟ ʧʨʷʤʦʛʦ 

ʧʦʪʦʢʫ ʯʘʩʪʠʥʦʢ ʬʘʢʝʣʘ ʧʨʠ PAr = 10-2 ʇʘ (ʨʠʩ. 3.5, ʢʨʠʚʘ 1), ʩʚiʪʣʦ ʩʠʣʴʥʦ 

ʧʦʛʣʠʥʘʻʪʴʩʷ ʫ ʙʣʠʞʥiʡ Iʏ i ʚʠʜʠʤiʡ ʦʙʣʘʩʪʷʭ ʩʧʝʢʪʨʘ ʚʥʘʩʣiʜʦʢ ʧʦʛʣʠʥʘʥʥʷ ʥʘ 
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ʚiʣʴʥʠʭ ʥʦʩiʷʭ. ɿʘʛʘʣʴʥʘ ʪʝʥʜʝʥʮʽʷ ʟʤʽʥʠ ʜʦʚʞʠʥʠ ʭʚʠʣʽ ʃʇʇʈ ʜʣʷ ʩʪʨʫʢʪʫʨ D-

ʪʠʧʫ, ʚ ʟʘʣʝʞʥʦʩʪʽ ʚʽʜ ʪʠʩʢʫ ʘʨʥʦʥʫ ʫ ʢʘʤʝʨʽ ʧʨʝʜʩʪʘʚʣʝʥʚʘ ʥʘ ʨʠʩʫʥʢʫ 3.6. ʗʢ 

ʚʠʜʥʦ ʱʦ ʟʙʽʣʴʰʝʥʥʷ ʪʠʩʢʫ ʛʘʟʫ ʫ ʢʘʤʝʨʽ (ʱʦ ʚʠʢʣʠʢʘʻ ʟʨʦʩʪʘʥʥʷ ʧʦʨʠʩʪʦʩʪʽ 

ʩʪʨʫʢʪʫʨ) ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʟʩʫʚʫ ʯʘʩʪʦʪʠ ʃʇʇʈ ʫ ʜʦʚʛʦʭʚʠʣʴʦʚʫ ʦʙʣʘʩʪʴ. 

ɼʣʷ ʚʩiʭ ʧʣiʚʦʢ ɺ-ʪʠʧʫ (ʨʠʩ. 3.5ʙ, ʢʨʠʚi 3, 5ï7) ʮʝ ʧʦʛʣʠʥʘʥʥʷ ʚiʜʩʫʪʥʻ ʚ 

ʦʙʣʘʩʪi ʜʦʚʞʠʥ ʭʚʠʣʴ ʙiʣʴʰʝ å 650 ʥʤ. ɼʣʷ ʥʠʭ ʯiʪʢʦ ʧʨʦʷʚʣʷʶʪʴʩʷ ʧiʢʠ 

ʧʦʛʣʠʥʘʥʥʷ ʚ ʦʙʣʘʩʪi 550 ï 600 ʥʤ, ʱʦ ʧʦʚôʷʟʘʥi iʟ ʟʙʫʜʞʝʥʥʷʤ ʣʦʢʘʣʴʥʠʭ 

ʧʦʚʝʨʭʥʝʚʠʭ ʧʣʘʟʤʦʥiʚ (ʃʇʇ) ʥʘ Au ʅʏ. ɼʣʷ ʦʙʦʭ ʛʨʫʧ ʧʣiʚʦʢ ʚ ʦʙʣʘʩʪi 

350 ï 450 ʥʤ ʭʘʨʘʢʪʝʨ ʩʧʝʢʪʨiʚ ʘʥʘʣʦʛiʯʥʠʡ, ʟʫʤʦʚʣʝʥʠʡ d-sp ʤiʞʟʦʥʥʠʤʠ 

ʧʝʨʝʭʦʜʘʤʠ. ɼʣʷ ʧʣiʚʦʢ B-ʪʠʧʫ ʥʘ ʨʠʩ. 3.5ʙ, ʢʨʠʚi 3, 5ï7, ʧʨʦʜʝʤʦʥʩʪʨʦʚʘʥʦ 

ʚʧʣʠʚ ʫʩiʭ ʯʦʪʠʨʴʦʭ ʧʘʨʘʤʝʪʨiʚ (P, j, N, L) ʥʘ ʭʘʨʘʢʪʝʨ ʟʘʣʝʞʥʦʩʪʝʡ T(ɚ), ʘ ʪʘʢʦʞ 

ʪʦʡ ʬʘʢʪ, ʱʦ ʦʧʪʠʯʥi ʚʣʘʩʪʠʚʦʩʪi ʟ ʃʇʇ ʚʠʟʥʘʯʘʶʪʴʩʷ ʩʫʢʫʧʥiʩʪʶ ʮʠʭ 

ʧʘʨʘʤʝʪʨiʚ. 

 

3.4 ɼʦʩʣʽʜʞʝʥʥʷ ʜʝʬʦʨʤʘʮʽʡ ʫ ʥʘʥʦʧʦʨʠʩʪʠʭ ʩʪʨʫʢʪʫʨʘʭ ʟʦʣʦʪʘ 

ʄʝʪʦʜʦʤ ʍ-ʧʨʦʤʝʥʝʚʦʾ ʜʠʬʨʘʢʪʦʤʝʪʨʽʾ ʚʩʪʘʥʦʚʣʝʥʦ ʥʘʷʚʥʽʩʪʴ ʥʘʧʨʫʞʝʥʴ 

ʚ ʥʘʥʦʯʘʩʪʠʥʢʘʭ ʟʦʣʦʪʘ (ʨʠʩ. 3.7ʙ), ʢʦʪʨʽ ʧʨʠʚʦʜʷʪʴ ʜʦ ʟʤʽʥʠ ʫʩʝʨʝʜʥʝʥʦʛʦ 

ʧʘʨʘʤʝʪʨʘ ʛʫʩʪʠʥʠ ʨʝʯʦʚʠʥʠ. ɺʨʘʭʫʚʘʥʥʷ ʮʽʻʾ ʦʙʩʪʘʚʠʥʠ ʜʘʣʦ ʤʦʞʣʠʚʽʩʪʴ 

ʢʦʨʝʢʪʫʚʘʪʠ ʧʘʨʘʤʝʪʨ ʧʦʨʠʩʪʦʩʪʽ, ʚʠʟʥʘʯʝʥʠʡ ʤʝʪʦʜʦʤ ʍ-ʧʨʦʤʝʥʝʚʦʾ 

ʨʝʬʣʝʢʪʦʤʝʪʨʽʾ ʰʣʷʭʦʤ ʟʘʤʽʥʠ ”  ʥʘ ʛʫʩʪʠʥʫ, ʚʠʟʥʘʯʝʥʫ ʟʘ ʜʦʧʦʤʦʛʦʶ 

ʜʠʬʨʘʢʪʦʤʝʪʨʽʾ. ɼʣʷ ʚʠʧʘʜʢʫ ʛʨʘʥʝʮʝʥʪʨʦʚʘʥʦʾ ʢʫʙʽʯʥʦʾ ʛʨʘʪʢʠ: 

 

”
τὓ

ὥὔ
     σȢς 

ʜʝ 4 ï ʢʽʣʴʢʽʩʪʴ ʘʪʦʤʽʚ ʫ ʝʣʝʤʝʥʪʘʨʥʽʡ ʢʦʤʽʨʮʽ, ὓ  ï ʤʦʣʷʨʥʘ ʤʘʩʘ ʟʦʣʦʪʘ, 

ὔ  ʩʪʘʣʘ ɸʚʦʛʘʜʨʦ, ὥ ï ʧʘʨʘʤʝʪʨ ʛʨʘʪʢʠ ʚʠʟʥʘʯʝʥʠʡ ʽʟ ʜʘʥʠʭ ʍ-ʧʨʦʤʝʥʝʚʦʾ 

ʜʠʬʨʘʢʮʽʾ. 

ɼʠʬʨʘʢʪʦʤʝʪʨʠʯʥʽ ʜʦʩʣʽʜʞʝʥʥʷ ʧʨʦʚʦʜʠʣʠʩʴ ʥʘ ʧʨʠʣʘʜʽ ARL XôTRA 

(Thermo Scientific). ɺʠʢʦʨʠʩʪʦʚʫʚʘʣʦʩʴ CuKŬ ʚʠʧʨʦʤʽʥʶʚʘʥʥʷ, ʥʘʧʨʫʛʘ ʥʘ ʪʨʫʙʮʽ 

ʩʢʣʘʜʘʣʘ 45 ʢɺ, ʩʪʨʫʤ ï 30 ʤɸ. ʏʝʨʝʟ ʤʘʣʫ ʪʦʚʱʠʥʫ ʧʣʽʚʢʠ ʯʽʪʢʦ ʧʨʦʷʚʣʷʣʦʩʷ 
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ʪʽʣʴʢʠ (111), ʷʢʝ ʧʨʦʧʠʩʫʚʘʣʦʩʷ ɗ-ɗ ʩʢʘʥʫʚʘʥʥʷʤ ʫ ʧʦʢʨʦʢʦʚʦʤʫ ʨʝʞʠʤʽ. ʂʨʦʢ 

ʩʢʘʥʫʚʘʥʥʷ ʩʢʣʘʜʘʚ 0,01Á, ʯʘʩ ʥʘʙʦʨʫ ï 2 ʩʝʢ. ʆʪʨʠʤʘʥʠʡ ʜʠʬʨʘʢʮʽʡʥʠʡ ʧʨʦʬʽʣʴ 

ʬʽʪʫʚʘʚʩʷ ʟʘ ʜʦʧʦʤʦʛʦʶ ʬʫʥʢʮʽʾ ʧʩʝʚʜʦ-ɺʦʡʪʘ, ʧʦ ʧʦʣʦʞʝʥʥʶ ʮʝʥʪʨʘ ʚʠʟʥʘʯʘʚʩʷ 

ʧʘʨʘʤʝʪʨ ʛʨʘʪʢʠ. 

  

ʈʠʩʫʥʦʢ 3.7 (a) ʜʠʬʨʘʢʮʽʡʥʽ ʧʨʦʬʽʣʽ ʧʦʙʣʠʟʫ (111) ʚʽʜʙʠʪʪʷ ʟʦʣʦʪʘ, ʨʘʟʦʤ ʽʟ ʧʦʣʦʞʝʥʥʷʤ 

ʤʘʢʩʠʤʫʤʫ ʜʠʬʨʘʢʮʽʾ ʜʣʷ ʥʝʜʝʬʦʨʤʦʚʘʥʦʾ ʢʨʠʩʪʘʣʽʯʥʦʾ ʛʨʘʪʢʠ. (ʙ) ʂʆʇ ʧʦʙʣʠʟʫ ʥʫʣʴʦʚʦʛʦ 

ʚʫʟʣʘ ʦʙʝʨʥʝʥʦʾ ʛʨʘʪʢʠ ʜʣʷ ʟʨʘʟʢʘ D787. 

 

ɿʩʫʚ ʤʘʢʩʠʤʫʤʫ (111) ʚʽʜʙʠʪʪʷ ʥʘ ʜʠʬʨʘʢʪʦʛʨʘʤʘʭ (ʨʠʩ. 3.7) ʩʚʽʜʯʠʪʴ ʧʨʦ 

ʟʤʽʥʫ ʧʘʨʘʤʝʪʨʘ ʛʨʘʪʢʠ ʤʘʪʝʨʽʘʣʫ ʜʦʩʣʽʜʞʫʚʘʥʠʭ ʧʣʽʚʦʢ. ʜʣʷ ʧʣʽʚʦʢ, ʷʢʽ ʤʘʶʪʴ 

ʟʥʘʯʥʫ ʧʦʨʠʩʪʽʩʪʴ, ʧʘʨʘʤʝʪʨ ʛʨʘʪʢʠ ʤʝʥʰʠʡ ʧʦʨʽʚʥʷʥʦ ʽʟ ʦʙôʻʤʥʠʤ ʟʦʣʦʪʦʤ. 

ɽʬʝʢʪ ʟʤʝʥʰʝʥʥʷ ʧʘʨʘʤʝʪʨʘ ʛʨʘʪʢʠ ʧʦʷʩʥʶʶʪʴ ʥʘʷʚʥʽʩʪʶ ʩʠʣ ʧʦʚʝʨʭʥʝʚʦʛʦ 

ʥʘʪʷʛʫ ʫ ʅʏ ʟ ʤʘʣʠʤʠ ʨʦʟʤʽʨʘʤʠ [86]. 

ʇʘʨʘʤʝʪʨ ʛʨʘʪʢʠ ʫ ʨʽʟʥʠʭ ʜʽʣʷʥʢʘʭ ʩʘʤʦʾ ʅʏ, ʘ ʪʘʢʦʞ ʜʣʷ ʨʽʟʥʠʭ ʅʏ 

ʤʘʩʠʚʫ, ʟʛʽʜʥʦ [87], ʪʘʢʦʞ ʤʦʞʝ ʟʤʽʥʶʚʘʪʠʩʴ. ʆʜʥʘʢ ʣʘʙʦʨʘʪʦʨʥʽ ʍ-ʧʨʦʤʝʥʝʚʽ 

ʜʦʩʣʽʜʞʝʥʥʷ ʜʘʶʪʴ ʫʩʝʨʝʜʥʝʥʠʡ ʧʘʨʘʤʝʪʨ ʛʨʘʪʢʠ ʚʩʴʦʛʦ ʤʘʩʠʚʫ ʅʏ. 

ʈʦʟʨʘʭʦʚʘʥʽ ʧʘʨʘʤʝʪʨʠ ʛʨʘʪʦʢ, ʛʫʩʪʠʥʠ ʪʘ ʫʪʦʯʥʝʥʽ ʟʥʘʯʝʥʥʷ ʧʦʨʠʩʪʦʩʪʽ, 

ʨʘʟʦʤ ʽʟ ʪʝʭʥʦʣʦʛʽʯʥʠʤʠ ʧʘʨʘʤʝʪʨʘʤʠ ʧʦʜʘʥʽ ʚ ʪʘʙʣʠʮʽ 3.2. ʇʦʧʨʘʚʢʘ ʫ ʟʥʘʯʝʥʥʽ 

ʧʦʨʠʩʪʦʩʪʽ ʽʟ ʚʨʘʭʫʚʘʥʥʷʤ ʧʘʨʘʤʝʪʨʘ ʛʨʘʪʢʠ ʥʝʟʥʘʯʥʘ, ʘʣʝ ʚʦʥʘ ʚʽʜʽʛʨʘʻ ʚʘʞʣʠʚʫ 

ʨʦʣʴ ʧʨʠ ʚʠʟʥʘʯʝʥʥʽ ʧʦʨʠʩʪʦʩʪʽ ʧʣʽʚʦʢ ʟʥʘʯʝʥʥʷ ʷʢʠʭ ʣʝʞʠʪʴ ʫ ʤʝʞʘʭ 1-2%. ʎʝ 

ʦʩʦʙʣʠʚʦ ʚʘʞʣʠʚʦ ʜʣʷ ʦʧʪʠʯʥʠʭ ʩʝʥʩʦʨʽʚ, ʱʦ ʧʨʘʮʶʶʪʴ ʥʘ ʦʩʥʦʚʽ ʟʙʫʜʞʝʥʥʷ 

(ʘ) (ʙ) 
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ʧʦʚʝʨʭʥʝʚʠʭ ʧʣʘʟʤʦʥ-ʧʦʣʷʨʠʪʦʥʥʠʭ ʭʚʠʣʴ, ʜʝ ʧʦʧʨʘʚʢʘ ʜʦ ʛʫʩʪʠʥʠ ʨʝʯʦʚʠʥʠ ʜʘʻ 

ʚʝʣʠʢʠʡ ʚʢʣʘʜ ʫ ʚʠʤʽʨʶʚʘʥʫ ʚʝʣʠʯʠʥʫ. ʊʘʢʦʞ ʮʝ ʢʦʨʝʛʫʚʘʥʥʷ ʟʥʽʤʘʻ ʧʠʪʘʥʥʷ 

ʤʝʪʦʜʦʣʦʛʽʯʥʦʛʦ ʭʘʨʘʢʪʝʨʫ. 

 

ʊʘʙʣʠʮʷ 3.2 ʈʦʟʨʘʭʦʚʘʥʽ ʧʘʨʘʤʝʪʨʠ ʥʘʥʦʧʦʨʠʩʪʠʭ ʩʪʨʫʢʪʫʨ ʟʦʣʦʪʘ. 

ɿʨʘʟʦʢ 

ʋʤʦʚʠ ʬʦʨʤʫʚʘʥʥʷ ʇʘʨʘʤʝʪʨʠ ʧʣʽʚʦʢ 

PAr, ʇʘ j, ɼʞ/ʩʤ2 N, ʪʠʩ. ʘ, ¡ ” , 

ʛ/ʩʤ3 
ʇ, % ʇXRD, % 

D780 0,01 15 15 4,0843 19,202 5,8 5,32 

D792 5 15 15 4,0822 19,232 6,4 6,04 

D779 20 15 15 4,0675 19,441 31,1 31,59 

D781 30 15 15 4,0688 19,422 26,9 27,4 

D782 50 15 15 4,074 19,348 43 43,15 

D783 70 15 15 4,0821 19,233 58,5 58,41 

D796 20 5 15 4,0688 19,422 44,6 44,91 

D794 20 10 15 4,0689 19,421 36,8 37,18 

D793 20 20 15 4,0722 19,374 20,7 21,03 

D776 0,01 15 30 4,0852 19,189 1,6 0,99 

D784 5 15 30 4,0834 19,215 1,6 1,12 

D787 20 15 22,5 4,0712 19,388 34,2 34,5 

D790 20 15 30 4,0714 19,385 26,9 27,26 

 

ʅʘ ʨʠʩ. 3.7ʙ ʧʨʝʜʩʪʘʚʣʝʥʦ ʨʦʟʧʦʜʽʣ ʽʥʪʝʥʩʠʚʥʦʩʪʽ ʥʘ ʢʘʨʪʽ ʦʙʝʨʥʝʥʦʛʦ 

ʧʨʦʩʪʦʨʫ. ʋ ʚʠʱʝ ʥʘʚʝʜʝʥʠʭ ʨʝʬʣʝʢʪʦʤʝʪʨʠʯʥʠʭ ʧʨʦʬʽʣʷʭ ʩʢʘʥʫʚʘʥʥʷ 

ʧʨʦʭʦʜʠʪʴ ʯʝʨʝʟ ʮʝʥʪʨ ʂʆʇ (qx=0). ɼʠʬʫʟʥʝ ʨʦʟʩʽʷʥʥʷ ʩʧʦʩʪʝʨʽʛʘʻʪʴʩʷ ʫ ʦʙʣʘʩʪʽ 

ʩʧʨʘʚʘ ʽ ʟʣʽʚʘ ʚʽʜ ʮʽʻʾ ʣʽʥʽʾ ʫ çʥʝʜʟʝʨʢʘʣʴʥʽʡè ʦʙʣʘʩʪʽ. ʅʘ ʂʆʇ ʥʝ ʩʧʦʩʪʝʨʽʛʘʻʪʴʩʷ 

ʨʝʟʦʥʘʥʩʥʝ ʜʠʬʫʟʥʝ ʨʦʟʩʽʷʥʥʷ (ʪʘʢ ʟʚʘʥʽ ʜʠʬʫʟʥʽ çʙʘʥʘʥʠè), ʱʦ ʩʚʽʜʯʠʪʴ ʧʨʦ 

ʚʽʜʩʫʪʥʽʩʪʴ ʚʝʨʪʠʢʘʣʴʥʦʾ ʢʦʨʝʣʷʮʽʾ ʧʨʦʬʽʣʽʚ ʰʦʨʩʪʢʦʩʪʽ [88]. 

ɺʽʜʢʨʠʪʠʤ ʧʠʪʘʥʥʷʤ ʟʘʣʠʰʘʻʪʴʩʷ ʧʠʪʘʥʥʷ ʧʨʦ ʨʦʟʤʽʨ ʯʘʩʪʠʥʦʢ. ʋ 

ʙʽʣʴʰʦʩʪʽ ʨʦʙʽʪ, ʮʝʡ ʧʘʨʘʤʝʪʨ ʦʮʽʥʶʻʪʴʩʷ ʟʘ ʜʦʧʦʤʦʛʦʶ ʬʦʨʤʫʣʠ ʐʝʨʨʝʨʘ. 

ʆʜʥʘʢ ʧʨʠʩʫʪʥʽʩʪʴ ʜʝʬʦʨʤʘʮʽʡʥʠʭ ʧʦʣʽʚ ʫ ʩʘʤʽʡ ʅʏ ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʫʰʠʨʝʥʥʷ 
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ʜʠʬʨʘʢʪʦʤʝʪʨʠʯʥʠʭ ʧʨʦʬʽʣʽʚ, ʱʦ ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʥʝʪʦʯʥʦʩʪʽ ʚʠʟʥʘʯʝʥʥʷ ʨʦʟʤʽʨʫ 

ʅʏ ʮʠʤ ʤʝʪʦʜʦʤ [87]. ʈʦʟʜʽʣʠʪʠ ʨʦʟʤʽʨʥʠʡ ʪʘ ʜʝʬʦʨʤʘʮʽʡʥʠʡ ʝʬʝʢʪ ʤʦʞʥʘ ʷʢ 

ʤʝʪʦʜʦʤ ɺʽʣʴʷʤʩʦʥʘ-ʍʦʣʣʘ, ʪʘʢ ʽ ʙʽʣʴʰ ʩʫʯʘʩʥʠʤʠ ʤʝʪʦʜʘʤʠ ʘʥʘʣʽʟʫ 

ʜʠʬʨʘʢʮʽʡʥʦʛʦ ʧʨʦʬʽʣʶ [89], [90]. ɸʣʝ ʩʪʘʥʜʘʨʪʥʠʡ ʣʘʙʦʨʘʪʦʨʥʠʡ ʜʠʬʨʘʢʪʦʤʝʪʨ 

ʥʝ ʜʦʟʚʦʣʷʻ ʦʪʨʠʤʘʪʠ ʜʦʩʪʘʪʥʴʦʾ ʢʦʨʠʩʥʦʾ ʽʥʪʝʥʩʠʚʥʦʩʪʽ ʯʝʨʝʟ ʤʘʣʫ ʪʦʚʱʠʥʫ 

ʜʦʩʣʽʜʞʫʚʘʥʠʭ ʧʣʽʚʦʢ, ʱʦ ʨʦʙʠʪʴ ʪʘʢʠʡ ʘʥʘʣʽʟ ʧʨʘʢʪʠʯʥʦ ʥʝʤʦʞʣʠʚʠʤ. 

 

ʈʠʩʫʥʦʢ 3.8 ɿʘʣʝʞʥʦʩʪʽ ʧʘʨʘʤʝʪʨʽʚ ʛʨʘʪʢʠ ʚʽʜ ʫʤʦʚ ʨʦʩʪʫ ʥʘʥʦʩʪʨʫʢʪʫʨ ʟʦʣʦʪʘ: (ʘ) ʟʘʣʝʞʥʽʩʪʴ 

ʚʽʜ ʪʠʩʢʫ ʛʘʟʫ ʧʨʠ N=15 ʪʠʩ. ʽʤʧ. ʪʘ j=15 ɼʞ/ʩʤ2; (ʙ) ʟʘʣʝʞʥʽʩʪʴ ʚʽʜ ʛʫʩʪʠʥʠ ʝʥʝʨʛʽʾ ʚ ʽʤʧʫʣʴʩʽ 

ʧʨʠ PAr =15 ʇʘ ʪʘ N=15 ʪʠʩ. ʽʤʧ.; (ʚ) ʟʘʣʝʞʥʽʩʪʴ ʚʽʜ ʢʽʣʴʢʦʩʪʽ ʽʤʧʫʣʴʩʽʚ ʧʨʠ PAr =15 ʇʘ ʪʘ 

j=15 ɼʞ/ʩʤ2. ʉʽʨʘ ʦʙʣʘʩʪʴ ʧʦʢʘʟʫʻ ʣʽʪʝʨʘʪʫʨʥʠʡ ʨʦʟʢʠʜ ʧʘʨʘʤʝʪʨʽʚ ʛʨʘʪʢʠ ʜʣʷ ʟʦʣʦʪʘ. 

 

ʑʝ ʦʜʠʥ ʮʽʢʘʚʠʡ ʨʝʟʫʣʴʪʘʪ ʦʪʨʠʤʘʥʠʡ ʚ ʮʴʦʤʫ ʨʦʟʜʽʣʽ ï ʮʝ ʥʝʣʽʥʽʡʥʘ 

ʟʘʣʝʞʥʽʩʪʴ ʧʘʨʘʤʝʪʨʘ ʛʨʘʪʢʠ ʚʽʜ ʪʠʩʢʫ ʘʨʛʦʥʫ, ʱʦ ʯʽʪʢʦ ʩʧʦʩʪʝʨʽʛʘʻʪʴʩʷ ʜʣʷ 

ʩʪʨʫʢʪʫʨ D-ʪʠʧʫ (ʨʠʩ. 3.8ʘ). ʆʯʝʚʠʜʥʦ, ʧʨʠ ʤʘʣʠʭ ʪʠʩʢʘʭ ʚʽʜʙʫʚʘʻʪʴʩʷ 

ʫʢʨʫʧʥʝʥʥʷ ʯʘʩʪʠʥʦʢ (ʢʦʘʛʫʣʷʮʽʷ), ʧʨʠ ʟʙʽʣʴʰʝʥʥʽ ʪʠʩʢʫ ʜʦ 20 ʇʘ ʢʦʘʛʫʣʷʮʽʷ 

ʟʤʝʥʰʫʻʪʴʩʷ, ʪʘʢ ʷʢ ʜʦ ʧʽʜʢʣʘʜʢʠ ʜʦʣʽʪʘʻ ʤʝʥʰʝ ʯʘʩʪʠʥʦʢ, ʽ ʾʭ ʝʥʝʨʛʽʷ 

ʟʤʝʥʰʫʻʪʴʩʷ ʯʝʨʝʟ ʚʟʘʻʤʦʜʽʶ ʟ ʛʘʟʦʤ ʫ ʢʘʤʝʨʽ. ʎʝ ʩʪʚʦʨʶʻ ʫʤʦʚʠ ʜʣʷ 

ʬʦʨʤʫʚʘʥʥʷ ʫʤʦʚʥʦ ʽʟʦʣʴʦʚʘʥʠʭ ʯʘʩʪʠʥʦʢ, ʧʦʚʝʨʭʥʝʚʠʡ ʥʘʪʷʛ ʷʢʠʭ ʽ ʟʤʝʥʰʫʻ 

ʧʘʨʘʤʝʪʨ ʛʨʘʪʢʠ. ʇʨʠ ʨʦʩʪʽ ʪʠʩʢʫ ʜʦ 70 ʇʘ ʪʽʣʴʢʠ ʚʝʣʠʢʽ ʚʠʩʦʢʦʝʥʝʨʛʝʪʠʯʥʽ 

ʯʘʩʪʠʥʢʠ, ʷʢʽ ʩʣʘʙʦ ʨʦʟʩʽʶʶʪʴʩʷ ʘʪʤʦʩʬʝʨʦʶ ʘʨʛʦʥʫ ʜʦʩʷʛʘʶʪʴ ʧʽʜʢʣʘʜʢʠ. ʏʝʨʝʟ 

ʚʽʜʥʦʩʥʦ ʚʝʣʠʢʽ ʨʦʟʤʽʨʠ ʮʠʭ ʯʘʩʪʠʥʦʢ ʜʝʬʦʨʤʘʮʽʷ ʩʪʠʩʢʫ ʟʤʝʥʰʫʻʪʴʩʷ. ʂʨʽʤ 
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ʪʦʛʦ ʜʣʷ ʩʪʨʫʢʪʫʨʠ ʟ ʥʘʡʤʝʥʰʠʤ ʧʘʨʘʤʝʪʨʦʤ ʛʨʘʪʢʠ (ʦʪʨʠʤʘʥʦʾ ʧʨʠ ʪʠʩʢʫ 

PAr = 20 ʇʘ) ʧʦʢʘʟʘʥʦ, ʱʦ ʷʢ ʟʤʽʥʘ ʛʫʩʪʠʥʠ ʝʥʝʨʛʽʡ ʚ ʽʤʧʫʣʴʩʽ (ʨʠʩ. 3.8ʙ) ʪʘʢ ʽ 

ʟʙʽʣʴʰʝʥʥʷ ʢʽʣʴʢʦʩʪʽ ʽʤʧʫʣʴʩʽʚ (ʨʠʩ. 3.8ʚ) ʧʨʠʟʚʦʜʷʪʴ ʜʦ ʟʙʽʣʴʰʝʥʥʷ ʧʘʨʘʤʝʪʨʽʚ 

ʛʨʘʪʢʠ. ʊʘʢʦʞ ʥʘ ʨʠʩ. 3.8ʘ ʩʧʦʩʪʝʨʽʛʘʶʪʴʩʷ ʧʘʨʘʤʝʪʨʠ ʛʨʘʪʦʢ, ʙʽʣʴʰʽ 

ʥʦʤʽʥʘʣʴʥʦʛʦ ʟʥʘʯʝʥʥʷ (ʩʽʨʘ ʦʙʣʘʩʪʴ). ʎʝʡ ʝʬʝʢʪ ʤʦʞʝ ʙʫʪʠ ʧʦʷʩʥʝʥʠʡ 

ʥʝʨʽʚʥʦʤʽʨʥʠʤ ʨʘʜʽʘʣʴʥʠʤ ʨʦʟʧʦʜʽʣʦʤ ʥʘʧʨʫʞʝʥʴ ʫ ʅʏ. ʇʨʠ ʟʤʽʥʽ ʨʦʟʤʽʨʽʚ 

ʯʘʩʪʠʥʦʢ ʚʽʜʙʫʚʘʻʪʴʩʷ ʧʝʨʝʨʦʟʧʦʜʽʣ ʦʙ'ʻʤʫ ʷʢʠʡ ʷʢʠʡ ʧʽʜʜʘʻʪʴʩʷ ʜʝʬʦʨʤʘʮʽʡ 

ʩʪʠʩʢʫ ʽ ʜʝʬʦʨʤʘʮʽʾ ʨʦʟʪʷʛʫ. 

ʊʘʢʠʡ ʧʽʜʭʽʜ ʜʦʟʚʦʣʷʻ ʚʠʢʦʨʠʩʪʦʚʫʶʯʠ ʟʥʘʯʝʥʥʷ ʧʘʨʘʤʝʪʨʽʚ ʛʨʘʪʢʠ, 

ʟʥʘʡʜʝʥʽ ʟ ʍ-ʧʨʦʤʝʥʝʚʦʾ ʜʠʬʨʘʢʪʦʤʝʪʨʽʾ, ʦʧʦʩʝʨʝʜʢʦʚʘʥʦ ʧʨʦʚʦʜʠʪʠ ʦʮʽʥʢʫ 

ʨʦʟʤʽʨʽʚ ʥʘʥʦʯʘʩʪʠʥʦʢ ʟʦʣʦʪʘ. ɺʨʘʭʫʚʘʥʥʷ ʪʘʢʦʛʦ ʭʘʨʘʢʪʝʨʫ ʟʤʽʥʠ ʧʘʨʘʤʝʪʨʘ 

ʨʝʰʽʪʢʠ (ʯʝʨʝʟ ʟʤʽʥʫ ʧʣʘʟʤʦʥʥʦʾ ʯʘʩʪʦʪʠ) ʜʦʟʚʦʣʷʻ ʙʽʣʴʰ ʪʦʯʥʦ ʧʨʦʛʥʦʟʫʚʘʪʠ (ʪʘ 

ʢʝʨʫʚʘʪʠ) ʧʣʘʟʤʦʥʥʠʤʠ ʚʣʘʩʪʠʚʦʩʪʷʤʠ ʥʘʥʦʧʦʨʠʩʪʠʭ ʩʠʩʪʝʤ ʟʦʣʦʪʘ.  

 

3.5 ɺʠʩʥʦʚʢʠ ʜʦ ʨʦʟʜʽʣʫ 3 

ɺʧʝʨʰʝ ʟʘʩʪʦʩʦʚʘʥʘ ʍ-ʧʨʦʤʝʥʝʚʘ ʨʝʬʣʝʢʪʦʤʝʪʨiʷ ʜʣʷ ʚʠʟʥʘʯʝʥʥʷ ʚʧʣʠʚʫ 

ʫʤʦʚ ʬʦʨʤʫʚʘʥʥʷ ʤʝʪʦʜʦʤ iʤʧʫʣʴʩʥʦʛʦ ʣʘʟʝʨʥʦʛʦ ʦʩʘʜʞʝʥʥʷ ʥʘʥʦʢʦʤʧʦʟʠʪʥʠʭ 

ʧʣiʚʦʢ ʟ ʤʘʩʠʚʦʤ ʧʣʘʟʤʦʥʥʠʭ ʥʘʥʦʯʘʩʪʠʥʦʢ ʟʦʣʦʪʘ ʥʘ ʾʭ ʧʦʨʠʩʪiʩʪʴ. ɺʩʪʘʥʦʚʣʝʥi 

ʟʚôʷʟʢʠ ʧʦʨʠʩʪʦʩʪi ʥʘʥʦʩʪʨʫʢʪʫʨ ʪʘ ʾʭ ʧʣʘʟʤʦʥʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ. ʇʦʢʘʟʘʥʦ, ʱʦ 

ʥʘʥʝʩʝʥʥʷ ʧʣiʚʦʢ ʟʦʣʦʪʘ ʟ ʧʨʷʤʦʛʦ ʧʦʪʦʢʫ ʚʠʩʦʢʦʝʥʝʨʛʝʪʠʯʥʠʭ ʥʘʥʦʯʘʩʪʠʥʦʢ 

ʝʨʦʟiʡʥʦʛʦ ʬʘʢʝʣʘ ʧʨʠ ʟʘʣʠʰʢʦʚʦʤʫ ʪʠʩʢʫ ʤʝʥʰʝ ʥiʞ 10-2 ʇʘ ʜʦʟʚʦʣʷʻ ʦʜʝʨʞʘʪʠ 

ʥʠʟʴʢʫ ʾʭ ʧʦʨʠʩʪiʩʪʴ ʚ 0,1%. ʎʝ ʜʘʻ ʤʦʞʣʠʚiʩʪʴ ʾʭ ʨʝʢʦʤʝʥʜʫʚʘʪʠ ʜʣʷ ʦʧʪʠʯʥʠʭ 

ʩʝʥʩʦʨiʚ, ʱʦ ʧʨʘʮʶʶʪʴ ʥʘ ʦʩʥʦʚi ʟʙʫʜʞʝʥʥʷ ʧʦʚʝʨʭʥʝʚʠʭ ʧʣʘʟʤʦʥ-

ʧʦʣʷʨʠʪʦʥʥʠʭ (ʇʇ) ʭʚʠʣʴ. ɿ ʧiʜʚʠʱʝʥʥʷʤ ʪʠʩʢʫ ʘʨʛʦʥʫ ʚ ʢʘʤʝʨi ʜʦ 50 ï 100 ʇʘ 

ʧʦʨʠʩʪiʩʪʴ ʟʨʦʩʪʘʻ ʤʘʢʩʠʤʘʣʴʥʦ ʜʦ 60%. ʇʨʠ PAr = 10 ʇʘ ʥʘ ʧʣiʚʢʘʭ ʥʝ 

ʩʧʦʩʪʝʨiʛʘʻʪʴʩʷ ʇʇ ʨʝʟʦʥʘʥʩ. ʇʨʠ ʮʴʦʤʫ ʥʝ ʨʝʘʣiʟʫʶʪʴʩʷ i ʫʤʦʚʠ ʜʣʷ ʟʙʫʜʞʝʥʥʷ 

ʣʦʢʘʣʴʥʦʛʦ ʧʦʚʝʨʭʥʝʚʦʛʦ ʧʣʘʟʤʦʥʥʦʛʦ (ʃʇʇ) ʨʝʟʦʥʘʥʩʫ. ʎi ʫʤʦʚʠ 

ʧʦʢʨʘʱʫʶʪʴʩʷ ʜʣʷ ʧʣiʚʦʢ ʟ ʧʦʨʠʩʪiʩʪʶ ʙʽʣʴʰʝ 25ï30% 

Iʤʧʫʣʴʩʥʝ ʣʘʟʝʨʥʝ ʦʩʘʜʞʝʥʥʷ ʟi ʟʚʦʨʦʪʥʦʛʦ ʧʦʪʦʢʫ ʯʘʩʪʠʥʦʢ ʝʨʦʟiʡʥʦʛʦ 

ʬʘʢʝʣʘ ʜʦʟʚʦʣʷʻ ʦʜʝʨʞʘʪʠ ʥʘʥʦʢʦʤʧʦʟʠʪʥi ʧʦʨʠʩʪi (ʟ ʧʦʨʠʩʪiʩʪʶ 30 ï 70%) 
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ʧʣiʚʢʠ ʟ ʘʥʩʘʤʙʣʝʤ ʧʣʘʟʤʦʥʥʠʭ Au ʅʏ. ʊʦʚʱʠʥʘ ʧʣiʚʢʠ (ʜʦ 50 ʥʤ) ʩʧiʚʨʦʟʤiʨʥʘ 

ʟ ʨʦʟʤiʨʘʤʠ Au ʅʏ ʪʘ ʧʦʨ (ʚiʜ ʜʝʢiʣʴʢʦʭ ʥʘʥʦʤʝʪʨiʚ ʜʦ 10 ï 20 ʥʤ). ʉʫʢʫʧʥiʩʪʴ 

ʪʝʭʥʦʣʦʛiʯʥʠʭ ʧʘʨʘʤʝʪʨiʚ: ʪʠʩʢʫ ʘʨʛʦʥʫ, ʢiʣʴʢʦʩʪi iʤʧʫʣʴʩiʚ, iɦʣʴʥʦʩʪi ʝʥʝʨʛiʾ ʚ 

iʤʧʫʣʴʩi, ʧʦʣʦʞʝʥʥʷ ʜiʣʷʥʢʠ ʧʣiʚʢʠ ʚiʜ ʦʩi ʬʘʢʝʣʘ ʚʠʟʥʘʯʘʶʪʴ ʩʧʝʢʪʨ ʃʇʇ 

ʧʦʛʣʠʥʘʥʥʷ ʚ ʜiʘʧʘʟʦʥi ʜʦʚʞʠʥ ʭʚʠʣʴ 550 ï 800 ʥʤ. ʇʣʘʟʤʦʥʥi ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ 

ʮʠʭ ʧʣiʚʦʢ ʜʘʶʪʴ ʤʦʞʣʠʚiʩʪʴ ʾʭ ʚʠʢʦʨʠʩʪʘʥʥʷ ʜʣʷ ʩʪʚʦʨʝʥʥʷ SERS ʧiʜʢʣʘʜʦʢ ʜʣʷ 

ʧʦʚʝʨʭʥʝʚʦʛʦ ʧiʜʩʠʣʝʥʥʷ ʢʦʤʙiʥʘʮiʡʥʦʛʦ ʨʦʟʩiʷʥʥʷ ʩʚiʪʣʘ ʘʥʘʣiʪʦʤ. 

ʇʦʢʘʟʘʥʦ ʫ ʅʏ ʟʦʣʦʪʘ ʥʝʣʽʥʽʡʥʫ ʟʘʣʝʞʥʽʩʪʴ ʟʤʽʥʠ ʧʘʨʘʤʝʪʨʽʚ ʛʨʘʪʢʠ ʽʟ 

ʟʤʽʥʦʶ ʪʠʩʢʫ ʘʨʛʦʥʫ ʫ ʢʘʤʝʨʽ. ɺʨʘʭʫʚʘʥʥʷ ʜʝʬʦʨʤʘʮʽʡ ʢʨʠʩʪʘʣʽʯʥʦʾ ʛʨʘʪʢʠ, 

ʜʦʟʚʦʣʷʻ ʫʪʦʯʥʠʪʠ ʟʥʘʯʝʥʥʷ ʧʦʨʠʩʪʦʩʪʽ ʩʪʨʫʢʪʫʨ. 
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ʈʆɿɼɯʃ 4. ɼʆʉʃɯɼɾɽʅʅʗ ɼɽʌʆʈʄɸʎɯʁʅʆ-

ʈɽʃɸʂʉɸʎɯʁʅʆɻʆ ʉʊɸʅʋ AlGaN/GaN ɹɸɻɸʊʆʐɸʈʆɺʀʍ ʉʀʉʊɽʄ, 

ɺʀʈʆʑɽʅʀʍ ʅɸ (0001) GaN/Al2O3 ʇɯɼʂʃɸɼʂɸʍ 

 

4.1. ɺʩʪʫʧ 

ɽʧʽʪʘʢʩʽʘʣʴʥʠʡ ʨʽʩʪ ʩʢʣʘʜʥʠʭ ʥʘʧʽʚʧʨʦʚʽʜʥʠʢʦʚʠʭ ʛʝʪʝʨʦʩʪʨʫʢʪʫʨ ʻ 

ʛʦʣʦʚʥʠʤ ʟʘʚʜʘʥʥʷʤ ʩʪʚʦʨʝʥʥʷ ʚʠʩʦʢʦʧʨʦʜʫʢʪʠʚʥʠʭ ʝʣʝʢʪʨʦʥʥʠʭ ʪʘ 

ʦʧʪʦʝʣʝʢʪʨʦʥʥʠʭ ʧʨʠʩʪʨʦʾʚ [91]ï[93]. ʆʩʦʙʣʠʚʫ ʫʚʘʛʫ ʧʨʠʚʝʨʪʘʶʪʴ III -ʥʽʪʨʠʜʠ, 

ʧʝʨʩʧʝʢʪʠʚʥʽ ʤʘʪʝʨʽʘʣʠ ʜʣʷ ʚʠʛʦʪʦʚʣʝʥʥʷ ʩʚʽʪʣʦ- ʽ ʣʘʟʝʨʥʠʭ ʜʽʦʜʽʚ, 

ʚʠʩʦʢʦʧʦʪʫʞʥʠʭ, ʚʠʩʦʢʦʯʘʩʪʦʥʠʭ ʪʨʘʥʟʠʩʪʦʨʽʚ, ʱʦ ʧʨʘʮʶʶʪʴ ʧʨʠ ʚʠʩʦʢʠʭ 

ʪʝʤʧʝʨʘʪʫʨʘʭ [6]ï[8], [94], [95].  

ɿʦʢʨʝʤʘ ʙʘʛʘʪʦʰʘʨʦʚʽ ʩʪʨʫʢʪʫʨʠ ʥʘ ʦʩʥʦʚʽ AlxGa1-xN/GaN ʰʘʨʽʚ, ʪʘʢ ʟʚʘʥʽ 

ʥʘʜʛʨʘʪʢʠ (ʅɻ), ʨʦʟʛʣʷʜʘʶʪʴ ʜʣʷ ʩʪʚʦʨʝʥʥʷ ʚʠʩʦʢʦʧʨʦʜʫʢʪʠʚʥʠʭ ʬʦʪʦʥʥʠʭ 

ʧʨʠʩʪʨʦʾʚ, ʱʦ ʧʨʘʮʶʶʪʴ ʚ ʫʣʴʪʨʘʬʽʦʣʝʪʦʚʽʡ, ʚʠʜʠʤʽʡ ʪʘ ʽʥʬʨʘʯʝʨʚʦʥʽʡ ʦʙʣʘʩʪʷʭ 

ʩʧʝʢʪʨʫ [6]ï[8]. ʉʝʨʝʜ ʪʘʢʠʭ ʬʘʢʪʦʨʽʚ ʷʢ ʧʨʦʝʢʪʥʽ ʧʘʨʘʤʝʪʨʠ ʪʘ ʫʤʦʚʠ ʨʦʩʪʫ, 

ʩʪʨʫʢʪʫʨʥʽ, ʘ ʦʪʞʝ ʽ ʦʧʪʠʯʥʽ ʚʣʘʩʪʠʚʦʩʪʽ ʅɻ ʩʠʣʴʥʦ ʟʘʣʝʞʘʪʴ ʚʽʜ ʪʠʧʫ ʧʽʜʢʣʘʜʢʠ 

ʪʘ ʥʘʧʨʫʛʠ ʫ ʅɻ. ɺ ʦʩʥʦʚʥʦʤʫ, ʮʝ ʥʘʧʨʫʛʘ ʻ ʨʝʟʫʣʴʪʘʪʦʤ ʚʝʣʠʢʦʾ ʥʝʩʫʤʽʩʥʦʩʪʽ 

ʧʘʨʘʤʝʪʨʽʚ ʛʨʘʪʢʠ ʤʽʞ GaN ʢʚʘʥʪʦʚʦʶ ʷʤʦʶ (ʂʗ) ʪʘ AlN ʙʘʨ'ʻʨʦʤ (2,4%), ʦʜʥʘʢ, 

ʜʦʜʘʪʢʦʚʠʡ ʢʦʤʧʦʥʝʥʪ ʜʝʬʦʨʤʘʮʽʾ ʚʠʥʠʢʘʻ ʟ ʨʽʟʥʠʮʽ ʤʽʞ ʧʘʨʘʤʝʪʨʘʤʠ ʛʨʘʪʦʢ 

ʧʽʜʢʣʘʜʢʠ ʪʘ ʫʩʝʨʝʜʥʝʥʦʛʦ ʧʘʨʘʤʝʪʨʫ ʅɻ. 

ʎʽ ʩʪʨʫʢʪʫʨʠ ʚʞʝ ʥʝ ʦʜʠʥ ʜʝʩʷʪʦʢ ʨʦʢʽʚ ʰʠʨʦʢʦ ʜʦʩʣʽʜʞʫʶʪʴʩʷ ʨʽʟʥʠʤʠ 

ʛʨʫʧʘʤʠ ʚʯʝʥʠʭ. ʋ ʨʦʙʦʪʘʭ [28], [96]ï[99] ʙʫʣʦ ʧʦʢʘʟʘʥʦ, ʱʦ ʧʨʠ ʝʧʽʪʘʢʩʽʡʥʦʤʫ 

ʨʦʩʪʽ ʥʽʪʨʠʜʥʠʭ ʩʪʨʫʢʪʫʨ ʚʽʜʙʫʚʘʻʪʴʩʷ ʾʭ ʨʝʣʘʢʩʘʮʽʷ ʰʣʷʭʦʤ ʫʪʚʦʨʝʥʥʷ 

ʜʠʩʣʦʢʘʮʽʡ ʪʘ ʽʥʰʠʭ ʜʝʬʝʢʪʽʚ, ʘ ʪʘʢʦʞ ʰʣʷʭʦʤ ʟʤʽʥʠ ʪʦʚʱʠʥ ʰʘʨʽʚ ʧʦʨʽʚʥʷʥʦ ʽʟ 

ʪʝʭʥʦʣʦʛʽʯʥʦ ʟʘʜʘʥʠʤʠ ʫ ʅɻ. ɼʝʬʦʨʤʘʮʽʡʥʠʡ ʩʪʘʥ, ʟʤʽʥʘ ʪʦʚʱʠʥ ʰʘʨʽʚ ʪʘ 

ʜʝʬʝʢʪʠ ʚ ʅɻ ʥʝʛʘʪʠʚʥʦ ʚʧʣʠʚʘʶʪʴ ʥʘ ʧʨʦʜʫʢʪʠʚʥʽʩʪʴ ʧʨʠʩʪʨʦʾʚ, ʟʤʽʥʶʶʯʠ 

ʜʦʚʞʠʥʫ ʭʚʠʣʽ, ʪʨʘʥʩʧʦʨʪʥʽ ʚʣʘʩʪʠʚʦʩʪʽ ʽ ʯʘʩ ʞʠʪʪʷ ʥʦʩʽʾʚ [100]ï[102]. 

ʇʨʦʚʝʜʝʥʦ ʙʘʛʘʪʦ ʜʦʩʣʽʜʞʝʥʴ ʧʨʠʩʚʷʯʝʥʠʭ ʚʠʚʯʝʥʥʶ ʚʧʣʠʚʫ ʧʽʜʢʣʘʜʢʠ ʥʘ 

ʜʝʬʦʨʤʘʮʽʡʥʦ-ʨʝʣʘʢʩʘʮʽʡʥʽ ʧʨʦʮʝʩʠ GaN/Al(Ga)N ʅɻ. ɿʦʢʨʝʤʘ ʫ ʨʦʙʦʪʘʭ [103], 

[104] ʙʫʣʦ ʧʨʦʜʝʤʦʥʩʪʨʦʚʘʥʦ, ʱʦ ʷʢ ʤʦʣʷʨʥʠʡ ʚʤʽʩʪ Al ʪʘʢ ʽ ʪʠʧ ʙʫʬʝʨʥʦʛʦ ʰʘʨʫ 



70 
 

(GaN ï ʨʦʟʪʷʛʫʻ, ʘʙʦ AlGaN ï ʩʪʠʩʢʘʻ) ʩʠʣʴʥʦ ʚʧʣʠʚʘʶʪʴ ʥʘ ʧʨʦʮʝʩ ʨʝʣʘʢʩʘʮʽʾ 

ʜʣʷ 40-ʧʝʨʽʦʜʥʠʭ 4/7-ʥʤ AlxGa1-xN/GaN ʅɻ. ʋ ʪʘʡ ʞʝ ʯʘʩ ʫ ʨʦʙʦʪʽ [26] ʧʦʢʘʟʘʥʘ 

ʤʽʥʽʤʽʟʘʮʽʷ ʨʝʣʘʢʩʘʮʽʾ ʜʝʬʦʨʤʘʮʽʡ ʅɻ AlN/GaN (3/1,5 ʥʤ), ʚʠʨʦʱʝʥʠʭ ʥʘ AlN- ʽ 

GaN-ʩʘʧʬʽʨ ʧʽʜʢʣʘʜʢʘʭ. ɺ [28], [29] ʩʧʦʩʪʝʨʽʛʘʣʘʩʴ ʙʽʤʦʜʘʣʴʥʘ ʨʝʣʘʢʩʘʮʽʷ 

ʜʝʬʦʨʤʘʮʽʡ ʢʦʨʦʪʢʦʧʝʨʽʦʜʥʠʭ ʅɻ ʩʪʨʫʢʪʫʨ AlN/GaN ʥʝʟʘʣʝʞʥʦ ʚʽʜ ʪʠʧʫ 

ʧʽʜʢʣʘʜʢʠ (ʪʦʚʩʪʠʡ ʰʘʨ GaN- ʘʙʦ ʪʦʥʢʠʡ AlN-ʥʘ-ʩʘʧʬʽʨʽ). ʎʝ ʢʦʥʪʨʘʩʪʫʻ ʟ 

ʜʘʥʠʤʠ, ʧʨʝʜʩʪʘʚʣʝʥʠʤʠ ʫ [105], ʷʢʽ ʦʜʥʦʟʥʘʯʥʦ ʧʦʢʘʟʫʶʪʴ, ʱʦ ʩʪʨʫʢʪʫʨʥʘ 

ʷʢʽʩʪʴ 10-ʧʝʨʽʦʜʥʦʾ GaN/AlGaN ʅɻ ʦʙʤʝʞʝʥʘ ʩʪʨʫʢʪʫʨʥʠʤʠ ʚʣʘʩʪʠʚʦʩʪʷʤʠ GaN 

ʧʽʜʢʣʘʜʢʠ. 

ʐʠʨʦʢʦ ʚʠʢʦʨʠʩʪʦʚʫʚʘʥʘ ʤʝʪʦʜʠʢʘ ʜʣʷ ʧʦʣʽʧʰʝʥʥʷ ʢʨʠʩʪʘʣʽʯʥʦʾ ʷʢʦʩʪʽ 

ʛʝʪʝʨʦʝʧʽʪʘʢʩʽʡʥʠʭ ʰʘʨʽʚ III-ʥʽʪʨʠʜʽʚ ʧʦʣʷʛʘʻ ʫ ʾʭ ʨʦʩʪʽ ʥʘ ʨʦʟʦʨʽʻʥʪʦʚʘʥʠʭ 

ʧʽʜʢʣʘʜʢʘʭ [65], [68], [76], [78], [106], [107], ʧʨʦʪʝ ʮʝ ʚʠʢʣʠʢʘʻ 

ʢʨʠʩʪʘʣʦʛʨʘʬʽʯʥʠʡ ʥʘʭʠʣ ʛʝʪʝʨʦʝʧʽʪʘʢʩʽʡʥʠʭ ʰʘʨʽʚ. ʎʝ ʩʧʦʩʪʝʨʽʛʘʣʦʩʷ ʜʣʷ ʰʘʨʽʚ 

GaN ʚʠʨʦʱʝʥʠʭ ʥʘ ʚʽʮʠʥʘʣʴʥʠʭ Al2O3 ʪʘʢ 6H-SiC ʧʽʜʢʣʘʜʢʘʭ [106], [107]. ɼʝ 

ʙʫʣʦ ʚʩʪʘʥʦʚʣʝʥʦ ʚʟʘʻʤʦʟʚ'ʷʟʦʢ ʤʽʞ ʥʘʭʠʣʦʤ ʢʨʠʩʪʘʣʽʯʥʦʾ ʛʨʘʪʢʠ GaN, ʢʫʪʘʤʠ 

ʨʦʟʦʨʽʻʥʪʘʮʽʾ ʪʘ ʪʝʨʘʩʘʤʠ ʧʽʜʢʣʘʜʢʠ. ʂʨʠʩʪʘʣʦʛʨʘʬʽʯʥʠʡ ʥʘʭʠʣ AlN/GaN ʰʘʨʽʚ, 

ʚʠʨʦʱʝʥʠʭ ʥʘ ʧʽʜʢʣʘʜʢʘʭ Si (111) ʽʟ ʨʽʟʥʠʤʠ ʢʫʪʘʤʠ ʨʦʟʦʨʽʻʥʪʘʮʽʾ ʫ ʥʘʧʨʷʤʢʫ 

[110] ʙʫʣʦ ʧʨʝʜʩʪʘʚʣʝʥʦ ʫ ʨʦʙʦʪʘʭ [65], [76]. ʋʟʘʛʘʣʴʥʝʥʠʤ ʨʝʟʫʣʴʪʘʪʦʤ ʮʠʭ 

ʜʦʩʣʽʜʞʝʥʴ ʻ ʜʦʜʘʪʢʦʚʠʡ, ʥʘʭʠʣ ʢʨʠʩʪʘʣʽʯʥʠʭ ʧʣʦʱʠʥ ʝʧʽʪʘʢʩʽʡʥʠʭ ʰʘʨʽʚ ʜʦ 

ʢʨʠʩʪʘʣʽʯʥʠʭ ʧʣʦʱʠʥ ʧʽʜʢʣʘʜʢʠ, ʥʘʚʽʜʤʽʥʥʦ ʚʽʜ ʦʯʽʢʫʚʘʥʦʛʦ ʽʟ ʧʨʦʩʪʠʭ 

ʛʝʦʤʝʪʨʠʯʥʠʭ ʤʽʨʢʫʚʘʥʴ ʨʦʟʦʨʽʻʥʪʘʮʽʾ ʪʘ ʛʫʩʪʠʥʠ ʪʝʨʘʩ ʥʘ ʧʽʜʢʣʘʜʮʽ. ʎʝ ʪʘʢ 

ʟʚʘʥʠʡ ʥʘʭʠʣ ʅʘʛʘʾ (Nagai tilt ) [78]. ʆʢʨʽʤ ʮʴʦʛʦ, ʙʫʣʦ ʧʨʦʜʝʤʦʥʩʪʨʦʚʘʥʦ ʚʧʣʠʚ 

ʨʦʟʦʨʽʻʥʪʘʮʽʾ ʧʽʜʢʣʘʜʢʠ (ʯʝʨʝʟ ʚʧʣʠʚ ʜʠʩʣʦʢʘʮʽʾ ʥʝʚʽʜʧʦʚʽʜʥʦʩʪʽ) ʥʘ ʷʢʽʩʪʴ 

ʝʧʽʪʘʢʩʽʡʥʦʛʦ ʰʘʨʫ. ʋ ʨʦʙʦʪʽ [108] ʧʨʦʜʝʤʦʥʩʪʨʦʚʘʥʦ, ʱʦ ʚʠʢʦʨʠʩʪʘʥʥʷ 

ʚʽʜʧʦʚʽʜʥʦʾ ʚʽʮʠʥʘʣʴʥʦʾ ʧʽʜʢʣʘʜʢʠ ʽʟ ʨʦʟʦʨʽʻʥʪʘʮʽʻʶ ~0.5Á ʧʽʜʚʠʱʫʻ ʷʢʽʩʪʴ 

GaN/AlN ʅɻ, ʩʪʚʦʨʶʶʯʠ ʥʘʜʟʚʠʯʘʡʥʦ ʛʣʘʜʢʫ ʧʦʚʝʨʭʥʶ, ʙʝʟ ʙʫʜʴ ʷʢʠʭ 

ʽʥʜʫʢʦʚʘʥʠʭ ʨʦʩʪʦʤ ʜʝʬʝʢʪʽʚ. 

ɺ ʦʩʪʘʥʥʽ ʨʦʢʠ ʫʚʘʛʫ ʜʦʩʣʽʜʥʠʢʽʚ ʧʨʠʚʝʨʥʫʚ ʝʬʝʢʪ ʚʙʫʜʦʚʘʥʠʭ 

ʝʣʝʢʪʨʠʯʥʠʭ ʧʦʣʽʚ ʚ ʛʝʢʩʘʛʦʥʘʣʴʥʠʭ III-ʥʽʪʨʠʜʘʭ. ʏʝʨʝʟ ʥʝʮʝʥʪʨʦʩʠʤʝʪʨʠʯʥʫ 

ʩʪʨʫʢʪʫʨʫ ʪʘ ʚʝʣʠʢʽ ʧ'ʻʟʦʝʣʝʢʪʨʠʯʥʽ ʢʦʥʩʪʘʥʪʠ ʚ ʥʘʧʨʷʤʦʢʫ [0001], ʚ ʦʙôʻʤʽ 
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ʛʝʢʩʘʛʦʥʘʣʴʥʠʭ III-ʥʽʪʨʠʜʽʚ ʧʨʠʩʫʪʥʷ ʩʧʦʥʪʘʥʥʘ ʧʦʣʷʨʠʟʘʮʽʷ [6], [109]ï[111]. 

ʊʦʤʫ ʧʨʠ ʚʠʛʦʪʦʚʣʝʥʥʽ ʜʝʬʦʨʤʦʚʘʥʠʭ ʛʝʪʝʨʦʩʪʨʫʢʪʫʨ AlGaN/GaN ʩʣʽʜ 

ʚʨʘʭʦʚʫʚʘʪʠ ʚʧʣʠʚ ʧ'ʻʟʦʝʣʝʢʪʨʠʯʥʦʾ ʧʦʣʷʨʠʟʘʮʽʾ [112], [113]. ʗʢ ʩʧʦʥʪʘʥʥʘ, ʪʘʢ ʽ 

ʧ'ʻʟʦʝʣʝʢʪʨʠʯʥʘ ʧʦʣʷʨʠʟʘʮʽʷ ʩʪʚʦʨʶʶʪʴ ʚʙʫʜʦʚʘʥʝ ʧʦʣʝ, ʷʢʝ ʚʧʣʠʚʘʻ ʥʘ ʦʧʪʠʯʥʽ 

ʪʘʢ ʝʣʝʢʪʨʠʯʥʽ ʚʣʘʩʪʠʚʦʩʪʽ ʧʨʠʩʪʨʦʶ. ʊʘʢʝ ʚʙʫʜʦʚʘʥʝ ʝʣʝʢʪʨʠʯʥʝ ʧʦʣʝ ʚʠʢʣʠʢʘʻ: 

(ɯ) ʟʘʛʠʥ ʟʦʥ ʪʘ ʯʝʨʚʦʥʝ ʟʤʽʱʝʥʥʷ (ʜʦʙʨʝ ʚʽʜʦʤʝ ʷʢ ʢʚʘʥʪʦʚʦ-ʤʝʭʘʥʽʯʥʠʡ ʝʬʝʢʪ 

ʐʪʘʨʢʘ), ʱʦ ʚ ʟʥʘʯʥʽʡ ʤʽʨʽ ʧʝʨʝʢʨʠʚʘʻ ʦʯʽʢʫʚʘʥʝ ʛʦʣʫʙʝ ʟʤʽʱʝʥʥʷ ʚʽʜ ʢʚʘʥʪʦʚʠʭ 

ʨʦʟʤʽʨʥʠʭ ʝʬʝʢʪʽʚ, ʽ (ɯɯ) ʨʦʟʜʽʣʝʥʥʷ ʝʣʝʢʪʨʦʥʥʠʭ ʪʘ ʜʽʨʢʦʚʠʭ ʭʚʠʣʴʦʚʠʭ ʬʫʥʢʮʽʾ 

ʟ ʟʙʽʣʴʰʝʥʥʷʤ ʪʦʚʱʠʥʠ ʢʚʘʥʪʦʚʦʾ ʷʤʠ, ʱʦ ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʟʤʝʥʰʝʥʥʷ 

ʚʠʧʨʦʤʽʥʶʚʘʣʴʥʦʾ ʟʜʘʪʥʦʩʪʽ ʪʘ ʝʥʝʨʛʽʾ ʟʚ'ʷʟʢʫ ʝʢʩʠʪʦʥʽʚ [114]. ʋ ʧʽʜʩʫʤʢʫ 

ʧʦʣʷʨʠʟʘʮʽʾ ʤʘʪʝʨʽʘʣʫ ʟʘʣʝʞʠʪʴ ʚʽʜ ʜʝʢʽʣʴʢʦʭ ʬʘʢʪʦʨʽʚ, ʷʢʽ ʤʦʞʥʘ ʢʦʥʪʨʦʣʶʚʘʪʠ 

ʧʽʜ ʯʘʩ ʝʧʽʪʘʢʩʽʡʥʦʛʦ ʨʦʩʪʫ, ʮʝ ʚʽʜʢʨʠʚʘʶʯʠ ʰʣʷʭ ʜʦ ʧʦʣʷʨʠʟʘʮʽʡʥʦʾ ʽʥʞʝʥʝʨʽʾ 

ʥʘ ʦʩʥʦʚʽ III-ʥʽʪʨʠʜʽʚ. 

ʅʝ ʟʚʘʞʘʶʯʠ ʥʘ ʚʩʽ ʟʫʩʠʣʣʷ, ʦʪʨʠʤʘʥʥʷ ʩʪʨʫʢʪʫʨʥʦ ʷʢʽʩʥʠʭ ʟʨʘʟʢʽʚ, ʽʟ 

ʟʘʜʘʥʠʤʠ ʚʣʘʩʪʠʚʦʩʪʷʤʠ ʟʘʣʠʰʘʻʪʴʩʷ ʧʨʦʙʣʝʤʥʠʤ. ɼʦʩʣʽʜʞʝʥʥʷ 

ʜʝʬʦʨʤʘʮʽʡʥʦʛʦ-ʨʝʣʘʢʩʘʮʽʡʥʦʛʦ ʩʪʘʥʫ ʪʘ ʚʘʨʽʘʮʽʾ ʪʦʚʱʠʥʠ ʰʘʨʫ ʻ ʜʫʞʝ 

ʚʘʞʣʠʚʠʤ ʜʣʷ ʦʧʪʠʤʽʟʘʮʽʾ ʨʦʩʪʫ ʛʝʪʝʨʦʩʪʨʫʢʪʫʨʠ. ʊʘʢʠʤ ʯʠʥʦʤ, ʜʣʷ ʦʜʝʨʞʘʥʥʷ 

ʧʝʨʝʜʙʘʯʫʚʘʥʦʾ ʦʧʪʠʤʽʟʘʮʽʾ ʧʘʨʘʤʝʪʨʽʚ ʥʝʦʙʭʽʜʥʝ ʜʝʪʘʣʴʥʝ ʨʦʟʫʤʽʥʥʷ ʚʧʣʠʚʫ 

ʧʨʫʞʥʦʾ ʜʝʬʦʨʤʘʮʽʾ ʪʘ ʤʝʭʘʥʽʟʤʫ ʨʝʣʘʢʩʘʮʽʾ ʥʘ ʝʬʝʢʪ ʧʦʣʷʨʠʟʘʮʽʾ. ʉʣʽʜ 

ʟʘʟʥʘʯʠʪʠ, ʱʦ ʧʽʜʙʽʨ ʚʽʜʧʦʚʽʜʥʦʾ ʪʦʚʱʠʥʠ ʪʘ ʩʢʣʘʜʫ ʪʘʢʦʞ ʜʫʞʝ ʚʘʞʣʠʚʠʡ. 
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4.2. ʆʩʦʙʣʠʚʦʩʪʽ ʨʝʣʘʢʩʘʮʽʾ ʥʘʧʨʫʞʝʥʴ ʚ GaN/AlN ʥʘʜʛʨʘʪʢʘʭ ʟ ʨʽʟʥʦʶ 

ʢʽʣʴʢʽʩʪʶ ʧʝʨʽʦʜʽʚ. ɺʧʣʠʚ ʨʦʟʦʨʽʻʥʪʘʮʽʾ 

ʋ ʜʘʥʦʤʫ ʧʫʥʢʪʽ ʧʨʝʜʩʪʘʚʣʝʥʽ ʦʩʦʙʣʠʚʦʩʪʽ ʨʝʣʘʢʩʘʮʽʾ ʜʝʬʦʨʤʘʮʽʡ ʚ 

AlN/GaN ʅɻ. ʉʪʨʫʢʪʫʨʥʽ ʚʣʘʩʪʠʚʦʩʪʽ ʪʘ ʝʚʦʣʶʮʽʷ ʜʝʬʦʨʤʘʮʽʡʥʦʛʦ ʩʪʘʥʫ ʚ 

ʨʝʟʫʣʴʪʘʪʽ ʟʤʽʥʠ ʢʽʣʴʢʦʩʪʽ ʧʝʨʽʦʜʽʚ ʚ GaN/AlN ʅɻ ʜʦʩʣʽʜʞʝʥʽ ʤʝʪʦʜʘʤʠ 

ʚʠʩʦʨʦʟʜʽʣʴʥʦʾ ʍ-ʧʨʦʤʝʥʝʚʦʾ ʜʠʬʨʘʢʮʽʾ (ɺʈʍɼ), ʍ-ʧʨʦʤʝʥʝʚʦʾ ʨʝʬʣʝʢʪʦʤʝʪʨʽʾ 

(ʍʇʈ) ʪʘ ʘʪʦʤʥʦʾ ʩʠʣʦʚʽ ʤʽʢʨʦʩʢʦʧʽʾ (ɸʉʄ). ʇʨʦʚʝʜʝʥʦ ʦʮʽʥʢʫ ʚʧʣʠʚʫ 

ʨʦʟʦʨʽʻʥʪʘʮʽʾ ʧʽʜʢʣʘʜʢʠ ʥʘ ʧʨʦʮʝʩʠ ʨʝʣʘʢʩʘʮʽʾ ʥʘʧʨʫʞʝʥʴ ʫ ʅɻ. 

ɿʨʘʟʢʠ ʙʫʣʠ ʚʠʨʦʱʝʥʠʭ ʥʘ (0001) GaN ʧʽʜʢʣʘʜʢʘ ʟʘ ʜʦʧʦʤʦʛʦʶ ʧʣʘʟʤʦ-

ʢʝʨʦʚʘʥʦʾ ʤʦʣʝʢʫʣʷʨʥʦ-ʧʨʦʤʝʥʝʚʦʾ ʝʧʽʪʘʢʩʽʻʾ (ʇʂʄʇɽ). ʇʽʜʢʣʘʜʢʘ ʩʢʣʘʜʘʣʘʩʷ ʟ 

ʰʘʨʫ GaN, ʪʦʚʱʠʥʦʶ 4 ʤʢʤ, ʚʠʨʦʱʝʥʦʛʦ ʤʝʪʘʣ-ʦʨʛʘʥʽʯʥʦʶ ʧʘʨʦʬʘʟʦʚʦʶ 

ʝʧʽʪʘʢʩʽʻʶ ʥʘ Ŭ-Al2O3. ʉʧʦʯʘʪʢʫ ʙʫʚ ʚʠʨʦʱʝʥʠʡ ʙʫʬʝʨʥʠʡ ʰʘʨ GaN ʪʦʚʱʠʥʦʶ 

100 ʥʤ, ʥʘ ʷʢʦʤʫ ʙʝʟʧʦʩʝʨʝʜʥʴʦ ʚʠʨʦʱʫʚʘʣʘʩʴ ʅɻ. ʅʦʤʽʥʘʣʴʥʘ ʪʦʚʱʠʥʘ ʰʘʨʽʚ 

ʩʢʣʘʜʘʣʘ 5 ʥʤ, ʽʟ ʢʽʣʴʢʽʩʪʶ ʧʝʨʽʦʜʽʚ 5, 10, 20 ʜʣʷ ʟʨʘʟʢʽʚ ʉ5, ʉ10 ʪʘ ʉ20 

ʚʽʜʧʦʚʽʜʥʦ. ɿʚʝʨʭʫ ʅɻ ʧʦʢʨʠʚʘʣʘʩʴ ʟʘʭʠʩʥʠʤ 10 ʥʤ ʰʘʨʦʤ GaN. 

ɼʣʷ ʪʦʯʥʦʛʦ ʚʠʟʥʘʯʝʥʥʷ ʢʫʪʽʚ ʨʦʟʦʨʽʻʥʪʘʮʽʾ GaN ʙʫʬʝʨʥʦʛʦ ʰʘʨʫ (‌ ) ʪʘ 

GaN/AlN ʅɻ (‌˚ː) ʧʨʦʚʦʜʠʣʠʩʷ ʚʠʤʽʨʶʚʘʥʥʷ 2D ‫ • ʢʘʨʪ ʨʦʟʩʽʶʚʘʥʥʷ 

ʽʥʪʝʥʩʠʚʥʦʩʪʽ. ʂʘʨʪʠ (0002) ʚʽʜʙʠʪʪʷ GaN ʙʫʬʝʨʥʦʛʦ ʰʘʨʫ ʪʘ ʅɻ ʚʠʤʽʨʶʚʘʣʠ ʚ 

ʘʟʠʤʫʪʘʣʴʥʦʤʫ ʜʽʘʧʘʟʦʥʽ ʚʽʜ ű=360Á ʽʟ ʢʨʦʢʦʤ 10Á. ʊʠʧʦʚʽ 2D ‫ • ʢʘʨʪʠ ʜʣʷ 

ʟʨʘʟʢʘ ʉ20 ʧʦʢʘʟʘʥʽ ʥʘ ʨʠʩ.1ʘ, ʙ. ɿʥʘʭʦʜʞʝʥʥʷ ʢʫʪʽʚ ʨʦʟʦʨʽʻʥʪʘʮʽʾ ʪʘ 

ʢʨʠʩʪʘʣʦʛʨʘʬʽʯʥʦʛʦ ʥʘʭʠʣʫ ʧʨʦʚʦʜʠʣʦʩʷ ʟʛʽʜʥʦ ʧʨʦʮʝʜʫʨʠ ʦʧʠʩʘʥʦʾ ʫ ʨʦʟʜʽʣʽ 2. 

ɿʥʘʯʝʥʥʷ ʚʝʣʠʯʠʥ ʨʦʟʦʨʽʻʥʪʘʮʽʾ ‌  ʪʘ ‌˚ː ʨʘʟʦʤ ʽʟ ʦʪʨʠʤʘʥʠʤ 

ʢʨʠʩʪʘʣʦʛʨʘʬʽʯʥʠʤ ʥʘʭʠʣʦʤ (D‌˚ː ‌ ‌˚ː) ʧʨʝʜʩʪʘʚʣʝʥʽ ʚ ʪʘʙʣʠʮʽ 4.1. 

ʄʦʞʥʘ ʙʘʯʠʪʠ, ʱʦ ʢʫʪ ʨʦʟʦʨʽʻʥʪʘʮʽ ʾʜʣʷ GaN (0002) ʩʢʣʘʜʘʻ 0.69ÁÑ0.015Á, ʘ ʜʣʷ 

ʅɻ (0002) ~0.67ÁÑ0.015Á. ʗʢ GaN ʪʘʢ ʽ ʅɻ ʥʘʭʠʣʝʥʽ ʚ ʦʜʥʘʢʦʚʦʤʫ ʘʟʠʤʫʪʘʣʴʥʦʤʫ 

ʥʘʧʨʷʤʢʫ. ɼʣʷ ʚʠʟʥʘʯʝʥʥʷ ʢʨʠʩʪʘʣʦʛʨʘʬʽʯʥʦʛʦ ʥʘʧʨʷʤʫ ʨʦʟʦʨʽʻʥʪʘʮʽʾ, 

ʧʨʦʚʦʜʠʣʦʩʴ ű-ʩʢʘʥʫʚʘʥʥʷ ʘʩʠʤʝʪʨʠʯʥʦʛʦ GaN (10-12) ʚʽʜʙʠʪʪʷ. ʗʢ ʚʠʜʥʦ ʟ 

ʨʠʩ. 4.1ʚ, ʥʘʧʨʷʤʦʢ ʢʨʠʩʪʘʣʦʛʨʘʬʽʯʥʦʛʦ ʥʘʭʠʣʫ ʅɻ ʩʧʽʚʧʘʜʘʻ ʟ 

ʢʨʠʩʪʘʣʦʛʨʘʬʽʯʥʠʤ ʥʘʧʨʷʤʦʤ [10-10] GaN ʙʫʬʝʨʥʦʛʦ ʰʘʨʫ. ɺʘʨʪʦ ʟʘʟʥʘʯʠʪʠ, ʱʦ 
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ʢʨʠʩʪʘʣʦʛʨʘʬʽʯʥʠʡ ʥʘʭʠʣ D‌˚ː ʧʣʦʱʠʥʠ ʩ ʅɻ ʚʽʜʥʦʩʥʦ ʧʣʦʱʠʥʠ ʩ GaN 

ʧʽʜʢʣʘʜʢʠ ʜʝʱʦ ʚʽʜʨʽʟʥʷʶʪʴʩʷ ʜʣʷ ʢʦʞʥʦʛʦ ʽʟ ʟʨʘʟʢʽʚ (ʜʠʚ. ʊʘʙʣ. 4.1). ʑʦʙ 

ʚʩʪʘʥʦʚʠʪʠ ʟʚ'ʷʟʦʢ ʤʽʞ ʥʘʭʠʣʦʤ ʅɻ ʪʘ ʢʫʪʘʤʠ ʨʦʟʦʨʽʻʥʪʘʮʽʾ GaN ʧʽʜʢʣʘʜʢʠ, 

ʥʝʦʙʭʽʜʥʦ ʚʨʘʭʦʚʫʚʘʪʠ ʟʥʘʯʝʥʥʷ ʾʭ ʧʘʨʘʤʝʪʨʽʚ ʛʨʘʪʦʢ. 

ʈʠʩʫʥʦʢ 4.1 (ʘ), (ʙ) ï 2D ɤ-ű ʢʘʨʪʘ ʨʦʟʩʽʷʥʥʷ ʽʥʪʝʥʩʠʚʥʦʩʪʽ ʧʦʙʣʠʟʫ (0002) ʚʽʜʙʠʪʪʷ ʜʣʷ GaN 

ʙʫʬʝʨʥʦʛʦ ʰʘʨʫ ʪʘ ʅɻ ʚʽʜʧʦʚʽʜʥʦ. (ʚ) ï ʘʟʠʤʫʪʘʣʴʥʘ ʟʘʣʝʞʥʽʩʪʴ ʝʧʽʪʘʢʩʽʡʥʦʛʦ ʥʘʭʠʣʫ ʨʘʟʦʤ ʽʟ 

ʘʟʠʤʫʪʘʣʴʥʠʤ ʩʢʘʥʫʚʘʥʥʷʤ ʘʩʠʤʝʪʨʠʯʥʦʛʦ (10-12) ʚʽʜʙʠʪʪʷ GaN. ʅʘ ʚʢʣʘʜʮʽ ʩʭʝʤʘʪʠʯʥʦ 

ʟʦʙʨʘʞʝʥʦ ʢʫʪʠ ʨʦʟʦʨʽʻʥʪʘʮʽʾ ʚʽʜʥʦʩʥʦ ʥʦʨʤʘʣʽ ʜʦ ʧʦʚʝʨʭʥʽ. 

 

ɼʣʷ ʚʠʚʯʝʥʥʷ ʝʚʦʣʶʮʽʾ ʜʝʬʦʨʤʘʮʽʡ ʪʘ ʩʪʨʫʢʪʫʨʥʠʭ ʧʘʨʘʤʝʪʨʽʚ AlN/GaN 

ʅɻ, ʙʫʣʦ ʚʠʢʦʨʠʩʪʘʥʦ ʢʘʨʪʦʛʨʘʬʫʚʘʥʥʷ ʦʙʝʨʥʝʥʦʛʦ ʧʨʦʩʪʦʨʫ (ʂʆʇ) ʧʦʙʣʠʟʫ 

(11-24) ʚʽʜʙʠʪʪʷ GaN (ʨʠʩ. 4.2). ɺʠʜʥʦ, ʱʦ ʜʣʷ ʚʩʽʭ ʟʨʘʟʢʽʚ ʚʽʜʙʠʪʪʷ ʚʽʜ ʅɻ 

ʟʤʽʱʝʥʦ ʚʟʜʦʚʞ ʦʩʽ ή ʚʽʜʥʦʩʥʦ GaN ʙʫʬʝʨʥʦʛʦ ʰʘʨʫ. ʊʘʢʝ ʨʦʟʪʘʰʫʚʘʥʥʷ ʧʽʢʽʚ 

ʚʢʘʟʫʻ ʥʘ ʪʝ, ʱʦ ʩʪʨʫʢʪʫʨʠ ʅɻ ʥʝ ʧʦʚʥʽʩʪʶ ʥʘʧʨʫʞʝʥʽ ʜʦ ʙʫʬʝʨʥʦʛʦ ʰʘʨʫ GaN 

(ὥ̊ ː ὥ ). ʂʨʽʤ ʪʦʛʦ, ʟʤʽʥʘ ʧʦʣʦʞʝʥʥʷ ʧʽʢʽʚ ʅɻ ʚʟʜʦʚʞ ʦʩʽ ή ʽʟ ʟʤʽʥʦʶ 
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ʢʽʣʴʢʦʩʪ̔ ʧʝʨʽʦʜʽʚ ʚ ʅɻ ʚʢʘʟʫʻ ʥʘ ʝʚʦʣʶʮʽʶ ʫʩʝʨʝʜʥʝʥʦʛʦ ʚʝʨʪʠʪʢʘʣʴʥʦʛʦ 

ʧʘʨʘʤʝʪʨʘ ʛʨʘʪʢʠ. ʊʘʢʠʤ ʯʠʥʦʤ, ʥʘʧʨʫʞʝʥʥʷ ʫ ʅɻ ʧʦʚʠʥʥ ̔ʟʘʣʝʞʘʪʠ ʚʽʜ ʢʽʣʴʢʦʩʪʽ 

ʧʝʨʽʦʜʽʚ. ɺʠʤʽʨʷʥʽ ʟ ʘʩʠʤʝʪʨʠʯʥʠʭ ʂʆʇ ʟʥʘʯʝʥʥʷ ʧʘʨʘʤʝʪʨʽʚ ʛʨʘʪʢʠ ʥʘʚʝʜʝʥʽ ʚ 

ʪʘʙʣʠʮʽ 4.2.  

 

ʊʘʙʣʠʮʷ 4.1. ʂʫʪʠ ʨʦʟʦʨʽʻʥʪʘʮʽʾ GaN ʧʽʜʢʣʘʜʢʠ ʽ ʅɻ ʜʣʷ ʢʦʞʥʦʛʦ ʟʨʘʟʢʘ. 

ʇʽʜʛʦʥʦʯʥʽ ʚʝʣʠʯʠʥʠ ‌  ʪʘ ‌˚ː ʧʨʝʜʩʪʘʚʣʝʥʽ ʨʘʟʦʤ ʽʟ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʠʤʠ 

(D‌˚ː) ʽ ʨʦʟʨʘʭʦʚʘʥʠʤʠ ʢʨʠʩʪʘʣʦʛʨʘʬʽʯʥʠʤʠ ʥʘʭʠʣʦʤʠ (D‌˚ːὔὥὫὥὭ) ʜʣʷ ʅɻ.  

ɿʨʘʟʦʢ ‌   (o) ‌˚ː (o) D‌˚ː (o) D‌˚ː Nagai (o) 

ʉ5 0,676 0,658 -0,018 -0,014 

ʉ10 0,684 0,667 -0,017 -0,014 

ʉ20 0,710 0,688 -0,022 -0,015 

 

ʇʦʨʽʚʥʶʶʯʠ ὥ̊  ː ʪʘ ὥ , ʤʦʞʥʘ ʟʨʦʙʠʪʠ ʚʠʩʥʦʚʦʢ, ʱʦ ʨʝʣʘʢʩʘʮʽʷ 

ʜʝʬʦʨʤʘʮʽʡ ʫ ʧʣʦʱʠʥʽ ʨʦʩʪʫ ʅɻ ʟʨʦʩʪʘʻ ʟʽ ʟʙʽʣʴʰʝʥʥʷʤ ʢʽʣʴʢʽʩʪʴ ʧʝʨʽʦʜʽʚ. ʎʝ 

ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʟʤʽʥʠ ʩʪʫʧʝʥʷ ʨʝʣʘʢʩʘʮʽʾ ʦʢʨʝʤʠʭ ʰʘʨʽʚ ʅɻ, ʪʦʙʪʦ GaN ʂʗ ʪʘ AlN  

ʙʘʨ'ʻʨʽʚ. ɼʣʷ ʚʠʟʥʘʯʝʥʥʷ ʟʥʘʯʝʥʴ ʨʝʣʘʢʩʘʮʽʡ GaN ʂʗ ʪʘ AlN ʙʘʨ'ʻʨʫ ʤʠ 

ʚʠʢʦʨʠʩʪʘʣʠ ʥʘʩʪʫʧʝʥʝ ʨʽʚʥʷʥʥʷ: 

Ὑ'Á.ȟ !Ì.ρππ
ὥ̊ ː  ὥ ȟ

ὥ ȟ  ὥ ȟ
     τȢρ 

ʜʝ ὥ̊ ː ὥ ὥ  ï ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʠʡ ʧʘʨʘʤʝʪʨ ʛʨʘʪʢʠ ʅɻ, ὥ , ὥ  ï 

ʨʝʣʘʢʩʦʚʘʥʽ ʧʘʨʘʤʝʪʨʠ ʛʨʘʪʦʢ GaN ʪʘ AlN ʚʽʜʧʦʚʽʜʥʦ. ʗʢʱʦ ʧʨʠʧʫʩʪʠʪʠ, ɦ ʦ ʅɻ 

ʚʠʨʦʩʣʘ ʢʦʛʝʨʝʥʪʥʦʶ, ʪʦ ʩʫʤʘ ʟʥʘʯʝʥ ɹʨʝʣʘʢʩʘʮʽʾ ʰʘʨʽʚ ʚ ʧʝʨʽʦʜʽ ʅɻ ʩʢʣʘʜʝ 

Ὑ   Ὑ ρππϷ. ʊʘʢʠʤ ʯʠʥʦʤ, ʟʙʽʣʴʰʝʥʥʽ ʢʽʣʴʢʽʩʪʴ ʧʝʨʽʦʜʽʚ, ʧʨʠʟʚʦʜʠʪʴ 

ʜʦ ʟʤʝʥʰʝʥʥʷ ʩʪʫʧʝʥʷ ʨʝʣʘʢʩʘʮʽʾ GaN ʂʗ ʪʘ ʟʙʽʣʴʰʝʥʥʷ ʩʪʫʧʝʥʷ ʨʝʣʘʢʩʘʮʽʾ AlN  

ʙʘʨ'̒ ʨʫ (ʜʠʚ. ʪʘʙʣ. 4.2) 
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ʈʠʩʫʥʦʢ 4.2 ʂʘʨʪʠ ʨʦʟʧʦʜʽʣʫ ʽʥʪʝʥʩʠʚʥʦʩʪʽ ʧʦʙʣʠʟʫ (11-24) ʚʫʟʣʘ ʦʙʝʨʥʝʥʦʾ ʛʨʘʪʢʠ GaN 

ʙʫʬʝʨʥʦʛʦ ʰʘʨʫ ʽ GaN/AlN ʅɻ ʜʣʷ ʟʨʘʟʢʽʚ ʉ5, ʉ10 ʪʘ ʉ20. ɺʝʨʪʠʢʘʣʴʥʽ ʰʪʨʠʭʦʚʽ ʣʽʥʽʾ 

ʧʦʢʘʟʫʶʪʴ ʧʦʣʦʞʝʥʥʷ ή ʜʣʷ GaN ʪʘ ʅɻ. 

 

ɺʨʘʭʦʚʫʶʯʠ ʟʥʘʯʝʥʥʷ ʨʝʣʘʢʩʘʮʽʾ Ὑ ȟ   , ʧʨʦʚʦʜʠʣʦʩʴ ʩʠʤʫʣʶʚʘʥʥʷ 

ɺʈʍɼ (0002) ɤ/2ɗ-ʜʠʬʨʘʢʮʽʡʥʠʭ ʧʨʦʬʽʣʽʚ (ʜʠʚ. ʨʠʩ. 4.3 (ʘ)). ɼʝʪʘʣʥʠʡ ʦʧʠʩ 

ʧʨʦʮʝʜʫʨʠ ʧʦʜʘʥʠʡ ʚ ɯɯ ʨʦʟʜʽʣʽ. ʆʪʨʠʤʘʥʽ ʧʝʨʽʦʜʠ ʅɻ (Tʅɻ) ʪʘ ʪʦʚʱʠʥʠ ʰʘʨʽʚ 

(tGaN/tAlN) ʥʘʚʝʜʝʥʽ ʚ ʊʘʙʣʠʮʽ 4.2. ʈʦʟʨʘʭʦʚʘʥʽ ʟʥʘʯʝʥʥʷ ʪʦʚʱʠʥ ʜʝʱʦ 

ʚʽʜʨʽʟʥʷʶʪʴʩʷ ʚʽʜ ʪʝʭʥʦʣʦʛʽʯʥʦ ʟʘʜʘʥʠʭ. 

 

ʊʘʙʣʠʮʷ 4.2 ʉʪʨʫʢʪʫʨʥʽ ʧʘʨʘʤʝʪʨʠ ʜʣʷ ʰʘʨʽʚ ʅɻ ʪʘ GaN ʧʽʜʢʣʘʜʢʠ, ʦʪʨʠʤʘʥʽ ʟ 

ʜʘʥʠʭ HRXRD ʜʣʷ ʨʽʟʥʠʭ ʟʨʘʟʢʽʚ. 

ɿʨʘʟʦʢ 

ʄʆʇ (11-24) ɤ/2ɗ (0002) ɤ (0002) 

a (ʥʤ) 
RGaN 

(%) 

RAlN 

(%) 
Tʅɻ (ʥʤ) 

tGaN/tAlN 

(ʥʤ) 

Dɤ (ʢʫʪ. 

ʩʝʢ.) 

Nscrew (³108 

ʩʤ-2) 

ʉ5 0,3183Ñ0,0001 92 8 9,9Ñ0,15 4,9/5 477,6 4,58 

ʉ10 0,3177Ñ0,0001 83 17 9,7Ñ0,20 4,8/4,9 843,2 14,3 

ʉ20 0,3158Ñ0,0001 59 41 9,45Ñ0,05 4,35/5,1 406,4 3,32 

GaNʧʽʜʢʣ. 0,31878Ñ0,00002 99,95    238,9 1,12 

 

ɼʣʷ ʧʽʜʪʚʝʨʜʞʝʥʥʷ ʚʝʣʠʯʠʥ Tʅɻ, tGaN ʪʘ tAlN, ʦʪʨʠʤʘʥʠʭ ʧʨʠ ʤʦʜʝʣʶʚʘʥʥʽ 
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(0002) ɤ/2ɗ ʜʠʬʨʘʢʮʽʡʥʠʭ ʧʨʦʬʽʣʽʚ ʜʦʜʘʪʢʦʚʦ ʜʣʷ ʢʦʞʥʦʛʦ ʟʨʘʟʢʘ ʙʫʣʠ ʚʠʤʽʨʷʥʽ 

ɤ/2ɗ ʧʨʦʬʽʣʽ ʍʇʈ. ɽʢʩʧʝʨʠʤʝʥʪʘʣʴʥʽ ʩʠʤʫʣʴʦʚʘʥʽ ʧʨʦʬʽʣʽ ʍʇʈ ʧʨʝʜʩʪʘʚʣʝʥʽ ʥʘ 

ʨʠʩ. 4.3ʙ. 

ʇʨʠ ʧʦʨʽʚʥʷʥʥʽ ʜʘʥʠʭ ʦʪʨʠʤʘʥʠʭ ʟ ɺʈʍɼ ʪʘ ʍʇʈ, ʙʫʣʦ ʚʽʜʟʥʘʯʝʥʦ, ʱʦ 

ʽʩʥʫʻ ʚʽʜʥʦʩʥʦ ʥʝʚʝʣʠʢʘ ʚʽʜʤʽʥʥʽʩʪʴ ʚ ʪʦʚʱʠʥʘʭ ʰʘʨʽʚ ʦʙʯʠʩʣʝʥʠʤʠ ʮʠʤʠ ʜʚʦʤʘ 

ʤʝʪʦʜʘʤʠ, ʷʢʽ ʤʦʞʥʘ ʚʚʘʞʘʪʠ ʧʦʭʠʙʢʦʶ ʝʢʩʧʝʨʠʤʝʥʪʫ. ʇʨʦʪʝ, ʪʝʥʜʝʥʮʽʷ ʟʤʽʥʠ 

ʪʦʚʱʠʥ ʟʘʣʠʰʘʻʪʴʩʷ. ʉʧʦʩʪʝʨʝʞʫʚʘʥʝ ʟʤʝʥʰʝʥʥʷ ʪʦʚʱʠʥʠ ʚ ʦʩʥʦʚʥʦʤʫ ʜʣʷ GaN 

ʂʗ ʤʦʞʝ ʙʫʪʠ ʧʦʷʩʥʝʥʦ ʥʘʩʪʫʧʥʠʤ [33], [115]: (ɯ) ʝʥʝʨʛʽʷ ʟʚ'ʷʟʢʫ Al-N ʟʥʘʯʥʦ 

ʚʠʱʘ, ʥʽʞ ʝʥʝʨʛʽʷ ʟʚ'ʷʟʢʫ Ga-N, (ɯɯ) ʪʝʨʤʽʯʥʦ ʘʢʪʠʚʦʚʘʥʦ ʦʙʤʽʥ ʤʽʞ ʘʪʦʤʘʤʠ Ga 

ʂʗ ʽ Al ʘʜʘʪʦʤʘʤʠ ʙʘʨ'ʻʨʫ ʽ (ɯɯɯ) ʥʘʧʨʫʞʝʥʥʷ ʚ GaN ʂʗ ʚʧʣʠʚʘʻ ʥʘ Al-Ga 

ʦʙʤʽʥʥʠʡ ʤʝʭʘʥʽʟʤ. 

ʈʠʩʫʥʦʢ 4.3 (ʘ) ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʽ ʪʘ ʩʠʤʫʣʴʦʚʘʥʽ ɤ/2ɗ ʧʨʦʬʽʣʽ ʩʠʤʝʪʨʠʯʥʦʛʦ (0002) ʚʽʜʙʠʪʪʷ, 

ʥʘ ʚʩʪʘʚʮʽ ʧʨʝʜʩʪʘʚʣʝʥʽ ɤ-ʧʨʦʬʽʣʽ ʪʘ ʟʥʘʯʝʥʥʷ ʥʘʧʽʚʰʠʨʠʥʠ ʜʣʷ ʢʦʞʥʦʛʦ ʟʨʘʟʢʘ; (ʙ) ʧʨʦʬʽʣʽ 

ʍ-ʧʨʦʤʝʥʝʚʦʾ ʨʝʬʣʝʢʪʦʤʝʪʨʽʾ, ʪʦʯʢʠ ï ʝʢʩʧʝʨʠʤʝʥʪ, ʩʫʮʽʣʴʥʽ ʣʽʥʽʾ ï ʩʠʤʫʣʷʮʽʷ. 
 

ɼʣʷ ʛʣʠʙʰʦʛʦ ʚʠʚʯʝʥʥʷ ʝʚʦʣʶʮʽʾ ʩʪʨʫʢʪʫʨʥʠʭ ʧʘʨʘʤʝʪʨʽʚ, ʦʙʫʤʦʚʣʝʥʠʭ 

ʟʤʽʥʦʶ ʢʽʣʴʢʦʩʪʽ ʧʝʨʽʦʜʽʚ ʫ ʅɻ, ʧʨʦʚʦʜʠʣʠʩʴ ʚʠʤʽʨʶʚʘʥʥʷ ɤ ʜʠʬʨʘʢʮʽʡʥʠʭ 

ʧʨʦʬʽʣʽʚ (0002) ʚʽʜʙʠʪʪʽʚ ʥʫʣʴʦʚʦʛʦ ʩʘʪʝʣʽʪʫ ʅɻ (ʜʠʚ. ʚʩʪʘʚʢʫ ʥʘ ʨʠʩ. 4.3ʘ). ʗʢ 

ʚʠʜʥʦ, ʧʦʚʥʘ ʰʠʨʠʥʘ ʥʘ ʧʦʣʦʚʠʥʽ ʤʘʢʩʠʤʫʤʫ (ȹɤ) (0002) ʧʨʦʬʽʣʽʚ ʅɻ ʜʣʷ ʚʩʽʭ 

ʟʨʘʟʢʽʚ ʻ ʙʽʣʴʰʦʶ ʥʽʞ GaN ʙʫʬʝʨʥʦʛʦ ʰʘʨʫ. ɺʠʢʦʨʠʩʪʦʚʫʶʯʠ ʨʽʚʥʷʥʥʷ: 
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.
Dʖ

τȢσυ³|ἪἻ|
     τȢς 

ʜʝ ἪἻ ʚʝʢʪʦʨ ɹʶʨʛʝʨʩʘ ʜʣʷ ʛʚʠʥʪʦʚʠʭ ʜʠʩʣʦʢʘʮʽʡ, ʨʦʟʨʘʭʦʚʘʥʦ ʛʫʩʪʠʥʫ 

ʛʚʠʥʪʦʚʠʭ ʜʠʩʣʦʢʘʮʽʡ (.). ɼʠʩʣʦʢʘʮʽʾ ʯʠʩʪʦ ʛʚʠʥʪʦʚʦʛʦ ʪʠʧʫ ʤʘʶʪʴ ʚʝʢʪʦʨ 

ɹʶʨʛʝʨʩʘ ȿἪἻȿ ╬ πȢυρψυρ ʥʤ ʫ [0001] ʢʨʠʩʪʘʣʦʛʨʘʬʽʯʥʦʤʫ ʥʘʧʨʷʤʢʫ. ʗʢ 

ʚʠʜʥʦ ʟ ʪʘʙʣʠʮʽ 4.2, ʛʫʩʪʠʥʠ ʜʠʩʣʦʢʘʮʽʡ ʜʣʷ ʅɻ ʻ ʙʽʣʴʰʠʤʠ ʥʽʞ ʜʣʷ GaN ʙʫʬʝʨʘ. 

ɹʽʣʴʰ ʪʦʛʦ, ʩʧʦʩʪʝʨʽʛʘʻʪʴʩʷ ʥʝʤʦʥʦʪʦʥʥʘ ʟʤʽʥʘ ʛʫʩʪʠʥʠ ʜʠʩʣʦʢʘʮʽʡ ʽʟ ʟʤʽʥʦʶ 

ʢʽʣʴʢʦʩʪʽ ʧʝʨʽʦʜʽʚ ʫ ʅɻ. ʎʝ ʚʢʘʟʫʻ ʥʘ ʧʝʨʝʚʠʱʝʥʥʷ ʜʝʷʢʦʾ ʢʨʠʪʠʯʥʘ ʪʦʚʱʠʥʘ ʧʨʠ 

ʨʦʩʪʽ ʟʨʘʟʢʘ ʉ20. 

ɻʫʩʪʠʥʠ ʜʠʩʣʦʢʘʮʽʡ ʙʝʟʧʦʩʝʨʝʜʥʴʦ, ʢʦʨʝʣʶʶʪʴ ʟ ʥʘʧʨʫʛʦʶ ʚ ʅɻ. ʂʨʽʤ 

ʥʝʚʽʜʧʦʚʽʜʥʦʩʪʽ ʧʘʨʘʤʝʪʨʽʚ ʛʨʘʪʦʢ ʤʽʞ ʰʘʨʘʤʠ AlN/GaN ï ʫ ʅɻ ʽ GaN-ʙʫʬʝʨʦʤ, 

ʯʝʨʝʟ ʩʧʽʚʚʽʜʥʦʰʝʥʥʷ ʪʦʚʱʠʥ tAlN/tGaN, ʜʝʬʦʨʤʘʮʽʷ ʪʘʢʦʞ ʥʘʢʦʧʠʯʫʻʪʴʩʷ ʽ ʯʝʨʝʟ 

ʟʙʽʣʴʰʝʥʥʷ ʢʽʣʴʢʦʩʪʽ ʧʝʨʽʦʜʽʚ. ʂʨʠʪʠʯʥʘ ʪʦʚʱʠʥʘ ʧʣʘʩʪʠʯʥʦʾ ʨʝʣʘʢʩʘʮʽʾ, ʫ 

ʟʘʛʘʣʴʥʦʤʫ ʚʠʧʘʜʢʫ, ʟʘʣʝʞʠʪʴ ʚʽʜ ʥʘʢʦʧʠʯʝʥʦʾ ʧʨʫʞʥʴʦʾ ʝʥʝʨʛʽʾ, ʚʽʣʴʥʦʾ 

ʧʦʚʝʨʭʥʝʚʦʾ ʝʥʝʨʛʽʾ ʪʘ ʝʥʝʨʛʽʾ, ʥʝʦʙʭʽʜʥʦʾ ʜʣʷ ʛʝʥʝʨʘʮʽʾ ʜʠʩʣʦʢʘʮʽʾ. ʋ ʚʠʧʘʜʢʫ 

AlN/GaN ʅɻ ʚʠʨʦʱʝʥʦʾ ʥʘ GaN ʟ tAlN/tGaN=2 [116], ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʧʦʢʘʟʘʥʦ, 

ʱʦ ʟ ʨʦʩʪʦʤ ʧʝʨʽʦʜʽʚ ʣʘʪʝʨʘʣʴʥʠʡ ʧʘʨʘʤʝʪʨ ʛʨʘʪʢʠ ʧʦʩʪʫʧʦʚʦ ʟʤʝʥʰʫʻʪʴʩʷ, ʱʦ 

ʚʠʢʣʠʢʘʻ ʨʽʩʪ ʜʝʬʦʨʤʘʮʽʾ ʪʘ ʫʪʚʦʨʝʥʥʷʤ ʜʠʩʣʦʢʘʮʽʾ ʽ ʜʦʩʷʛʘʻ ʩʪʘʙʽʣʴʥʦʛʦ 

ʟʥʘʯʝʥʥʷ ʧʽʩʣʷ 20 ʧʝʨʽʦʜʽʚ ʟ ʢʨʠʪʠʯʥʦʶ ʪʦʚʱʠʥʦʶ ~90 ʥʤ. ɼʣʷ ʜʦʩʣʽʜʞʫʚʘʥʠʭ 

ʅɻ ʟ tAlN/tGaN~1 ʥʝʤʦʥʦʪʦʥʥʘ ʟʤʽʥʘ ʛʫʩʪʠʥʠ ʜʠʩʣʦʢʘʮʽʡ ̔ʟ ʟʤʽʥʦʶ ʜʝʬʦʨʤʘʮʽʡʥʦʛʦ 

ʩʪʘʥʫ ʚ ʅɻ ʚʢʘʟʫʻ ʥʘ ʪʝ, ʱʦ ʢʨʠʪʠʯʥʘ ʪʦʚʱʠʥʘ ʧʣʘʩʪʠʯʥʦʾ ʨʝʣʘʢʩʘʮʽʾ ʧʝʨʝʚʠʱʝʥʘ 

ʜʣʷ ʟʨʘʟʢʽʚ ʽʟ ʢʽʣʴʢʽʩʪʴ ʧʝʨʽʦʜʽʚ ʙʽʣʴʰʝ 10 ʘʙʦ ʟʘʛʘʣʴʥʦʶ ʪʦʚʱʠʥʘ ~97 ʥʤ. ʅʠʞʯʝ 

ʮʽʻʾ ʪʦʚʱʠʥʠ, ʷʢ ʜʣʷ ʉ5 (~50 ʥʤ), ʽʥʜʫʢʦʚʘʥʝ ʥʘʧʨʫʞʝʥʥʷ ʧʦʚʠʥʥʦ ʙʫʪʠ 

ʦʙʫʤʦʚʣʝʥʠʡ ʪʽʣʴʢʠ ʥʝʚʽʜʧʦʚʽʜʥʽʩʪʶ ʧʘʨʘʤʝʪʨʽʚ ʛʨʘʪʢʠ. ʇʨʠ ʧʝʨʝʚʠʱʝʥʽ 

ʢʨʠʪʠʯʥʦʾ ʪʦʚʱʠʥʠ, ʷʢ ʜʣ ̫ʟʨʘʟʢʘ ʉ20 (~190 ʥʤ), ʧʨʠ ʦʮʽʥʮʽ ʧʦʚʥʦʾ ʧʨʫʞʥʴʦʾ 

ʝʥʝʨʛʽʾ ʅɻ, ʢʨʽʤ ʥʝʚʽʜʧʦʚʽʜʥʦʩʪʽ ʧʘʨʘʤʝʪʨʽʚ ʛʨʘʪʦʢ ʩʣʽʜ ʚʨʘʭʦʚʫʚʘʪʠ ʧʣʘʩʪʠʯʥʫ 

ʨʝʣʘʢʩʘʮʽʶ ʚʠʢʣʠʢʘʥʫ ʛʝʥʝʨʘʮʽʻ  ʁʜʠʩʣʦʢʘʮʽʾ. ɸʣʝ ʥʘʚʽʪʴ ʧʽʩʣʷ ʚʨʘʭʫʚʘʥʥʷ ʮʠʭ 

ʤʽʨʢʫʚʘʥʴ ʨʝʟʫʣʴʪʫʶʯʝ ʥʘʧʨʫʞʝʥʥʷ ʱʝ ʥʝ ʤʦʞʝ ʙʫʪʠ ʧʦʷʩʥʝʥʝ. ʇʦʪʨʽʙʥʦ 

ʚʨʘʭʦʚʫʚʘʪʠ ʟʤʝʥʰʝʥʥʷ ʧʨʫʞʥʴʦʾ ʝʥʝʨʛʽʾ ʯʝʨʝʟ ʥʝʽʜʝʘʣʴʥʽʩʪʴ ʢʨʠʩʪʘʣʽʯʥʦʾ 

ʦʨʽʻʥʪʘʮʽʾ, ʪʦʙʪʦ ʨʦʟʦʨʽʻʥʪʘʮʽʶ. ʑʦʙ ʚʢʣʶʯʠʪʠ ʚ ʘʥʘʣʽʟ ʨʦʟʦʨʽʻʥʪʘʮʽʶ, 
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ʥʝʦʙʭʽʜʥʦ ʚʨʘʭʦʚʫʚʘʪʠ ʚʝʨʪʠʢʘʣʴʥʽ ʧʘʨʘʤʝʪʨʠ ʛʨʘʪʦʢ ʅɻ (ὧ̊ )ː ʪʘ GaN (ὧ ), ʮʝ 

ʜʦʟʚʦʣʷʻ ʨʦʟʨʘʭʫʚʘʪʠ ʢʫʪ ʥʘʭʠʣʫ ʅʘʛʘ,ʾ Ў‌˚ːὔὥὫὥὭ, ʚʠʢʦʨʠʩʪʦʚʫʶʯʠ 

ʥʘʩʪʫʧʥʝ ʨʽʚʥʷʥʥʷ [78]: 

ÔÁÎЎ‌˚ːὔὥὫὥὭȾÔÁÎ‌  ὧ̊ː ὧ Ⱦὧ     τȢσ 

ʗʢ ʚʠʜʥʦ ʟ ʪʘʙʣʠʮʽ 4.1, ʜʣʷ ʚʩʽʭ ʟʨʘʟʢʽʚ ʚʠʤʽʨʥ̫ ̔ʢʫʪʠ ʢʨʠʩʪʘʣʦʛʨʘʬʽʯʥʦʛʦ 

ʥʘʭʠʣʫ Ў‌˚ː, ʙʽʣʴʰ ̔ʥʽʞ ʧʝʨʝʜʙʘʯʝʥʠʡ ʟ ʨʽʚʥʷʥʥ ̫(4.3) ʢʫʪ ʅʘʛʘʾ. ʍʫʘʥʛ ʪʘ ʽʥ. 

[106] ʧʦʚʽʜʦʤʣʷʶʪʴ, ʱʦ ʥʘʭʠʣ GaN h ʘʨʫ ʚʽʜʧʦʚʽʜʘʻ ʤʦʜʝʣʽ ʅʘʛʘʡ, ʷʢʱʦ ʢʫʪʠ 

ʨʦʟʦʨʽʻʥʪʘʮʽʾ ʩʘʧʬʽʨʦʚʦ ʾ ʧʽʜʢʣʘʜʢʠ ʥʝʚʝʣʠʢʽ. ʄʘʣʽ ʢʫʪ ʨʦʟʦʨʽʻʥʪʘʮʽʾ  ̒

ʥʝʦʙʭʽʜʥʠʤ ʥʘʙʣʠʞʝʥʥʷʤ ʜʣʷ ʢʣʘʩʠʯʥʦʾ ʪʝʦʨʽʾ ʅʘʛʘʾ. ʇʨʦʪʝ, ʥʝʟʚʘʞʘʶʯʠ ʥʘ 

ʥʝʚʝʣʠʢʽ ʢʫʪʠ ʥʘʭʠʣʫ GaN-ʧʽʜʢʣʘʜʢʠ, ʢʣʘʩʠʯʥʘ ʪʝʦʨʽʷ ʅʘʛʘʡ ʥʝ ʚʠʢʦʥʫʻʪʴʩʷ ʜʣʷ 

ʜʦʩʣʽʜʞʫʚʘʥʠʭ ʟʨʘʟʢʽʚ. ʇʝʨʰ ʟʘ ʚʩʝ, ʢʣʘʩʠʯʥʘ ʤʦʜʝʣʴ ʅʘʛʘʡ ʨʦʟʛʣʷʜʘʻ ʣʠʰʝ 

ʥʝʚʽʜʧʦʚʽʜʥʽʩʪʴ ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʠʭ ʜʦ ʧʣʦʱʠʥʠ ʨʦʩʪʫ ʧʘʨʘʤʝʪʨʽʚ ʛʨʘʪʢʠ ʤʽʞ 

ʜʚʦʤʘ ʽʜʝʘʣʴʥʠʤʠ ʢʨʠʩʪʘʣʽʯʥʠʤʠ ʛʨʘʪʢʘʤʠ ʚ ʦʜʥʦʤʫ ʽʥʪʝʨʬʝʡʩʽ, ʱʦ ʚʠʤʘʛʘʻ 

ʨʦʟʛʣʷʜʘʪʠ ʅɻ ʷʢ ʜʝʷʢʠʡ ʩʝʨʝʜʥʽʡ ʩʧʣʘʚ GaN ʪʘ AlN. ʋ ʟʘʛʘʣʴʥʦʤʫ ʚʠʧʘʜʢʫ, 

ʚʝʣʠʢʘ ʢʽʣʴʢʽʩʪʴ ʰʘʨʽʚ ʫ ʅɻ ʚʠʤʘʛʘʻ ʙʽʣʴʰ ʩʢʣʘʜʥʦʛʦ ʨʦʟʛʣʷʜʫ ʥʝʚʽʜʧʦʚʽʜʥʦʩʪʽ 

ʚʝʨʪʠʢʘʣʴʥʦʛʦ ʧʘʨʘʤʝʪʨʘ ʛʨʘʪʢʠ, ʘ ʪʘʢʦʞ ʚʨʘʭʫʚʘʥʥʷ ʥʝʚʽʜʧʦʚʽʜʥʦʩʪʽ 

ʣʘʪʝʨʘʣʴʥʠʭ ʧʘʨʘʤʝʪʨʽʚ. ʎʝ ʙʫʣʦ ʧʨʦʜʝʤʦʥʩʪʨʦʚʘʥʦ ʜʣʷ AlN/GaN ʰʘʨʽʚ 

ʚʠʨʦʱʝʥʠʭ ʥʘ Si (111) ʧʜ̔ʢʣʘʜʢʘʭ ʟ ʨʽʟʥʠʤʠ ʢʫʪʘʤʠ ʨʦʟʦʨʽʻʥʪʘʮʽʾ [65], [76]. ʊʘʢʽ 

ʤʦʜʝʣʽ ʨʦʟʛʣʷʜʘʶʪʴ ʣʠʰʝ ʥʘʭʠʣ ʘʙʦ ʨʦʟʦʨʽʻʥʪʘʮʽʶ ʣʠʰʝ ʥʘ ʦʜʥʦʤʫ 

ʝʧʽʪʘʢʩʽʡʥʦʤʫ ʽʥʪʝʨʬʝʡʩʽ. ɼʣʷ ʜʦʩʣʽʜʞʫʚʘʥʠʭ AlN/GaN ʅɻ, ʚʠʨʦʱʝʥʠʭ ʥʘ 

ʚʽʮʠʥʘʣʴʥʠʭ GaN (0001) ʧʽʜʢʣʘʜʢʘʭ, ʨʽʩʪ ʢʦʞʥʦʛʦ ʜʦʜʘʪʢʦʚʦʛʦ ʰʘʨʫ 

ʭʘʨʘʢʪʝʨʠʟʫʻʪʴʩʷ (ɯ) ʥʘʷʚʥʽʩʪʶ ʢʦʤʧʦʥʝʥʪʽʚ ʧʨʫʞʥʦʾ ʪʘ ʧʣʘʩʪʠʯʥʦʾ ʨʝʣʘʢʩʘʮʽʾ 

[116], ʯʝʨʝʟ ʥʝʚʽʜʧʦʚʽʜʥʽʩʪʴ ʧʘʨʘʤʝʪʨʽʚ ʛʨʘʪʢʠ ʚ hʘʨʘʭ ʅɻ, ʽ (ɯɯ) ʥʘʭʠʣʦʤ ʘʙʦ 

ʪʨʠʢʣʽʥʥʦʶ ʜʝʬʦʨʤʘʮʽʻʶ ʝʣʝʤʝʥʪʘʨʥʦʾ ʢʦʤʽʨʢʠ, ʯʝʨʝʟ ʥʝʚʽʜʧʦʚʽʜʥʽʩʪʴ 

ʚʝʨʪʠʢʘʣʴʥʠʭ ʧʘʨʘʤʝʪʨʽʚ ʛʨʘʪʢʠ. 

ɺʘʨʪʦ ʟʘʟʥʘʯʠʪʠ, ʱʦ ʪʦʚʱʠʥʘ ʅɻ ʜʣʷ ʟʨʘʟʢʘ ʉ5 ʟʥʘʭʦʜʠʪʴʩʷ ʥʠʞʯʝ 

ʢʨʠʪʠʯʥʦʾ ʪʦʚʱʠʥʠ ʜʣʷ ʧʣʘʩʪʠʯʥʦʾ ʨʝʣʘʢʩʘʮʽʾ ʽ ʚʦʥʘ ʤʘʣʘ ʙʠ ʙʫʪʠ 

ʧʩʝʚʜʦʤʦʨʬʥʦʶ ʪʦʙʪʦ ʧʦʚʥʽʩʪʶ ʥʘʧʨʫʞʝʥʦʶ ʜʦ ʧʽʜʢʣʘʜʢʠ. ʈʝʟʫʣʴʪʘʪ 

ʥʝʟʥʘʯʥʦʛʦ ʟʩʫʚʫ ʚʽʜʙʠʪʪʷ ʅɻ ʚʽʜʥʦʩʥʦ ʙʫʬʝʨʥʦʛʦ ʰʘʨʫ GaN ʚʟʜʦʚʞ ʦʩʽ qx ʥʘ 

ʂʆʇ (ʈʠʩ 4.2ʘ) ʤʦʞʥʘ ʧʦʷʩʥʠʪʠ ʢʨʠʩʪʘʣʦʛʨʘʬʽʯʥʠʤ ʥʘʭʠʣʦʤ. ʈʝʟʫʣʴʪʘʪʦʤ 
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ʥʘʭʠʣʫ ʅʘʛʘʾ  ̒ʣʠʰʝ ʥʝʚʝʣʠʢʠʡ ʜʦʜʘʪʢʦʚʠʡ ʢʦʤʧʦʥʝʥʪ ʧʨʫʞʥʴʦʾ ʨʝʣʘʢʩʘʮʽ ʾʥʘ 

ʽʥʪʝʨʬʝʡʩʽ, ʘʣʝ ʮʝ ʟʥʘʯʝʥʥʷ ʨʝʣʘʢʩʘʮʽʾ ʤʦʞʝ ʙʫʪʠ ʽʩʪʦʪʥʠʤ ʯʝʨʝʟ ʜʦʜʘʚʘʥʥʷ 

ʙʘʛʘʪʴʦʭ ʽʥʪʝʨʬʝʡʩʽʚ ʷʢ ʫ ʚʠʧʘʜʢʫ ʅɻ. 

ʊʦʧʦʛʨʘʬʽʯʥʽ ʦʩʦʙʣʠʚʦʩʪʽ ʝʧʽʪʘʢʩʽʡʥʦ ʚʠʨʦʱʝʥʦʾ ʧʦʚʝʨʭʥʽ ʪʘʢʦʞ 

ʦʧʦʩʝʨʝʜʢʦʚʘʥʦ ʤʽʩʪʷʪʴ ʽʥʬʦʨʤʘʮʽʶ ʧʨʦ ʤʝʭʘʥʽʟʤʠ ʨʦʩʪʫ, ʨʝʣʘʢʩʘʮʽ,ʁ ʟʘʣʠʰʢʦʚ ̔

ʜʝʬʦʨʤʘʮʽ ʾʪʘ ʩʪʨʫʢʪʫʨʥʽ ʜʝʬʝʢʪʠ. ʊʦʤʫ ʙʫʣʦ ʚʠʢʦʨʠʩʪʦʚʫʚʘʣʠ ʘʪʦʤʥʫ ʩʠʣʦʚʫ 

ʤʽʢʨʦʩʢʦʧʽʶ ʜʣʷ ʘʥʘʣʽʟʫ ʧʦʚʝʨʭʥʝʚʽ ʟʨʘʟʢʽʚ. ʊʠʧʦʚ ̔ ʟʦʙʨʘʞʝʥʥʷ ʧʦʚʝʨʭʥʽ 

GaN/Al2O3 ʧʽʜʢʣʘʜʢʠ ʪʘ ʧʦʢʨʠʚʘʶʯʦʛʦ ʰʘʨʫ AlN/GaN ʅɻ ʧʦʢʘʟʘʥʦ ʥʘ 

ʨʠʩʫʥʢʫ 4.5. ʇʦʚʝʨʭʥʷ ʟʨʘʟʢʽʚ ʱʽʣʴʥʦ ʧʦʢʨʠʪʘ ʦʪʚʦʨʘʤʠ, ɦ ʦ ʦʯʝʚʠʜʥʦ, ʻ ʧʨʦʷʚʦʤ 

ʟʤʽʰʘʥʠʭ ʘʙʦ ʛʚʠʥʪʦʚʠʭ ʧʨʦʥʠʢʘʶʯʠʭ ʜʠʩʣʦʢʘʮʽʡ ʟ ʚʝʢʪʦʨʦʤ ɹʶʨʛʝʨʩʘ, 

|b|2=(1/3Ĭa)2+c2 ʚ ʥʘʧʨʷʤʢʫ [11-23] ʘʙʦ |b|=ʩ ʚʽʜʧʦʚʽʜʥʦ [117]. ʌʦʨʤʫʚʘʥʥʷ 

ʦʪʚʦʨʽʚ ʜʦʚʢʦʣʘ ʷʜʨ ʜʠʩʣʦʢʘʮʽʡ ʤʦʞʣʠʚʝ ʟʘ ʫʤʦʚʠ, ʱʦ ʛʫʩʪʠʥʘ ʧʨʫʞʥʴʦʾ ʝʥʝʨʛʽʾ, 

ʷʢʘ ʧʦʚ'ʷʟʘʥʘ ʽʟ ʚʠʭʦʜʦʤ ʥʘ ʧʦʚʝʨʭʥʶ ʧʨʦʥʠʢʘʶʯʠʭ ʜʠʩʣʦʢʘʮʽʡ, ʝʢʚʽʚʘʣʝʥʪʥʘ 

ʥʘʧʨʘʚʣʝʥʽʡ ʚ ʤʘʪʝʨʽʘʣ ʚʟʜʦʚʞ ʣʽʥʽʾ ʨʦʟʪʷʛʫ [118]. ɼʦʩʣʽʜʞʝʥʽ ʧʦʚʝʨʭʥʽ ʤʘʶʪʴ 

ʨʠʩʠ ʷʢʽ ʭʘʨʘʢʪʝʨʥʽ 2D ʧʦʢʨʦʢʦʚʦʤʫ ʨʦʩʪʫ ʽʟ ʥʘʜʣʠʰʢʦʤ Ga, ʘʣʝ ʢʦʞʝʥ ʟʨʘʟʦʢ 

ʤʘʻ ʽʥʜʠʚʽʜʫʘʣʴʥʽ ʦʩʦʙʣʠʚʦʩʪʽ. ɼʣʷ GaN ʙʫʬʝʨʫ (ʨʠʩ. 4,5ʘ) ʩʧʦʩʪʝʨʽʛʘʶʪʴʩʷ 

ʚʫʟʴʢʽ ʪʝʨʘʩʠ ʰʠʨʠʥʦʶ ~129 ʥʤ ʪʘ ʚʠʩʦʪʦʶ ~0,53 ʥʤ, ʱʦ ʜʫʞʝ ʙʣʠʟʴʢʘ ʜʦ ʚʠʩʦʪʠ 

ʙʽʰʘʨʫ GaN (0,518 ʥʤ). ʅʘʧʨʷʤʦʢ ʧʦʰʠʨʝʥʥʷ ʪʝʨʘʩ, ʟʙʽʛʘʻʪʴʩʷ ʟ ʥʘʧʨʷʤʢʦʤ 

ʨʦʟʦʨʽʻʥʪʘʮʽʾ ʩʘʧʬʽʨʦʚʦʾ ʧʽʜʢʣʘʜʢʠ, ʘ ʧʦʚʝʨʭʥʽ ʪʝʨʘʩ ʘʪʦʤʥʦ-ʛʣʘʜʢʽ. ɼʠʩʣʦʢʘʮʽʾ 

ʜʽʶʪʴ ʷʢ ʩʪʦʧʦʨʠ ʧʦʰʠʨʝʥʥʷ ʪʝʨʘʩ, ʱʦ ʟʫʤʦʚʣʶʻ ʫʪʚʦʨʝʥʥʷ ʭʘʨʘʢʪʝʨʥʠʭ 

ʪʨʠʢʫʪʥʠʭ ʬʦʨʤ. ʉʧʦʩʪʝʨʝʞʝʥʘ ʛʫʩʪʠʥʘ ʜʠʩʣʦʢʘʮʽʡ ʩʢʣʘʜʘʻ ~0,5Ŀ109 ʩʤ-2. 

ʆʩʘʜʞʝʥʥʷ ʅɻ ʩʪʨʫʢʪʫʨ ʟʥʘʯʥʦ ʟʙʽʣʴʰʫʻ ʰʠʨʠʥʫ ʪʝʨʘʩ. ʐʠʨʠʥʘ ʟʨʦʩʪʘʻ 

ʚʽʜ ~2500 ʥʤ ʫ ʟʨʘʟʢʫ ʟ 20-ʧʝʨʽʦʜʥʦʶ ʅɻ ʜʦ ~3500 ʥʤ ʜʣʷ 5-ʧʝʨʽʦʜʥʦʾ ʅɻ ʽ ʻ 

ʩʚʽʜʯʝʥʥʷʤ ʟʥʘʯʥʦʛʦ ʥʘʛʨʦʤʘʜʞʝʥʥʷ ʨʦʩʪʦʚʠʭ ʩʭʦʜʠʥʦʢ (ʨʠʩ. 4.6). ʊʘʢ ̔

ʩʭʦʜʠʥʢʠ ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʟʙʽʣʴʰʝʥʥʷ ʚʠʩʦʪʠ ʪʝʨʘʩ, ʷʢʘ ʢʦʣʠʚʘʻʪʴʩʷ ʚʽʜ 5 ʥʤ ʜʣʷ 

20-ʧʝʨʽʦʜʥʦʾ ʅɻ ʜʦ ~ 8 ʥʤ ʜʣʷ 5-ʧʝʨʽʦʜʥʦʾ. ʇʨʠ ʫʩʝʨʝʜʥʝʥʥʽ ʰʠʨʠʥʠ/ʚʠʩʦʪʠ 

ʪʝʨʘʩ ʧʦ ʧʣʦʱʽ 100Ĭ100 ʤʢʤ, ʢʫʪ ʨʦʟʦʨʽʻʥʪʘʮʽʾ ʧʦʚʝʨʭʥʝʚʠʭ ʰʘʨʽʚ ʩʪʘʥʦʚʠʪʴ 

0,08Á, 0,06Á ʪʘ 0,10Á ʜʣʷ ʉ5, ʉ10 ʪʘ ʉ20, ʚʽʜʧʦʚʽʜʥʦ. ɼʣʷ ʙʫʬʝʨʥʦʛʦ ʰʘʨʫ GaN 

ʨʦʟʦʨʽʻʥʪʘʮʽʷ ʟʥʘʯʥʦ ʙʽʣʴʰʘ ʽ ʩʢʣʘʜʘʻ ~0,23Á. ʂʨʽʤ ʪʦʛʦ, ʧʦʚʝʨʭʥʽ ʪʝʨʘʩ 

ʧʝʨʝʩʪʘʶʪʴ ʙʫʪʠ ʘʪʦʤʘʨʥʦ ʛʣʘʜʢʠʤʠ  ̔ʟ'ʷʚʣʷʶʪʴʩʷ ʥʘʥʦʟʝʨʥʘ (ʨʠʩ. 4.5 (ʙ)-(ʛ)). 
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ɼʣʷ 5-ʧʝʨʽʦʜʥʦʛʦ ʟʨʘʟʢʘ, ʧʦʙʣʠʟʫ ʜʠʩʣʦʢʘʮʽʡʥʠʭ ʷʤʦʢ ʩʧʦʩʪʝʨʽʛʘʶʪʴʩʷ 

ʥʘʥʦʟʝʨʥʘ ʨʦʟʤʽʨʦʤ ʙʣʠʟʴʢʦ 20 ʥʤ, ʜʣʷ 20-ʧʝʨʽʦʜʥʦʛʦ ï ʙʣʴʟʴʢʦ 40 ʥʤ. ʆʜʥʘʢ 

ʥʘʡʙʽʣʴʰʘ ʟʝʨʥʠʩʪʽʩʪʴ ʧʦʚʝʨʭʥʽ ʩʧʦʩʪʝʨʽʛʘʻʪʴʩʷ ʜʣʷ ʟʨʘʟʢʘ ʉ10, ʜʝ ʪʠʧʦʚʠʡ 

ʨʦʟʤʽʨʠ ʟʝʨʝʥʘ ʩʪʘʥʦʚʣʷʪʴ 50-60 ʥʤ  ̔ ʟʝʨʥʘ ʨʽʚʥʦʤʽʨʥʦ ʧʦʢʨʠʚʘʶʪʴ ʚʩʶ 

ʧʦʚʝʨʭʥʶ. ʇʨʠ ʘʥʘʣʽʟʽ ʧʦʚʝʨʭʥʽ ʫ ʙʽʣʴʰʦʤʫ ʤʘʰʪʘʙʽ (ʈʠʩ. 4.6) ʧʨʦʷʚʣʷʶʪʴʩʷ 

ʦʙʣʘʩʪʽ ʪʨʠʢʫʪʥʦʾ ʬʦʨʤʠ, ʷʢʽ ʷʢ ʽ ʜʣʷ ʚʠʧʘʜʢʫ ʙʫʬʝʨʥʦʛʦ ʰʘʨ ʚʠʢʣʠʢʘʥʽ 

ʙʣʦʢʫʚʘʥʥʷʤ ʧʦʢʨʦʢʦʚʦʛʦ ʽʟʦʪʨʦʧʥʦʛʦ ʨʦʩʪʫ [71], [117], [119]. 

 

 

ʈʠʩʫʥʦʢ 4.5 ɸʉʄ ʟʦʙʨʘʞʝʥʥʷ ʧʦʚʝʨʭʥʽ GaN/Al2O3 ʧʽʜʢʣʘʜʢʠ (ʘ) ʪʘ ʅɻ ʩʪʨʫʢʪʫʨʠ AlN/GaN 

(ʙ), (ʚ) ʽ (ʛ). ʽʟ 5, 10 ʽ 20 ʧʝʨʽʦʜʘʤʠ ʚʽʜʧʦʚʽʜʥʦ. ʉʪʨʽʣʢʠ ʚʢʘʟʫʶʪʴ ʢʨʠʩʪʘʣʦʛʨʘʬʽʯʥʽ ʥʘʧʨʷʤʢʠ ʽ 

ʥʘʧʨʷʤʦʢ ʨʦʟʦʨʽʻʥʪʘʮʽʾ ʧʽʜʢʣʘʜʢʠ. 

 

ɿʛʽʜʥʦ ʜʘʥʠʭ ɸʉʄ, ʛʫʩʪʠʥʘ ʜʠʩʣʦʢʘʮʽʡ ʟʨʦʩʪʘʻ ʚʽʜ 1,2Ĭ109 ʜʦ 1,7Ĭ109 ʩʤ-2 

ʜʣʷ ʟʨʘʟʢʽʚ ʉ5 ʪʘ ʉ10 ʚʽʜʧʦʚʽʜʥʦ. ʋ ʪʦʡ ʞʝ ʯʘʩ ʜʣʷ ʟʨʘʟʢʘ ʉ20 ʩʧʦʩʪʝʨʽʛʘʻʪʴʩʷ 

ʣʠʰʝ 0,7Ĭ109 ʩʤ-2 ʜʠʩʣʦʢʘʮʽʡ, ʱʦ ʩʧʽʚʤʽʨʥʦ ʟ ʛʫʩʪʠʥʦʶ ʜʠʩʣʦʢʘʮʽʡ ʜʣʷ GaN 

ʙʫʬʝʨʥʦʛʦ ʰʘʨʫ. ɿʤʝʥʰʝʥʥʷ ʛʫʩʪʠʥʠ ʜʠʩʣʦʢʘʮʽʾ ʜʣʷ ʅɻ ʩʫʧʨʦʚʦʜʞʫʻʪʴʩʷ 

ʨʦʟʪʨʽʩʢʫʚʘʥʥʷʤ ʩʪʨʫʢʪʫʨʠ ʚʟʜʦʚʞ ʢʨʠʩʪʘʣʦʛʨʘʬʽʯʥʦʛʦ ʥʘʧʨʷʤʢʫ [11-20] ʜʣʷ 

GaN (ʨʠʩ. 4.6ʛ).ʊʘʢʠʡ ʪʠʧ ʤʦʨʬʦʣʦʛʽʾ ʪʨʽʱʠʥʠ ʜʝʪʘʣʴʥʦ ʧʦʷʩʥʶʻʪʴʩʷ ʫ ʨʦʙʦʪʘʭ 

[30], [120]. 
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ʈʠʩʫʥʦʢ 4.6 ɸʉʄ ʟʦʙʨʘʞʝʥʥʷ ʧʦʚʝʨʭʥʽ AlN/GaN ʅɻ ʩʪʨʫʢʪʫʨʠ (a), (ʙ) ʪʘ (ʚ) ʽʟ 5, 10, ʽ 20 

ʧʝʨʽʦʜʘʤʠ ʚʽʜʧʦʚʽʜʥʦ. ʇʫʥʢʪʠʨʥʽ ʣʽʥʽʾ ʧʦʟʥʘʯʘʶʪʴ ʦʙʣʘʩʪʽ ʪʨʠʢʫʪʥʦʾ ʬʦʨʤʠ ʘʥʽʟʦʪʨʦʧʥʦʛʦ 

ʧʦʢʨʦʢʦʚʦʛʦ ʨʦʩʪʫ ʷʢ ʨʝʟʫʣʴʪʘʪ ʚʧʣʠʚʫ ʜʠʩʣʦʢʘʮʽʡ, ʱʦ ʚʝʜʫʪʴ ʩʝʙʝ ʷʢ ʩʪʦʧʦʨʠ ʧʦʰʠʨʝʥʥʷ 

ʨʦʩʪʦʚʠʭ ʪʝʨʘʩ. 

 

ʊʝʥʜʝʥʮʽʷ ʟʤʽʥʠ ʛʫʩʪʠʥʠ ʜʠʩʣʦʢʘʮʽʡ ʟ ɸʉʄ ʜʦʙʨʝ ʢʦʨʝʣʻ ʟ ʛʫʩʪʠʥʘʤʠ 

ʛʚʠʥʪʦʚʠʭ ʜʠʩʣʦʢʘʮʽʡ ʦʪʨʠʤʘʥʠʭ ʟ ɺʈʍɼ. ɸʣʝ ʩʧʽʚʩʪʘʚʣʝʥʥʷ ʘʙʩʦʣʶʪʥʠʭ 

ʟʥʘʯʝʥʴ ʻ ʥʝʢʦʨʝʢʪʥʠʤ, ʪʘʢ ʷʢ ɸʉʄ ʜʘʻ ʛʫʩʪʠʥʫ ʷʢ ʛʚʠʥʪʦʚʠʭ ʪʘʢ ʽ ʢʨʘʡʦʚʠʭ 

ʜʠʩʣʦʢʘʮʽʡ ʪʦʜʽ ʷʢ ʟ ɺʈʍɼ ʤʠ ʦʪʨʠʤʘʣʠ ʛʫʩʪʠʥʠ ʪʽʣʴʢʠ ʛʚʠʥʪʦʚʠʭ ʜʠʩʣʦʢʘʮʽʡ. 

ɹʽʣʴʰ ʪʦʛʦ, ʨʦʟʪʨʽʩʢʫʚʘʥʥʷ ʩʪʨʫʢʪʫʨʠ ʤʦʞʝ ʚʧʣʠʚʘʪʠ ʥʘ ʥʘʚʧʽʚʰʠʨʠʥʫ ʚʽʜʙʠʪʪʽʚ 

ɺʈʍɼ, ʪʦʤʫ ʛʫʩʪʠʥʠ ʜʠʩʣʦʢʘʮʽʡ ʤʦʞʫʪʴ ʙʫʪʠ ʧʝʨʝʦʮʽʥʝʥʽ. 

ʆʪʨʠʤʘʥʽ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʽ ʜʘʥʽ ʽʣʶʩʪʨʫʶʪʴ ʭʽʜ ʩʪʨʫʢʪʫʨʥʠʭ 

ʨʝʣʘʢʩʘʮʽʡʥʠʭ ʧʨʦʮʝʩʽʚ, ʢʦʞʝʥ ʟ ʷʢʠʭ ʧʨʦʷʚʣʷʻʪʴʩʷ ʚ ʨʽʟʥʦʤʫ ʩʪʫʧʝʥʽ ʚ 

ʟʘʣʝʞʥʦʩʪʽ ʚʽʜ ʨʽʚʥʷ ʥʘʧʨʫʛʠ ʚ ʅɻ. ʅʘʡʙʽʣʴʰ ʟʥʘʯʥʠʤ ʟ ʥʠʭ ʻ ʨʦʟʪʨʽʩʢʫʚʘʥʥʷ 

ʩʪʨʫʢʪʫʨʠ ʪʘ ʛʝʥʝʨʘʮʽʷ ʜʠʩʣʦʢʘʮʽʡ. 
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4.3. ʆʩʦʙʣʠʚʦʩʪʽ ʨʝʣʘʢʩʘʮʽʾ ʥʘʧʨʫʞʝʥʴ ʚ AlN/GaN ʥʘʜʛʨʘʪʢʘʭ ʧʨʠ 

ʨʽʟʥʠʭ ʩʧʽʚʚʽʜʥʦʰʝʥʥʷʭ ʪʦʚʱʠʥʠ ʙʘʨ'ʻʨ/ʂʗ 

ɼʣʷ ʜʦʩʣʽʜʞʝʥʥʷ ʨʝʣʘʢʩʘʮʽʡʥʠʭ ʧʨʦʮʝʩʽʚ ʫ ʟʘʣʝʞʥʦʩʪʽ ʚʽʜ ʩʧʽʚʚʽʜʥʦʰʝʥʥʷ 

tAlN/tGaN ʜʦʜʘʪʢʦʚʦ ʙʫʣʠ ʚʠʨʦʱʝʥʽ 20-ʧʝʨʽʦʜʥʽ ʅɻ ʩʪʨʫʢʪʫʨʠ ʽʟ ʨʽʟʥʠʤ 

ʩʧʽʚʚʽʜʥʦʰʝʥʥʷʤ ʙʘʨ'ʻʨ/ʂʗ. ʅʦʤʽʥʘʣʴʥʽ ʪʦʚʱʠʥʠ ʩʢʣʘʜʘʣʠ 0,5 ʥʤ AlN ʙʘʨôʻʨ ʽ 

5 ʥʤ GaN ʢʚʘʥʪʦʚʘ ʷʤʘ ʜʣʷ ʟʨʘʟʢʘ ɸ20 ʪʘ 2,5 ʥʤ AlN ʙʘʨôʻʨ ʽ 5 ʥʤ GaN ʢʚʘʥʪʦʚʘ 

ʷʤʘ ʜʣʷ ʟʨʘʟʢʘ ɺ20. ɼʣʷ ʚʠʟʥʘʯʝʥʥʷ ʧʘʨʘʤʝʪʨʽʚ ʛʨʘʪʢʠ, ʘ ʚʽʜʧʦʚʽʜʥʦ ʽ 

ʜʝʬʦʨʤʘʮʽʡʥʦ-ʨʝʣʘʢʩʘʮʽʡʥʦʛʦ ʩʪʘʥʫ ʩʠʪʝʤʘ ʚʠʢʦʨʠʩʪʦʚʫʚʘʣʦʩʷ ʂʆʇ ʧʦʙʣʠʟʫ 

(12-33) ʚʽʜʙʠʪʪʷ (ʨʠʩ. 4.). ɼʣʷ ʮʴʦʛʦ ʚʽʜʙʠʪʪʷ ʭʘʨʘʢʪʝʨʥʠʡ ʤʘʣʠʡ ʢʫʪ ʚʭʦʜʞʝʥʥʷ 

ʍ-ʧʨʦʤʝʥʽʚ ʚʽʜʥʦʩʥʦ ʧʦʚʝʨʭʥʽ, ʷʢʠʡ ʩʢʣʘʜʘʻ ~0,7Ü. ɺʠʢʦʨʠʩʪʘʥʥʷ ʤʘʣʠʭ ʢʫʪʽʚ 

ʚʭʦʜʞʝʥʥʷ ʜʦʟʚʦʣʷʻ ʦʪʨʠʤʘʪʠ ʙʽʣʴʰʫ ʽʥʪʝʥʩʠʚʥʽʩʪʴ ʩʠʛʥʘʣʫ ʽʟ ʪʦʥʢʦʾ 

ʧʨʠʧʦʚʝʨʭʥʝʚʦʾ ʦʙʣʘʩʪʽ. ɿ ʨʠʩ. 4.7. ʚʠʜʥʦ, ʱʦ ʥʘ ʂʆʇ ʜʣʷ ʟʨʘʟʢʽʚ ʉ20 ʪʘ ɺ20 

ʯʽʪʢʦ ʧʨʦʷʚʣʷʻʪʴʩʷ ʩʘʪʝʣʽʪʥʘ ʩʪʨʫʢʪʫʨʘ, ʮʝ ʩʚʽʜʯʠʪʴ ʧʨʦ ʢʦʛʝʨʝʥʪʥʽʩʪʴ ʅɻ. ʋ ʪʦʡ 

ʞʝ ʯʘʩ ʜʣʷ ʟʨʘʟʢʘ ɸ20 ʩʘʪʝʣʽʪʠ ʥʝ ʩʧʦʪʝʨʽʛʘʶʪʴʩʷ. ɿʥʘʡʜʝʥʽ ʽʟ ʂʆʇ ʟʥʘʯʝʥʥʷ 

ʨʝʣʘʢʩʘʮʽʾ ʜʣʷ ʰʘʨʽʚ AlN ʪʘ GaN ʙʫʣʠ ʚʠʢʦʨʠʩʪʘʥʽ ʜʣʷ ʩʠʤʫʣʶʚʘʥʥʷ (0002) 

ʜʠʬʨʘʢʮʽʡʥʠʭ ʩʠʤʝʪʨʠʯʥʠʭ ʧʨʦʬʽʣʽʚ (ʨʠʩ. 4.8ʘ). ɺʠʟʥʘʯʝʥʽ ʟʥʘʯʝʥʥʷ ʪʦʚʱʠʥ 

ʰʘʨʽʚ ʅɻ ʥʘʚʝʜʝʥʽ ʫ ʪʘʙʣʠʮʽ 4.3. ʗʢ ʚʠʜʥʦ ʟ ʪʘʙʣʠʮʽ, ʩʧʦʩʪʝʨʽʛʘʻʪʴʩʷ ʜʝʷʢʘ 

ʚʽʜʤʽʥʥʽʩʪʴ ʤʽʞ ʥʦʤʽʥʘʣʴʥʠʤʠ ʪʘ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʠʤʠ ʟʥʘʯʝʥʥʷʤʠ, ʘ ʩʘʤʝ 

ʟʤʝʥʰʝʥʥʷ ʪʦʚʱʠʥʠ GaN ʪʘ ʟʙʽʣʴʰʝʥʥʷ AlN ʰʘʨʫ. 

ʍʘʨʘʢʪʝʨʥʦ, ʱʦ ʜʣʷ ʟʨʘʟʢʘ ɸ20 ʥʘ ʧʨʦʬʽʣʷʭ ɺʈʍɼ ʪʘʢʦʞ ʥʝ 

ʩʧʦʩʪʝʨʽʛʘʻʪʴʩʷ ʩʘʪʝʣʽʪʥʦʾ ʩʪʨʫʢʪʨʠ, ʱʦ ʤʦʞʝ ʩʚʽʜʯʠʪʠ ʧʨʦ ʚʽʜʩʫʪʥʽʩʪʴ ʅɻ ʷʢ 

ʪʘʢʦʾ. ʅʘʡʢʨʘʱʝ ʩʧʽʚʧʘʜʽʥʥʷ ʩʠʤʫʣʷʮʽʾ ʪʘ ʝʢʩʧʝʨʠʤʝʥʪʫ ʜʦʩʷʛʘʻʪʴʩʷ ʫ ʤʦʜʝʣʽ ʟ 

ʦʜʥʠʤ ʪʦʥʢʠʤ AlN ʰʘʨʦʤ. ɺʽʜʩʫʪʥʽʩʪʴ ʪʦʚʱʠʥʥʠʭ ʦʩʮʠʣʷʮʽʡ ʜʣʷ ʟʨʘʟʢʘ ɸ20 ʥʝ 

ʜʦʟʚʦʣʷʻ ʚʠʟʥʘʯʠʪʠ ʪʦʚʱʠʥʫ ʮʴʦʛʦ AlN ʰʘʨʫ ʽʟ ʧʨʦʬʽʣʽʚ ɺʈʍɼ. ɼʣʷ ʮʴʦʛʦ ʙʫʣʘ 

ʚʠʢʦʨʠʩʪʘʥʘ ʍʇʈ, ʷʢʘ ʙʽʣʴʰ ʯʫʪʣʠʚʘ ʜʣʷ ʚʠʟʥʘʯʝʥʥʷ ʪʦʚʱʠʥ ʪʦʥʢʠʭ ʰʘʨʽʚ. 

ʇʨʦʬʽʣʽ ʍʇʈ ʥʘʚʝʜʝʥʽ ʥʘ ʨʠʩ. 4.9ʙ. ʗʢ ʚʠʜʥʦ ʟ ʨʠʩ. 4.9ʙ. ʜʣʷ ʟʨʘʟʢʽʚ ɺ20 ʪʘ ʉ20 

ʯʽʪʢʦ ʩʧʦʩʪʝʨʽʛʘʻʪʴʩʷ ʽʥʪʝʨʬʝʨʝʥʮʽʡʥʽ ʤʘʢʩʠʤʫʤʠ, ʱʦ ʚʽʜʧʦʚʽʜʘʶʪʴ ʅɻ 

ʩʪʨʫʢʪʫʨʽ, ʢʫʪʦʚʘ ʚʽʜʩʪʘʥʴ ʤʽʞ ʥʠʤʠ ʚʠʟʥʘʯʘʻʪʴʩʷ ʧʝʨʽʦʜʦʤ ʅɻ. ʋ ʪʦʡ ʞʝ ʯʘʩ ʜʣʷ 

ʟʨʘʟʢʘ ɸ20 ʥʘ ʧʨʦʬʽʣʷʭ ʍʇʈ ʪʘʢʽ ʽʥʪʝʨʬʝʨʝʥʮʽʡʥʽ ʤʘʢʩʠʤʫʤʠ ʥʝ 

ʩʧʦʩʪʝʨʽʛʘʶʪʴʩʷ, ʮʝ ʧʽʜʪʚʝʨʜʞʫʻ ʨʝʟʫʣʴʪʘʪʠ ɺʈʍɼ ʧʨʦ ʚʽʜʩʫʪʥʽʩʪʴ ʅɻ 
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ʩʪʨʫʢʪʫʨʠ. ʋ ʪʦʡ ʞʝ ʯʘʩ ʥʘ ʧʨʦʬʽʣʷʭ ʍʇʈ ʩʧʦʩʪʝʨʽʛʘʶʪʴʩʷ ʪʦʚʱʠʥʥʽ ʦʩʮʠʣʷʮʽʾ, 

ʱʦ ʜʦʟʚʦʣʷʻ ʚʠʟʥʘʯʠʪʠ ʪʦʚʱʠʥʫ ʦʩʘʜʞʝʥʦʛʦ ʰʘʨʫ. ʅʘʡʢʨʘʱʝ ʩʧʽʚʧʘʜʽʥʥʷ ʪʝʦʨʽʾ 

ʪʘ ʤʦʜʝʣʶʚʘʥʥʷ ʜʣʷ ʟʨʘʟʢʘ ɸ20 ʩʧʦʩʪʝʨʽʛʘʣʦʩʷ ʧʨʠ ʚʠʢʦʨʠʩʪʘʥʥʽ 107,5 ʥʤ ʰʘʨʫ 

AlN ʥʘ GaN ʧʽʜʢʣʘʜʮʽ.  

 

 

ʈʠʩʫʥʦʢ 4.7 ʂʘʨʪʠ ʨʦʟʧʦʜʽʣʫ ʽʥʪʝʥʩʠʚʥʦʩʪʽ ʧʦʙʣʠʟʫ (12-33) ʚʫʟʣʘ ʦʙʝʨʥʝʥʦʾ ʛʨʘʪʢʠ GaN 

ʙʫʬʝʨʥʦʛʦ ʰʘʨʫ ʽ GaN/AlN ʅɻ ʜʣʷ ʟʨʘʟʢʽʚ ɸ20, ɺ10 ʪʘ ʉ20. ɺʝʨʪʠʢʘʣʴʥʽ ʰʪʨʠʭʦʚʽ ʣʽʥʽʾ 

ʧʦʢʘʟʫʶʪʴ ʧʦʣʦʞʝʥʥʷ ή ʜʣʷ GaN ʪʘ ʅɻ. 

 

ɺʽʜʭʠʣʝʥʥʷ ʟʥʘʯʝʥʥʴ ʪʦʚʱʠʥ ʚʽʜ ʥʦʤʽʥʘʣʴʥʠʭ ʟʥʘʯʝʥʴ ʧʽʜʪʚʝʨʜʞʝʥʦ ʪʘʢʦʞ 

ʟʘ ʜʦʧʦʤʦʛʦʶ ʧʨʦʩʚʽʪʣʶʶʯʦʾ ʝʣʝʢʪʨʦʥʥʦʾ ʤʽʢʨʦʩʢʦʧʽʾ ʨʠʩ. 4.8. ʇɽʄ ʧʽʜʪʚʝʨʜʠʣʘ 

ʪʝʥʜʽʥʮʽʶ ʜʦ ʟʤʝʥʰʝʥʥʷ ʪʦʚʱʠʥʠ GaN ʂʗ. ʆʪʨʠʤʘʥʽ ʟʥʘʯʝʥʥʷ ʜʦʙʨʝ ʢʦʨʝʣʶʶʪʴ 

ʟ ʨʝʟʫʣʴʪʘʪʘʤʠ ɺʈʍɼ ʪʘ ʍʇʈ (ʪʘʙʣ. 4.3). ʅʝʚʝʣʠʢʝ ʥʝʩʧʽʚʧʘʜʽʥʥʷ ʯʠʩʣʦʚʠʭ 

ʟʥʘʯʝʥʴ ʚʠʢʣʠʢʘʥʝ ʣʦʢʘʣʴʥʽʩʪʶ ʤʝʪʦʜʫ, ʫ ʪʦʡ ʯʘʩ ʷʢ ʍ-ʧʨʦʤʝʥʝʚʽ ʤʝʪʦʜʠ 

ʫʩʝʨʝʜʥʶʶʪʴ ʽʥʬʦʨʤʘʮʽʶ ʧʦ ʚʝʣʠʢʽʡ ʧʣʦʱʽ ʟʨʘʟʢʘ. ʊʘʢʦʞ ʮʝ ʤʦʞʝ ʩʚʽʜʯʠʪʠ ʧʨʦ 

ʧʨʠʩʫʪʥʶ ʥʝʟʥʘʯʥʫ ʬʣʫʢʪʫʘʮʽʶ ʪʦʚʱʠʥ, ʷʢʘ ʥʘ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʠʭ ʧʨʦʬʽʣʷʭ 

ɺʈʍɼ ʪʘ ʍʇʈ ʧʨʦʷʚʣʷʻʪʴʩʷ ʫ ʥʝʟʥʘʯʥʦʤʫ ʫʰʠʨʝʥʥʽ ʚʽʜʙʠʪʪʽʚ ʚʽʜ ʩʘʪʝʣʽʪʽʚ ʚʠʱʠʭ 

ʧʦʨʷʜʢʽʚ ʨʠʩ. 4.9. ɼʣʷ ʫʩʫʥʝʥʥʷ ʮʠʭ ʥʝʚʽʜʧʦʚʽʜʥʦʩʪʝʡ, ʨʝʟʫʣʴʪʘʪʠ ʇɽʄ ʧʦʪʨʽʙʥʦ 

ʫʩʝʨʝʜʥʶʚʘʪʠ ʧʦ ʚʝʣʠʢʦʤʫ ʯʠʩʣʫ ʩʪʘʪʠʩʪʠʯʥʠʭ ʜʘʥʠʭ ~10 ʪʘ ʙʽʣʴʰʝ, ʱʦ ʥʝ 

ʟʘʚʞʜʠ ʜʦʮʽʣʴʥʦ ʨʦʙʠʪʠ. ʇʨʦʪʝ ʟʘʛʘʣʴʥʘ ʪʝʥʜʝʥʮʽʷ ʟʤʽʥʠ ʪʦʚʱʠʥ ʅɻ 

ʟʙʝʨʽʛʘʻʪʴʩʷ. 
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ʈʠʩʫʥʦʢ 4.8 ɿʦʙʦʨʘʞʝʥʥʷ ʇɽʄ ʜʣʷ ʟʨʘʟʢʘ ɺ20. ʅʘ ʨʠʩʫʥʢʫ ʚʢʘʟʘʥʽ ʭʘʨʘʢʪʝʨʥʽ ʪʦʚʱʠʥʠ GaN 

ʂʗ ʪʘ AlN ʙʘʨô̒ ʨʫ. 

 

ʋʩʢʣʘʜʥʝʥʥʷ ʬʦʨʤʫʚʘʥʥ GaN ʰʘʨʫ ʜʣʷ ʟʨʘʟʢʘ ɸ20 ʩʧʨʠʯʠʥʝʥʝ ʤʘʣʦʶ 

ʥʦʤʽʥʘʣʴʥʦʶ ʪʦʚʱʠʥʦʶ GaN ʂʗ (~2 ʄʐ) ʪʘ ʤʝʭʘʥʽʟʤʦʤ ʦʙʤʽʥʫ ʤʽʞ ʘʜʘʪʦʤʘʤʠ 

Al ʪʘ ʘʪʦʤʘʤʠ Ga ʟ ʰʘʨʫ GaN, ʱʦ ʥʘ ~30% ʟʤʝʥʰʫʻ ʪʦʚʱʠʥʫ ʢʚʘʥʪʦʚʦʾ ʷʤʠ [98]. 

ʈʝʟʫʣʴʪʘʪʠ ʩʠʤʫʣʶʚʘʥʥʷ ʧʨʦʬʽʣʽʚ ʍʇʈ ʜʣʷ ʟʨʘʟʢʽʚ ɺ20 ʪʘ ʉ20 ʙʣʠʟʢʽ ʜʦ 

ʦʪʨʠʤʘʥʠʭ ʽʟ ɺʈʍɼ ʽ ʧʨʝʜʩʪʘʚʣʝʥʽ ʚ ʪʘʙʣʠʮʽ 4.3. ɼʣʷ ʦʮʽʥʢʠ ʛʫʩʪʠʥʠ ʛʚʠʥʪʦʚʠʭ 

ʜʠʩʣʦʢʘʮʽʡ ʙʫʣʠ ʧʨʦʘʥʘʣʽʟʦʚʘʥʽ ʥʘʧʽʚʰʠʨʠʥʠ ɤ-ʧʨʦʬʽʣʽʚ (0002) ʚʽʜʙʠʪʪʷ. 

ʆʪʨʠʤʘʥʽ ʟʥʘʯʝʥʥʷ ʛʫʩʪʠʥ ʜʠʩʣʦʢʘʮʽʡ ʥʘʚʝʜʝʥʽ ʚ ʪʘʙʣʠʮʽ 4.3. ʉʧʦʩʪʝʨʽʛʘʻʪʴʩʷ 

ʟʙʽʣʴʰʝʥʥʷ ʛʫʩʪʠʥʠ ʜʠʩʣʦʢʘʮʽʡ ʽʟ ʟʤʝʥʰʝʥʥʷʤ ʪʦʚʱʠʥʠ GaN ʂʗ. 
  

ʈʠʩʫʥʦʢ 4.9 (ʘ) ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʽ ʪʘ ʩʠʤʫʣʴʦʚʘʥʽ ɤ/2ɗ ʧʨʦʬʽʣʽ ʩʠʤʝʪʨʠʯʥʦʛʦ (0002) ʚʽʜʙʠʪʪʷ; 

(ʙ) ʧʨʦʬʽʣʽ ʍ-ʧʨʦʤʝʥʝʚʦʾ ʨʝʬʣʝʢʪʦʤʝʪʨʽʾ, ʪʦʯʢʠ ï ʝʢʩʧʝʨʠʤʝʥʪ, ʩʫʮʽʣʴʥʽ ʣʽʥʽʾ ï ʩʠʤʫʣʷʮʽʷ. 
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ʊʘʙʣʠʮʷ 4.3. ʉʪʨʫʢʪʫʨʥʽ ʧʘʨʘʤʝʪʨʠ ʟʨʘʟʢʽʚ ɸ20, ɺ20, ʉ20 ʚʠʟʥʘʯʝʥʽ ʟ ɺʈʍɼ ʪʘ 

ʍʇʈ. 

ɿʨʘʟʦʢ (12-33) ʂʆʇ (0002) 

—‫Ⱦς 
ʍʇʈ πππς ‫  

ὥ̊  ː(¡) Ὑ
 (%) 

Ὑ  

(%) 

ὸ ὸ  (ʥʤ) Ў‫ 

(ʛʨʘʜ) 
ὔ ρπ 
̒̍  

A20 3,130Ñ0,001 - 78 - 107.5 0.29 21.6 

B20 3,1462Ñ0,001 44 56 1.6(5.35) 1.91/5.05 0.16 6.97 

C20 3,1586Ñ0,001 60 40 4.4(5.05) 4.28/5.25 0.11 3.32 

 

ɼʣʷ ʭʘʨʘʢʪʝʨʠʟʘʮʽʾ ʧʦʚʝʨʭʥʽ ʙʫʣʠ ʧʨʦʚʝʜʝʥʽ ʜʦʩʣʽʜʞʝʥʥʷ ɸʉʄ. 

ɿʦʙʨʘʞʝʥʥʷ ʧʦʚʝʨʭʥʽ ʜʦʩʣʽʜʞʫʚʘʥʠʭ ʟʨʘʟʽʚ ʧʨʝʜʩʪʘʚʣʝʥʽ ʥʘ ʨʠʩ. 4.10, ʥʘ ʷʢʠʭ 

ʯʽʪʢʦ ʚʠʜʥʦ ʨʦʩʪʦʚʽ ʪʝʨʘʩʠ, ʜʠʩʣʦʢʘʮʽʡʥʽ ʷʤʢʠ ʪʘ ʪʨʽʱʠʥʠ. ɼʣʷ ʟʨʘʟʢʘ ɸ20 

ʩʧʦʩʪʝʨʽʛʘʻʪʴʩʷ ʩʪʦʚʧʯʘʩʪʘ ʩʪʨʫʢʪʫʨʘ ʟ ʪʝʥʜʝʥʮʽʻʶ ʜʦ ʢʦʘʛʫʣʷʮʽʾ ʪʘ ʢʦʘʣʝʩʮʝʥʮʽʾ 

(ʨʠʩ. 4.10ʘ, ʙ). ʋ ʪʘʢʠʭ ʩʪʨʫʢʪʫʨʘʭ ʜʠʩʣʦʢʘʮʽʾ ʢʦʥʮʝʥʪʨʫʶʪʴʩʷ ʧʝʨʝʚʘʞʥʦ ʥʘ 

ʛʨʘʥʠʮʷʭ ʛʝʢʩʘʛʦʥʘʣʴʥʠʭ ʩʪʦʚʧʮʽʚ. ʂʨʽʤ ʪʦʛʦ, 3-D ʨ̔ʩʪ ʪʘ ʩʪʦʚʧʯʘʩʪʘ ʩʪʨʫʢʪʫʨʘ 

ʩʧʨʠʷʶʪʴ ʟʤʝʥʰʝʥʥʶ ʥʘʧʨʫʛʠ ʨʦʟʪʷʛʫ. ɻʨʘʥʠʮʽ ʩʪʦʚʧʮʽʚ ʪʘ ʧʫʩʪʦʪʠ ʤʽʞ ʥʠʤʠ 

ʩʧʨʠʯʠʥʷʶʪʴ ʫʪʚʦʨʝʥʥʷ ʥʘ ʧʦʚʝʨʭʥʽ ʥʘʥʦʤʝʪʨʦʚʠʭ ʦʪʚʦʨʽʚ ʪʘ ʚʧʘʜʠʥ 

(ʨʠʩ. 4.10ʘ). ʅʘ ʨʠʩ. 4.10ʙ. ʩʧʦʩʪʝʨʽʛʘʶʪʴʩʷ ʩʠʥʬʘʟʥʽ ʪʝʨʘʩʠ, ʚ ʥʘʧʨʷʤʢʫ [11-20]. 

ɸʥʽʟʦʪʨʦʧʽʷ ʰʚʠʜʦʩʪʽ ʨʦʩʪʫ ʚ ʨʽʟʥʠʭ ʢʨʠʩʪʘʣʦʛʨʘʬʽʯʥʠʭ ʥʘʧʨʷʤʢʘʭ ʩʧʨʠʯʠʥʶʻ 

ʫʪʚʦʨʝʥʥʷ ʪʠʧʦʚʦʛʦ ʪʨʠʢʫʪʥʦʛʦ ʚʽʟʝʨʫʥʢʫ (ʧʦʟʥʘʯʝʥʠʡ ʧʫʥʢʪʠʨʥʦʶ ʣʽʥʽʻʶ). ʋ 

ʪʦʡ ʞʝ ʯʘʩ ʥʘ ʧʦʚʝʨʭʥʽ ʟʨʘʟʢʘ ɸ20 ʥʝ ʚʠʷʚʣʝʥʦ ʪʨʽʱʠʥ. 

ɼʣʷ ʟʨʘʟʢʽʚ ɺ20 ʪʘ ʉ20 ʩʧʦʩʪʝʨʽʛʘʻʪʴʩʷ ʧʦʰʘʨʦʚʠʡ 2D-ʨʽʩʪ. ʇʦʚʝʨʭʥʽ 

ʟʨʘʟʢʽʚ ʧʦʢʨʠʪʽ ʪʨʽʱʠʥʘʤʠ, ʛʫʩʪʠʥʘ ʷʢʠʭ ʜʣʷ ʟʨʘʟʢʘ B20 ʚ ʪʨʠ ʨʘʟʠ ʚʠʱʝ ʥʽʞ ʜʣʷ 

ʉ20. ʅʘ ʧʦʚʝʨʭʥʽ ʟʨʘʟʢʘ ɺ20 ʩʧʦʩʪʝʨʽʛʘʶʪʴʩʷ ʟʘʨʦʱʝʥʽ ʪʨʽʱʠʥʠ ʪʘ ʩʠʣʴʥʦ 

ʧʦʨʫʰʝʥʽ ʨʦʩʪʦʚʽ ʪʝʨʘʩʠ (ʨʠʩ. 4.10ʛ). ɺʨʘʭʦʚʫʶʯʠ ʚʠʱʠʡ ʨʽʚʝʥʴ ʥʘʧʨʫʞʝʥʥʷ ʫ 

ʩʪʨʫʢʪʫʨʽ, ʮʝ ʩʚʽʜʯʠʪʴ, ʱʦ ʨʦʟʪʨʽʩʢʫʚʘʥʥʷ ʟʨʘʟʢʘ ʚʽʜʙʫʚʘʻʪʴʩʷ ʧʽʜ ʯʘʩ ʨʦʩʪʫ ʅɻ. 

ɼʣʷ ʟʨʘʟʢʘ ʉ20 (ʨʠʩ. 4.10ʜ) ʚʠʜʥʦ, ʱʦ ʤʝʨʝʞʘ ʪʨʽʱʠʥ ʧʝʨʝʪʠʥʘʻ ʨʦʩʪʦʚʽ ʪʝʨʘʩʠ 

ʨʽʩʪ, ʥʝ ʚʧʣʠʚʘʶʯʠ ʥʘ ʾʭ ʨʦʟʧʦʜʽʣ. 
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ʈʠʩʫʥʦʢ 4.10 ɸʉʄ ʟʦʙʨʘʞʝʥʥʷ ʧʦʚʝʨʭʥʽ (ʘ), (ʙ) ï ʟʨʘʟʢʘ ɸ20, (ʚ),(ʛ) ï ʟʨʘʟʢʘ ɺ20, (ʜ), (ʝ) ï 

ʟʨʘʟʢʘ ʉ20. ʉʪʨʽʣʢʠ ʚʢʘʟʫʶʪʴ ʢʨʠʩʪʘʣʦʛʨʘʬʽʯʥʽ ʥʘʧʨʷʤʢʠ. 

 

ɯʟ ʛʫʩʪʠʥʠ ʪʨʽʱʠʥ ʤʦʞʥʘ ʦʮʽʥʠʪʠ ʨʽʚʝʥʴ ʤʝʭʘʥʽʯʥʦʾ ʥʘʧʨʫʛʠ ʟʘ 

ʩʧʽʚʚʽʜʥʦʰʝʥʥʷʤ ʦʧʠʩʘʥʠʤ Etzkorn ʪʘ ʽʥ. [120]: 

„ υȢψ
ɜὉ

ὒ ρ ’
     τȢτ 

ʜʝ ːρȟωψ ˑ̇  ï ʪʨʽʱʠʥʦʩʪʽʡʢʽʩʪʴ, Ὁ ï ʤʦʜʫʣʴ ʖʥʛʘ, ’ ï ʢʦʝʬʽʮʽʻʥʪ ʇʫʘʩʩʦʥʘ, 

ὒ  ï ʩʝʨʝʜʥʷ ʚʽʜʩʪʘʥʴ ʤʽʞ ʪʨʽʱʠʥʘʤʠ. ʈʦʟʨʘʭʦʚʘʥʽ ʟʥʘʯʝʥʥʷ ʥʘʧʨʫʞʝʥʴ 

ʩʢʣʘʜʘʶʪʴ ~1,11 ɻʇʘ ʪʘ ~ 0,64 ɻʇʘ ʜʣʷ ʟʨʘʟʢʽʚ ɺ20 ʪʘ ʉ20 ʚʽʜʧʦʚʽʜʥʦ. 

ʊʘʢʦʞ ʟʥʘʯʝʥʥʷ ʤʝʭʘʥʽʯʥʦʾ ʥʘʧʨʫʛʠ ʤʦʞʥʘ ʙʝʟʧʦʩʝʨʝʜʥʴʦ ʚʠʟʥʘʯʠʪʠ ʽʟ 

ʨʝʟʫʣʴʪʘʪʽʚ ɺʈʍɼ ʚʠʢʦʨʠʩʪʦʚʫʶʯʠ ʥʘʩʪʫʧʥʽ ʩʧʽʚʚʽʜʥʦʰʝʥʥʷ 

„ ὣ‐       τȢυ 

ὣ ὅ ὅ
ςὅ

ὅ
     τȢφ 
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‐
ὥ̊ ː ὥ

ὥ
     τȢχ 

ʜʝ ὣ ï ʙʽʘʢʩʽʘʣʴʥʠʡ ʤʦʜʫʣʴ, ὅ  ï ʧʨʫʞʥʽ ʢʦʥʩʪʘʥʪʠ, ‐  ï ʣʘʪʝʨʘʣʴʥʘ ʜʝʬʦʨʤʘʮʽʷ, 

ὥ̊  ː ï ʣʘʪʝʨʘʣʴʥʠʡ ʧʘʨʘʤʝʪʨ ʛʨʘʪʢʠ ʚʠʟʥʘʯʝʥʠʡ ʟ ɺʈʍɼ ὥ ï ʣʘʪʝʨʘʣʴʥʠʡ 

ʧʘʨʘʤʝʪʨ ʛʨʘʪʢʠ ʨʦʟʨʘʭʦʚʘʥʠʡ ʟ ʧʨʠʥʮʠʧʫ ʤʽʥʽʤʽʟʘʮʽʾ ʧʨʫʞʥʴʦʾ ʝʥʝʨʛʽʾ [16]: 

ὥ˚ː
ὥ ὑ ὥ ὑ

ὑ ὑ
     τȢψ 

ὑ
ὸ

ὥ
ὅ ὅ ς

ὅ

ὅ
     τȢω 

ὑ
ὸ

ὥ
ὅ ὅ ς

ὅ

ὅ
    τȢρπ 

ʜʝ ὥ  ʽ ὥ  ʣʘʪʝʨʘʣʴʥʽ ʧʘʨʘʤʝʪʨʠ ʛʨʘʪʦʢ AlN ʪʘ GaN ʚʽʜʧʦʚʽʜʥʦ, ὸ , ὸ  ï 

ʪʦʚʱʠʥʠ ʰʘʨʽʚ ʫ ʅɻ. ʈʦʟʨʘʭʦʚʘʥʽ ʟʥʘʯʝʥʥʷ ʥʘʚʝʜʝʥʽ ʚ ʪʘʙʣʠʮʽ 4.4. 

 

ʊʘʙʣʠʮʷ 4.4. ʈʦʟʨʘʭʦʚʘʥʽ ʟʥʘʯʝʥʥʷ ʜʝʬʦʨʤʘʮʽʡ ʪʘ ʥʘʧʨʫʛ ʟ ɺʈʍɼ, ʘ ʪʘʢʦʞ 

ʚʽʜʩʪʘʥʽ ʤʽʞ ʪʨʽʱʠʥʘʤʠ ʪʘ ʨʦʟʨʘʭʦʚʘʥʽ ʟʥʘʯʝʥʥʷ ʥʘʧʨʫʛ ʟ ɸʉʄ. 

ɿʨʘʟʦʢ ɺʈʍɼ ɸʉʄ 

‐  (%) „  (ɻʇʘ) ὒ  (ʤʢʤ) „  (ɻʇʘ) 

A20 0,55 2,57 - - 

B20 0,53 2,55 3,13 1,09 

C20 0,35 1,58 8,75 0,65 

 

ɼʣʷ ʫʟʘʛʘʣʴʥʝʥʥʷ ʨʝʟʫʣʴʪʘʪʽʚ ʦʪʨʠʤʘʥʠʭ ʫ ʨʦʟʜʽʣʘʭ 4.2 ʪʘ 4.3, ʩʘʤʝ 

ʤʝʭʘʥʽʟʤʽʚ ʨʝʣʘʢʩʘʮʽʾ ʥʘʧʨʫʛ ʫ ʅɻ, ʨʦʟʨʘʭʦʚʘʥʽ ʧʘʨʘʤʝʪʨʠ ʜʣʷ ʜʦʩʣʽʜʞʫʚʘʥʠʭ 

ʟʨʘʟʢʽʚ ʙʫʣʠ ʧʦʙʫʜʦʚʘʥʽ ʫ ʢʦʦʨʜʠʥʘʪʘʭ ʟʘʛʘʣʴʥʦʾ ʪʦʚʱʠʥʠ ʅɻ: Ὄ Ὕ ὔ, ʜʝ Ὕ ï 

ʪʦʚʱʠʥʘ ʧʝʨʽʦʜʫ, ὔ ï ʢʽʣʴʢʽʩʪʴ ʧʝʨʽʦʜʽʚ; ʪʘ ʥʝʩʧʽʚʧʘʜʽʥʥʷ ʣʘʪʝʨʘʣʴʥʠʭ 

ʧʘʨʘʤʝʪʨʽʚ ʛʨʘʪʦʢ: 

ὓ᷆
ὥ˚ː ὥ̐ ̨̅̋̌́̅̋̉

ὥ̐ ̨̅̋̌́̅̋̉
 τȢρρ 
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ʜʝ ὥ˚ː - ʣʘʪʝʨʘʣʴʥʠʡ ʧʘʨʘʤʝʪʨ ʛʨʘʪʢʠ ʨʦʟʨʘʭʦʚʘʥʠʡ ʟ ʧʨʠʥʮʠʧʫ ʤʽʥʽʤʽʟʘʮʽʾ 

ʧʨʫʞʥʴʦʾ ʝʥʝʨʛʽʾ ʟʘ ʩʧʽʚʚʽʜʥʦʰʝʥʥʷʤ τȢψ. ʈʦʟʨʘʭʦʚʘʥʽ ʟʥʘʯʝʥʥʷ ʜʣʷ 

ʜʦʩʣʽʜʞʫʚʘʥʠʭ ʩʪʨʫʢʪʫʨ ʨʘʟʦʤ ʽʟ ʣʽʪʝʨʘʪʫʨʥʠʤʠ ʜʘʥʠʤʠ ʧʨʝʜʩʪʘʚʣʝʥʽ ʥʘ 

ʨʠʩ. 4.11.  

ʈʠʩʫʥʦʢ 4.11 ɿʘʣʝʞʥʽʩʪʴ ʤʝʭʘʥʽʟʤʫ ʨʝʣʘʢʩʘʮʽʾ ʅɻ ʚʽʜ ʪʦʚʱʠʥʠ ʩʪʨʫʢʪʫʨʠ ʪʘ ʥʝʩʧʽʚʧʘʜʽʥʥʷ 

ʧʘʨʘʤʝʪʽʚ ʨʝʰʽʪʢʠ. ʎʠʬʨʘʤʠ ɯ, ɯɯ ʪʘ ɯɯɯ ʧʦʟʥʘʯʝʥʦ ʦʙʣʘʩʪʽ ʫ ʷʢʠʭ ʩʧʦʩʪʝʨʽʛʘʻʪʴʩʷ 

ʙʝʟʜʠʩʣʦʢʘʮʽʡʥʠʡ ʨʽʩʪ, ʘʢʪʠʚʥʝ ʫʪʚʦʨʝʥʥʷ ʜʠʩʣʦʢʘʮʽʡ ʪʘ ʨʦʟʪʨʽʩʢʫʚʘʥʥʷ ʩʪʨʫʢʪʫʨʠ 

ʚʽʜʧʦʚʽʜʥʦ. ʉʪʨʽʣʢʘʤʠ ʩʭʝʤʘʪʠʯʥʦ ʧʦʢʘʟʘʥʦ ʟʤʽʥʫ ʜʝʬʦʨʤʦʚʘʥʦʛʦ ʩʪʘʥʫ ʅɻ ʚʽʜʥʦʩʥʦ 

ʨʝʣʘʢʩʦʚʘʥʦʛʦ ʧʦʣʦʞʝʥʥʷ. 

 

ʅʘ ʨʠʩ. 4.11 ʧʨʝʜʩʪʘʚʣʝʥʽ ʧʦʣʦʞʝʥʥʷ ʅɻ ʚ ʢʦʦʨʜʠʥʘʪʘʭ ʟʘʛʘʣʴʥʦʾ ʪʦʚʱʠʥʠ 

ʪʘ ʥʝʩʧʽʚʧʘʜʽʥʥʷ ʧʘʨʘʤʝʪʨʽʚ ʣʘʪʝʨʘʣʴʥʠʭ ʛʨʘʪʦʢ ʅɻ ʪʘ ʧʽʜʢʣʘʜʢʠ. ʈʘʟʦʤ ʽʟ 
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ʜʦʩʣʽʜʞʫʚʘʥʠʤʠ ʩʪʨʫʢʪʫʨʘʤʠ ʧʨʝʜʩʪʘʚʣʝʥʦ ʣʽʪʝʨʘʪʫʨʥʽ ʜʘʥʽ ʽʟ: [16], [22], [109], 

[121]ï[137]. ɿʽʨʦʯʢʘʤʠ ʟʦʙʨʘʞʝʥʦ ʧʦʣʦʞʝʥʥʷ ʜʦʩʣʽʜʞʫʚʘʥʠʭ ʩʪʨʫʢʪʫʨ, 

ʨʦʟʨʘʭʦʚʘʥʠʭ ʟʛʽʜʥʦ ʤʽʥʽʤʽʟʘʮʽʾ ʧʨʫʞʥʴʦʾ ʝʥʝʨʛʽʾ (4.8), ʪʦʙʪʦ ʜʣʷ ʧʦʚʥʽʩʪʶ 

ʨʝʣʘʢʩʦʚʘʥʠʭ ʩʪʨʫʢʪʫʨ. ʉʬʝʨʠ ʟʦʙʨʘʞʫʶʪʴ ʧʦʣʦʞʝʥʥʷ ʩʪʨʫʢʪʫʨ ʟ ʚʨʘʭʫʚʘʥʥʷ 

ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʠʭ ʟʥʘʯʝʥʴ ʣʘʪʝʨʘʣʴʥʠʭ ʧʘʨʘʤʝʪʨʽʚ ʛʨʘʪʦʢ. ʊʦʙʪʦ ʫ ʮʴʦʤʫ 

ʚʠʧʘʜʢʫ ʫ ʬʦʨʤʫʣʽ (4.11) ʟʘʤʽʩʪʴ ὥ˚ː ʚʠʢʦʨʠʩʪʦʚʫʚʘʣʠʩʴ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʽ 

ʟʥʘʯʝʥʥʷ ʧʘʨʘʤʝʪʨʽʚ ʛʨʘʪʦʢ ὥ̊  ːʟ ʪʘʙʣʠʮʴ 4.2 ʪʘ 4.3. ʊʘʢʦʞ ʥʘ ʨʠʩ. 4.11 ʟʦʙʨʘʞʝʥʽ 

ʪʝʦʨʝʪʠʯʥʽ ʨʦʟʨʘʭʫʥʢʠ ʢʨʠʪʠʯʥʠʭ ʪʦʚʱʠʥ ʫʪʚʦʨʝʥʥʷ ʜʠʩʣʦʢʘʮʽʡ (Ὤ ) ʪʘ 

ʪʨʽʱʠʥ (Ὤ ) ʫ ʟʘʣʝʞʥʦʩʪʽ ʚʽʜ ʪʦʚʱʠʥʠ ʩʪʨʫʢʪʫʨʠ ʪʘ ʥʘʩʧʽʚʧʘʜʽʥʥʷ 

ʣʘʪʝʨʘʣʴʥʠʭ ʧʘʨʘʤʝʪʨʽʚ ʛʨʘʪʦʢ. ʂʨʠʪʠʯʥʽ ʪʦʚʱʠʥʠ ʨʦʟʨʘʭʦʚʫʚʘʣʠʩʴ ʟʘ 

ʬʦʨʤʫʣʘʤʠ: 

Ὤ
ὦ

τ“ὓ᷆ ρ ’
ÌÎ
Ὤ

ὦ
ρ                                 τȢρς 

Ὤ
Ὁː

ὤ„ ρ ’
                                              τȢρσ 

ʜʝ ὤ ρȟωχφ ï ʙʝʟʨʦʟʤʽʨʥʠʡ ʧʘʨʘʤʝʪʨ, ʷʢʠʡ ʟʘʣʝʞʠʪʴ ʚʽʜ ʛʝʦʤʝʪʨʽʾ ʪʨʽʱʠʥ, ὦ ï 

ʚʝʢʪʦʨ ɹʶʨʛʝʨʩʘ, ’ ï ʢʝʻʬʽʮʽʻʥʪ ʇʫʘʩʩʦʥʘ, Ὁ ï ʤʦʜʫʣʴ ʖʥʛʘ, „ ï ʤʝʭʘʥʽʯʥʘ 

ʥʘʧʨʫʛʘ, ː ρȟωψ ˑ̇  ï ʪʨʽʱʠʥʦʩʪʽʡʢʽʩʪʴ. 

ʆʙʣʘʩʪʽ ɯ, ɯɯ ʪʘ ɯɯɯ, ʱʦ ʦʙʤʝʞʝʥʽ ʣʽʥʽʷʤʠ ʢʨʠʪʠʯʥʠʭ ʪʦʚʱʠʥ, ʚʽʜʧʦʚʽʜʘʶʪʴ 

ʙʝʟʜʠʩʣʦʢʘʮʽʡʥʠʤ ʫʤʦʚʘʤ ʨʦʩʪʫ, ʧʦʯʘʪʢʫ ʘʢʪʠʚʥʦʾ ʛʝʥʝʨʘʮʽʾ ʜʠʩʣʦʢʘʮʽʡ ʪʘ 

ʧʦʯʘʪʢʫ ʨʦʟʪʨʽʩʢʫʚʘʥʥʷ ʩʪʨʫʢʪʫʨʠ ʚʽʜʧʦʚʽʜʥʦ. ʎʝ ʧʦʚʥʽʩʪʶ ʫʟʛʦʜʞʫʻʪʴʩʷ ʟ 

ʨʝʟʫʣʴʪʘʪʘʤʠ ʨʦʟʜʽʣʫ 4.2 ʜʣʷ ʟʨʘʟʢʽʚ ʉ5, ʉ10 ʪʘ ʉ20, ʜʝ ʽʟ ʟʙʽʣʴʰʝʥʥʷʤ ʟʘʛʘʣʴʥʦʾ 

ʪʦʚʱʠʥʠ ʅɻ ʩʧʦʯʘʪʢʫ ʩʧʦʩʪʝʨʽʛʘʣʦʩʴ ʟʨʦʩʪʘʥʥʷ ʛʫʩʪʠʥʠ ʜʠʩʣʦʢʘʮʽ, ʷʢʝ ʜʦʩʷʛʘʣʦ 

ʤʘʢʩʠʤʘʣʴʥʦʛʦ ʟʥʘʯʝʥʥʷ ʜʣʷ ʟʨʘʟʢʘ ʉ10, ʘ ʧʦʪʽʤ ʽ ʨʦʟʪʨʽʩʢʫʚʘʥʥʷ ʩʪʨʫʢʪʫʨʠ 

(ʟʨʘʟʦʢ ʉ20). 

ɼʣʷ ʧʦʚʥʽʩʪʶ ʥʘʧʨʫʞʝʥʠʭ ʜʦ GaN ʙʫʬʝʨʫ GaN/AlN ʅɻ, ʰʘʨʠ AlN-ʙʘʨ'ʻʨʘ 

ʙʫʜʫʪʴ ʟʥʘʭʦʜʷʪʴʩʷ ʧʽʜ ʥʘʧʨʫʛʦʶ ʨʦʟʪʷʛʫ ~2,4%, ʱʦ ʧʦʯʠʥʘʻ ʨʝʣʘʢʩʫʚʘʪʠ ʧʨʠ 

ʪʦʚʱʠʥʠ ʅɻ ʚʠʱʝ ʢʨʠʪʠʯʥʦʾ ʜʦ ʨʽʚʥʦʚʘʞʥʦʛʦ ʟʥʘʯʝʥʥʷ ʽʟ ʣʘʪʝʨʘʣʴʥʠʤ 

ʧʘʨʘʤʝʪʨʦʤ ʛʨʘʪʢʠ, ʱʦ ʟʘʜʘʻʪʴʩʷ ʩʧʽʚʚʽʜʥʦʰʝʥʥʷʤ (4.8). ʈʽʚʥʦʚʘʞʥʝ ʟʥʘʯʝʥʥʷ 

ʥʘʧʨʫʛʠ ʫ ʰʘʨʘʭ AlN ʟʤʝʥʰʫʻʪʴʩʷ ʟʽ ʟʤʝʥʰʝʥʥʷʤ ʩʧʽʚʚʽʜʥʦʰʝʥʥʷ tGaN/tAlN, ʱʦ 
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ʧʝʨʝʜʙʘʯʘʻ ʙʽʣʴʰʫ ʨʝʣʘʢʩʘʮʽʶ ʙʘʨ'ʻʨʥʠʭ ʰʘʨʽʚ ʅɻ. ʗʢ ʚʠʜʥʦ ʟ ʪʘʙʣʠʮʽ 4.4, ʨʽʚʝʥʴ 

ʥʘʧʨʫʛ ʤʘʻ ʥʘʡʙʽʣʴʰʝ ʟʥʘʯʝʥʥʷ ʜʣʷ ʟʨʘʟʢʘ ɸ20 ʽ ʟʤʝʥʰʫʻʪʴʩʷ ʜʣʷ ʟʨʘʟʢʽʚ B20 ʪʘ 

C20 ʟ ʟʙʽʣʴʰʝʥʥʷʤ ʩʧʽʚʚʽʜʥʦʰʝʥʥʷ tGaN/tAlN ʪʘ ʟʘʛʘʣʴʥʦʾ ʪʦʚʱʠʥʠ ʅɻ. ʈʝʣʘʢʩʘʮʽʷ 

ʥʘʧʨʫʞʝʥʴ ʨʦʟʪʷʛʫ ʫ ʅɻ ʩʫʧʨʦʚʦʜʞʫʻʪʴʩʷ ʫʪʚʦʨʝʥʥʷʤ ʪʨʽʱʠʥ ʪʘ ʜʠʩʣʦʢʘʮʽʾ 

(ʪʘʙʣ. 4.4). ɺʝʣʠʢʘ ʛʫʩʪʠʥʘ ʜʠʩʣʦʢʘʮʽʾ ʪʘ ʩʪʦʚʧʯʘʩʪʘ ʩʪʨʫʢʪʫʨʘ ʟʨʘʟʢʘ ɸ20 

ʟʘʧʦʙʽʛʘʻ ʫʪʚʦʨʝʥʥʶ ʪʨʽʱʠʥ. ʄʝʭʘʥʽʟʤ ʨʦʩʪʫ ʧʣʽʚʢʠ ʤʘʻ ʚʠʨʘʞʝʥʠʡ ʪʨʠʚʠʤʽʨʥʠʡ 

ʭʘʨʘʢʪʝʨ (ʨʠʩ. 4.10ʘ, ʙ). ʇʝʨʝʭʽʜ ʜʦ ʨʝʞʠʤʫ 2D-ʨʦʩʪʫ ʩʧʦʩʪʝʨʽʛʘʚʩʷ ʟ 

ʟʙʽʣʴʰʝʥʥʷʤ ʩʧʽʚʚʽʜʥʦʰʝʥʥʷ tGaN/tAlN. ɼʣʷ ʟʨʘʟʢʘ B20 ʟ ʤʝʥʰʠʤ 

ʩʧʽʚʚʽʜʥʦʰʝʥʥʷʤ tGaN/tAlN ʪʘ ʥʠʞʯʦʶ ʨʽʚʥʦʚʘʞʥʦʶ ʥʘʧʨʫʛʦʶ ʫ ʙʘʨ'ʻʨʥʠʭ ʰʘʨʘʭ, 

ʛʫʩʪʠʥʘ ʪʨʽʱʠʥ ʚʠʱʝ, ʥʽʞ ʫ ʟʨʘʟʢʫ C20, ʱʦ ʪʘʢʦʞ ʚʽʜʧʦʚʽʜʘʻ ʙʽʣʴʰ ʚʠʩʦʢʽʡ 

ʨʝʣʘʢʩʘʮʽʾ ʰʘʨʽʚ AlN (ʪʘʙʣ. 4.3). ʊʘʢʦʞ ʜʣʷ ʟʨʘʟʢʘ ɺ20 ʩʧʦʩʪʝʨʽʛʘʻʪʴʩʷ ʯʘʩʪʢʦʚʝ 

ʟʘʨʦʩʪʘʥʥʷ ʪʨʽʱʠʥʠ, ʮʝ ʚʢʘʟʫʻ ʥʘ ʪʝ, ʱʦ ʨʦʟʪʨʽʩʢʫʚʘʥʥ ̫ʟʨʘʟʢʘ ɺ20 ʧʦʯʘʣʘʩʷ ʱʝ 

ʧʽʜ ʯʘʩ ʨʦʩʪʫ ʅɻ. ɺʝʣʠʢʝ ʥʝʩʧʽʚʧʘʜʽʥʥʷ ʣʘʪʝʨʘʣʴʥʠʭ ʧʘʨʘʤʝʪʨʽʚ ʝʧʽʪʘʢʩʽʡʥʦʾ 

ʩʪʨʫʢʪʫʨʠ ʪʘ ʙʫʬʝʨʥʦʛʦ ʰʘʨʫ ʜʣʷ ʟʨʘʟʢʘ ɸ20 ʤʦʛʣʦ ʩʧʨʠʯʠʥʠʪʠ ʧʝʨʝʭʽʜ ʥʘ 

ʧʦʯʘʪʢʦʚʦʤʫ ʝʪʘʧʽ ʚʽʜ 2D ʜʦ 3D ʨʝʞʠʤʫ ʨʦʩʪʫ. ʎʝ ʤʦʞʝ ʙʫʪʠ ʧʨʠʯʠʥʦʶ 

ʚʽʜʩʫʪʥʦʩʪʽ ʨʦʟʪʨʽʩʢʫʚʘʥʥʷ ʥʘʚʽʪʴ ʧʨʠ ʥʘʷʚʥʠʭ ʚʝʣʠʢʠʭ ʥʘʧʨʫʛʘʭ ʨʦʟʪʷʛʫ ʫ 

ʟʨʘʟʢʫ. 
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4.4. ɼʦʩʣʽʜʞʝʥʥʷ ʜʝʬʦʨʤʘʮʽʡʥʦʛʦ ʩʪʘʥʫ ʢʦʨʦʪʢʦ-ʧʝʨʽʦʜʥʠʭ 

AlGaN/GaN ʥʘʜʛʨʘʪʦʢ ʧʨʠ ʨʽʟʥʠʭ ʩʧʽʚʚʽʜʥʦʰʝʥʥʷʭ ʪʦʚʱʠʥʠ ʙʘʨ'ʻʨ/ʷʤʘ 

ɼʣʷ ʦʪʨʠʤʘʥʥʷ ʧʝʨʝʜʙʘʯʝʥʠʭ ʦʧʪʠʤʽʟʦʚʘʥʠʭ ʧʘʨʘʤʝʪʨʽʚ 

ʩʚʽʪʣʦʚʠʧʨʦʤʽʥʶʶʯʠʭ ʥʽʪʨʠʜʥʠʭ ʛʝʪʝʨʦʩʪʨʫʢʪʫʨ ʥʝʦʙʭʽʜʥʝ ʜʝʪʘʣʴʥʝ ʨʦʟʫʤʽʥʥʷ 

ʚʧʣʠʚʫ ʧʨʫʞʥʠʭ ʜʝʬʦʨʤʘʮʽʡ ʪʘ ʤʝʭʘʥʽʟʤʽʚ ʨʝʣʘʢʩʘʮʽʾ ʥʘ ʧʦʣʷʨʠʟʘʮʽʡʥʠʡ ʝʬʝʢʪ. 

ɼʣʷ ʚʠʨʽʰʝʥʥʷ ʮʽʻʾ ʟʘʜʘʯʽ ʤʠ ʜʦʩʣʽʜʞʫʚʘʣʠ ʧʨʠʨʦʜʫ ʚʠʧʨʦʤʽʥʶʚʘʣʴʥʠʭ ʮʝʥʪʨʽʚ 

ʚ Al0,1Ga0,9N/GaN ʙʘʛʘʪʦʰʘʨʦʚʽʡ ʩʪʨʫʢʪʫʨʽ, ʧʨʠ ʟʤʽʥʽ ʪʦʚʱʠʥ ʷʤʠ ʪʘ ʙʘʨôʻʨʫ. 

ɼʦʜʘʪʢʦʚʦ ʙʫʣʠ ʧʨʦʘʥʘʣʽʟʦʚʘʥʽ ʧʨʫʞʥʽ ʜʝʬʦʨʤʘʮʽʾ ʚ ʰʘʨʘʭ ʛʝʪʝʨʦʩʪʨʫʢʪʫʨʠ 

Al0,1Ga0,9N/GaN. ʊʘʢʦʞ ʙʫʣʠ ʨʦʟʨʘʭʦʚʘʥʽ ʧʦʣʷʨʠʟʘʮʽʡʥʽ ʧʦʣʷ ʪʘ ʧʦʣʦʞʝʥʥʷ 

ʝʥʝʨʛʝʪʠʯʥʠʭ ʨʽʚʥʽʚ ʦʧʪʠʯʥʠʭ ʧʝʨʝʭʦʜʽʚ. 

ɼʦʩʣʽʜʞʫʚʘʣʠʩʴ 10-ʧʝʨʽʦʜʥʽ AlʭGa1-ʭN/GaN ʅɻ ʦʪʨʠʤʘʥʽ ʤʝʪʦʜʦʤ ʤʝʪʘʣ-

ʦʨʛʘʥʽʯʥʦʾ ʧʘʨʦʬʘʟʦʚʦʾ ʝʧʽʪʘʢʩʽʾ. ʅʘʜʛʨʘʪʢʠ ʙʫʣʠ ʚʠʨʦʱʝʥʽ ʥʘ GaN-ʙʫʬʝʨʽ, 

ʢʦʪʨʠʡ ʩʢʣʘʜʘʚʩʷ ʽʟ ʰʘʨʫ GaN:Si (3.5 ʤʢʤ), ʰʘʨʫ GaN ʟ ʚʣʘʩʥʦʶ ʧʨʦʚʽʜʥʽʩʪʶ 

ʪʦʚʱʠʥʦʶ 0.5 ʤʢʤ ʽ 20 ʥʤ ʥʠʟʴʢʦʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ʟʘʨʦʜʢʦʚʦʛʦ ʰʘʨʫ GaN, 

ʚʠʨʦʱʝʥʠʭ ʥʘ ʩ-ʧʣʦʱʠʥʽ ʧʽʜʢʣʘʜʢʠ ʩʘʧʬʽʨʫ. ɺ ʦʜʥʽʡ ʩʝʨʽʾ ʟʨʘʟʢʽʚ (S1) ʥʘʜʛʨʘʪʢʠ 

ʩʢʣʘʜʘʣʠʩʴ ʟ ʙʘʨôʻʨʽʚ AlʭGa1-ʭN ʥʦʤʽʥʘʣʴʥʦʾ ʪʦʚʱʠʥʠ ~ 7 ʥʤ ʽ ʥʦʤʽʥʘʣʴʥʠʤ 

ʩʢʣʘʜʦʤ Al ~ 10% ʽ GaN ʂʗ ʪʦʚʱʠʥʦʶ ~ 10 ʥʤ. ɺ ʜʨʫʛʦʤʫ ʚʠʧʘʜʢʫ (S2) AlʭGa1-

ʭN ʙʘʨôʻʨʠ ʙʫʣʠ ʙʽʣʴʰʦʾ ʪʦʚʱʠʥʠ ʙʽʣʷ 13,2 ʥʤ, ʘ ʪʦʚʱʠʥʘ ʷʤ GaN ʙʫʣʘ ʤʝʥʰʝ ~ 

5,5 ʥʤ. ɿʥʘʯʝʥʥʷ ʪʦʚʱʠʥ ʙʫʣʠ ʨʦʟʨʘʭʦʚʘʥʽ ʽʟ ʯʘʩʽʚ ʥʘʥʝʩʝʥʥʷ ʰʘʨʽʚ ʅɻ.  

ʇʦʰʘʨʦʚʠʡ ʘʥʘʣʽʟ ʨʦʟʧʦʜʽʣʫ ʩʢʣʘʜʫ ʧʦ ʛʣʠʙʠʥʽ ʚ ʙʘʛʘʪʦʰʘʨʦʚʠʭ 

AlGaN/GaN ʩʪʨʫʢʪʫʨʘʭ ʧʨʦʚʦʜʠʚʩʷ ʟʘ ʜʦʧʦʤʦʛʦʶ ʤʝʪʦʜʫ ɺɯʄʉ. ʇʨʦʬʽʣʽ 

ʨʦʟʧʦʜʽʣʫ Al ʽ Ga ʫ ʪʨʴʦʭ ʚʝʨʭʥʽʭ ʧʝʨʽʦʜʘʭ ʜʣʷ ʟʨʘʟʢʽʚ S1 ʪʘ S2 ʧʨʝʜʩʪʘʚʣʝʥʽ ʥʘ 

ʨʠʩ 4.12. ʇʽʜʪʚʝʨʜʞʝʥʦ ʙʣʠʟʴʢʠʡ ʜʦ ʥʦʤʽʥʘʣʴʥʦʛʦ ʚʤʽʩʪ Al ʫ ʰʘʨʘʭ ʅɻ (ʜʠʚ. 

ʪʘʙʣ. 4.5). ɼʣʷ ʦʙʦʭ ʟʨʘʟʢʽʚ ʩʧʦʩʪʝʨʽʛʘʻʪʴʩʷ ʟʙʽʣʴʰʝʥʥʷ ʪʦʚʱʠʥʠ GaN ʰʘʨʽʚ ʥʘ 

0,5 ʥʤ. ʋ ʪʦʡ ʞʝ ʯʘʩ ʚʽʜʭʠʣʷʥʥʷ ʪʦʚʱʠʥʠ AlxGa1-xN h ʘʨʫ ʙʫʣʦ ʫ ʤʝʞʘʭ 0,5-1,5 ʥʤ. 

ʂʨʽʤ ʪʦʛʦ ʜʣʷ ʟʨʘʟʢʘ S2 ʭʘʨʘʢʪʝʨʥʘ ʯʽʪʢʘ ʪʝʥʜʝʥʮʽʷ ʟʤʝʥʰʝʥʥʷ ʪʦʚʱʠʥʠ ʢʦʞʥʦʛʦ 

ʙʽʣʴʰ ʛʣʠʙʦʢʦʛʦ AlGaN ʙʘʨôʻʨʥʦʛʦ ʰʘʨʫ. ɼʣʷ ʟʨʘʟʢʘ S1 ʪʘʢʦʾ ʟʘʢʦʥʦʤʽʨʥʦʩʪʽ ʥʝ 

ʚʠʷʚʣʝʥʦ. ʆʪʨʠʤʘʥʽ ʨʝʟʫʣʴʪʘʪʠ ʧʨʝʜʩʪʘʚʣʝʥʽ ʚ ʪʘʙʣʠʮʽ 4.5.  
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ʈʠʩʫʥʦʢ 4.12 ɺʅʄʉ ʛʣʠʙʠʥʥʽ ʧʨʦʬʽʣʽ ʨʦʟʧʦʜʽʣʫ Al ʪʘ Ga ʫ AlʭGa1-ʭN/GaN ʅɻ 

 

ɼʣʷ ʜʝʪʘʣʴʥʦʛʦ ʚʠʟʥʘʯʝʥʥʷ ʩʪʨʫʢʪʫʨʥʠʭ ʧʘʨʘʤʝʪʨʽʚ ʚʠʢʦʨʠʩʪʦʚʫʚʘʣʘʩʷ 

ɺʈʍɼ. ɿ ʘʥʘʣʽʟʫ ʩʝʨʽʾ ʂʆʇ ʚ ʦʢʦʣʽ ʘʩʠʤʝʪʨʠʯʥʦʛʦ (11-24) ʚʽʜʙʠʪʪʷ (ʨʠʩ. 4.12) ʜʣʷ 

ʚʩʽʭ ʩʪʨʫʢʪʫʨ ʙʫʣʠ ʚʠʟʥʘʯʝʥʽ ʜʝʬʦʨʤʘʮʽʡʥʽ ʧʘʨʘʤʝʪʨʠ ʅɻ. ʅʘʷʚʥʽʩʪʴ ʩʘʪʝʣʽʪʽʚ 

ʩʚʽʜʯʠʪʴ ʧʨʦ ʚʠʩʦʢʠʡ ʩʪʝʧʽʥʴ ʢʦʛʝʨʝʥʪʥʦʩʪʽ ʅɻ ʩʪʨʫʢʪʫʨʠ. 

 

ʈʠʩʫʥʦʢ 4.13 ʂʆʇ ʚ ʦʢʦʣʽ ʚʫʟʣʘ (11-24) ʜʣʷ ʉʈ AlGaN/GaN: (S1) (a), (S2) (b). qy ʽ qx ï 

ʢʦʦʨʜʠʥʘʪʠ ʦʙʝʨʥʝʥʦʛʦ ʧʨʦʩʪʦʨʫ, ʚʽʜʧʦʚʽʜʥʦ, ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦ ʽ ʧʘʨʘʣʝʣʴʥʦ ʜʦ ʧʦʚʝʨʭʥʽ.  

 

ʊʫʪ ʚʘʨʪʦ ʚʽʜʤʽʪʠʪʠ ʮʽʢʘʚʠʡ ʝʬʝʢʪ, ʽʟ ʧʦʣʦʞʝʥʥʷ ʚʽʜʙʠʪʪʽʚ GaN ʙʫʬʝʨʥʠʭ 

ʰʦʨʽʚ ʥʘ ʂʆʇ ʩʣʽʜʫʻ, ʱʦ ʚʦʥʠ ʟʥʘʭʦʜʷʪʴʩʷ ʚ ʩʪʠʩʥʫʪʦʤʫ ʩʪʘʥʽ. ʎʝ ʦʯʽʢʫʚʘʥʠʡ 

ʨʝʟʫʣʴʪʘʪ, ʟ ʦʛʣʷʜʫ ʥʘ 30Á ʨʦʟʚʦʨʦʪ ʝʣʝʤʝʥʪʘʨʥʦʾ ʢʦʤʽʨʢʠ GaN ʚʽʜʥʦʩʥʦ 

ʢʨʠʩʪʘʣʽʯʥʦʾ ʛʨʘʪʢʠ ʩʘʧʬʽʨʦʚʦʾ ʧʽʜʢʣʘʜʢʠ [98]. ʊʦʙʪʦ ʙʫʬʝʨʥʠʡ ʰʘʨ ʥʝ ʧʦʚʥʽʩʪʶ 
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ʨʝʣʘʢʩʦʚʘʥʠʡ. ɺ ʥʘʰʦʤʫ ʚʠʧʘʜʢʫ, ʥʝʚʝʣʠʢʽ ʟʤʽʱʝʥʥʷ ʩʘʪʝʣʽʪʽʚ ʅɻ ʚʽʜʥʦʩʥʦ 

ʚʝʨʪʠʢʘʣʴʥʦʛʦ ʧʦʣʦʞʝʥʥʷ ʙʫʬʝʨʥʦʛʦ ʰʘʨʫ ʚʢʘʟʫʶʪʴ ʧʨʦ ʯʘʩʪʢʦʚʫ ʨʝʣʘʢʩʘʮʽʶ ʥʘ 

ʮʽʡ ʛʨʘʥʠʮʽ (ὥ̊ ː ὥ ). ʎʝ ʩʚʽʜʯʠʪʴ ʧʨʦ ʯʘʩʪʢʦʚʠʡ ʟʨʠʚ ʧʩʝʚʜʦʤʦʨʬʥʦʛʦ ʨʦʩʪʫ 

ʅɻ. ʉʝʨʝʜʥʽʡ ʣʘʪʝʨʘʣʴʥʠʡ ʧʘʨʘʤʝʪʨ ʛʨʘʪʢʠ ʅɻ ʜʝʱʦ ʙʽʣʴʰʠʡ ʥʽʞ ʧʘʨʘʤʝʪʨ ʘ 

ʙʫʬʝʨʥʦʛʦ ʰʘʨʫ. ʇʨʠʯʦʤʫ ʜʣʷ ʟʨʘʟʢʘ S1 ʩʪʫʧʽʥʴ ʨʝʣʘʢʩʘʮʽʾ (R=4.9%) ʙʽʣʴʰʝ, ʥʽʞ 

ʜʣʷ ʟʨʘʟʢʘ S2 (R=3.7%). 

 

ʈʠʩʫʥʦʢ 4.14 ɤ/2ɗ-ʧʨʦʬʽʣʽ ɺʈʍɼ ʜʣʷ ʩʠʤʝʪʨʠʯʥʦʛʦ (0002) ʚʽʜʙʠʪʪʷ (ʘ) ï ʜʣʷ ʟʨʘʟʢʘ S1, (ʙ) ï 

ʜʣʷ ʟʨʘʟʢʘ S2. ʉʠʥʽ ʧʨʦʬʽʣʽ ï ʝʢʩʧʝʨʠʤʝʥʪ, ʯʝʨʚʦʥʽ ï ʤʦʜʝʣʶʚʘʥʥʷ. 

 

ʗʢ ʩʣʽʜʫʻ ʟ ʮʠʭ ʨʝʟʫʣʴʪʘʪʽʚ, ʦʙʠʜʚʘ ʰʘʨʠ ʅɻ ʟʥʘʭʦʜʠʪʴʩʷ ʩʪʠʩʥʫʪʦʤʫ ʩʪʘʥʽ, 

ʭʦʯʘ ʥʘʧʨʫʞʝʥʥʷ ʩʪʠʩʢʫ ʚ ʰʘʨʘʭ GaN ʙʽʣʴʰʝ, ʥʽʞ ʫ ʰʘʨʘʭ Al0.1Ga0.9N. ʈʽʟʥʠʮʷ ʚ 

ʟʥʘʯʝʥʥʷʭ ʩʝʨʝʜʥʴʦʛʦ ʧʘʨʘʤʝʪʨʘ ʛʨʘʪʢʠ ὥ˚ː ʟʨʘʟʢʽʚ S1 ʽ S2 ʚʠʢʣʠʢʘʥʘ ʟʤʽʥʘʤʠ ʚ 

ʩʧʽʚʚʽʜʥʦʰʝʥʥʽ ʪʦʚʱʠʥ ʰʘʨʽʚ ʅɻ (ὸ Ⱦὸ ). ʎʝ ʚ ʩʚʦʶ ʯʝʨʛʫ ʚʧʣʠʚʘʻ ʽ ʥʘ 

ʜʝʬʦʨʤʘʮʽʡʥʠʡ ʩʪʘʥ ʙʫʬʝʨʥʠʭ ʰʘʨʽʚ, ʘ ʚ ʨʝʟʫʣʴʪʘʪʽ ʽ ʚʩʽʻʾ ʩʠʩʪʝʤʠ. 

ʗʢ ʚʠʜʥʦ ʟ ʨʠʩ. 4.13, ʥʘ ʂʆʇ ʩʧʦʩʪʝʨʽʛʘʶʪʴʩʷ ʰʠʨʦʢʽ ʤʘʢʩʠʤʫʤʠ ʚʽʜ 

ʙʫʬʝʨʥʠʭ ʰʘʨʽʚ GaN, ʘ ʪʘʢʦʞ ʚʽʜ ʩʘʪʝʣʽʪʽʚ ʅɻ. ɺʝʣʠʢʘ ʰʠʨʠʥʘ ʤʘʢʩʠʤʫʤʽʚ 

ʚʟʜʦʚʞ ʥʘʧʨʷʤʢʫ qx ʩʚʽʜʯʠʪʴ ʧʨʦ ʥʘʷʚʥʽʩʪʴ ʜʝʬʝʢʪʽʚ (ʪʦʯʢʦʚʽ ʜʝʬʝʢʪʠ, 

ʜʠʩʣʦʢʘʮʽʾ). ɺʽʜʦʤʦ, ʱʦ ʝʧʽʪʘʢʩʽʡʥʽ ʰʘʨʠ ɯɯɯ-ʥʽʪʨʠʜʽʚ, ʚʠʨʦʱʝʥʽ ʥʘ ʩʘʧʬʽʨʽ, 

ʭʘʨʘʢʪʝʨʠʟʫʶʪʴʩʷ ʚʝʣʠʢʦʶ ʛʫʩʪʠʥʦʶ ʧʨʦʥʠʢʘʶʯʠʭ ʜʠʩʣʦʢʘʮʽʡ (~109 ʩʤ-2), ʷʢʽ 

ʚʠʢʣʠʢʘʶʪʴ ʩʠʣʴʥʝ ʨʦʟʰʠʨʝʥʥʷ ʜʠʬʨʘʢʮʽʡʥʠʭ ʚʽʜʙʠʪʪʽʚ ʚ ʥʘʧʨʷʤʢʫ, 
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ʧʘʨʘʣʝʣʴʥʦʤʫ ʧʦʚʝʨʭʥʽ [138], [139]. ɼʣʷ ʜʦʩʣʽʜʞʫʚʘʥʠʭ ʩʪʨʫʢʪʫʨ ʛʫʩʪʠʥʘ 

ʜʠʩʣʦʢʘʮʽʡ ʚ ʅɻ ʜʦʩʪʘʪʥʴʦ ʤʘʣʘ ʽ ʩʢʣʘʜʘʻ ~107 ʩʤ-2 (ʜʠʚ. ʪʘʙʣʠʮʶ 4.5). 

ʈʦʟʰʠʨʝʥʥʷ ʚʫʟʣʽʚ ʩʘʪʝʣʽʪʽʚ ʚʟʜʦʚʞ ʥʦʨʤʘʣʽ ʜʦ ʚʝʢʪʦʨʘ ʜʠʬʨʘʢʮʽʾ (ʨʠʩ. 4.13) 

ʩʚʽʜʯʠʪʴ ʧʨʦ ʙʽʣʴʰʠʡ ʚʧʣʠʚ ʤʦʟʘʾʯʥʦʩʪʽ ʜʣʷ ʰʘʨʽʚ ʅɻ ʥʽʞ ʜʣʷ ʙʫʬʝʨʥʦʛʦ ʰʘʨʫ. 

ɺʠʢʦʨʠʩʪʦʚʫʶʯʠ ʩʠʤʝʪʨʠʯʥʽ ɤ/2ɗ ʧʨʦʬʽʣʽ ʨʘʟʦʤ ʽʟ ʂʆʇ ʟʥʘʡʜʝʥʦ 

ʚʝʨʪʠʢʘʣʴʥʽ ʪʘ ʣʘʪʝʨʘʣʴʥʽ ʟʥʘʯʝʥʥʷ ʧʘʨʘʤʝʪʨʽʚ ʛʨʘʪʦʢ, ʽʟ ʷʢʠʭ ʨʦʟʨʘʭʦʚʘʥʦ 

ʟʥʘʯʝʥʥʷ ʜʝʬʦʨʤʘʮʽʡ (ʪʘʙʣ. 4.5) ɼʝʪʘʣʴʥʠʡ ʘʥʘʣʽʟ ʪʦʚʱʠʥ ʽʥʜʠʚʽʜʫʘʣʴʥʠʭ ʰʘʨʽʚ 

AlGaN/GaN-ʩʪʨʫʢʪʫʨ ʧʨʦʚʦʜʠʚʩʷ ʰʣʷʭʦʤ ʤʦʜʝʣʶʚʘʥʥʷ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʠʭ 

ɤ/2ɗ ʧʨʦʬʽʣʽʚ ʜʣʷ ʩʠʤʝʪʨʠʯʥʦʛʦ (0002) ʚʽʜʙʠʪʪʷ (ʨʠʩ. 4.13). ʇʘʨʘʤʝʪʨʠ 

AlGaN/GaN ʅɻ, ʦʪʨʠʤʘʥʽ ʟʘ ʜʦʧʦʤʦʛʦʶ ʧʨʦʮʝʜʫʨʠ ʧʽʜʛʦʥʢʠ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʠʭ 

ʽ ʨʦʟʨʘʭʫʥʢʦʚʠʭ ʧʨʦʬʽʣʽʚ ɺʈʍɼ ʧʨʠʚʝʜʝʥʽ ʚ ʪʘʙʣʠʮʽ 4.5. ʈʦʟʨʘʭʦʚʘʥʽ ʟʥʘʯʝʥʥʷ 

ʜʦʙʨʝ ʩʧʽʚʩʪʘʚʣʷʶʪʴʩʷ ʽʟ ʜʘʥʠʤʠ ɺʅʄʉ ʽ ʚ ʟʘʛʘʣʴʥʦʤʫ ʧʦʢʘʟʫʶʪʴ ʚʽʜʭʠʣʝʥʥʷ 

ʟʥʘʯʝʥʴ ʪʦʚʱʠʥ ʰʘʨʽʚ ʧʦʨʽʚʥʷʥʦ ʽʟ ʥʦʤʽʥʘʣʴʥʠʤʠ (ʜʠʚ ʪʘʙʣ. 4.5). ʑʦʙ 

ʧʽʜʪʚʝʨʜʠʪʠ ʮʝ ʚʽʜʭʠʣʝʥʥʷ ʚʽʜ ʥʦʤʽʥʘʣʴʥʦʛʦ ʟʥʘʯʝʥʥʷ, ʚʠʢʦʨʠʩʪʦʚʫʚʘʣʘʩʷ 

ʥʝʯʫʪʣʠʚʘ ʜʦ ʜʝʬʦʨʤʘʮʽʡ ʤʝʪʦʜʠʢʘ ʍʇʈ, ʷʢʘ ʜʦʟʚʦʣʠʣʘ ʟ ʚʠʩʦʢʦʶ ʪʦʯʥʽʩʪʶ 

ʚʠʟʥʘʯʠʪʠ ʧʝʨʽʦʜ ʅɻ (ʜʠʚ ʪʘʙʣ. 4.5). ʗʢ ʚʠʜʥʦ, ʜʣʷ ʢʦʞʥʦʛʦ ʽʟ ʟʨʘʟʢʽʚ, ʚʩʽ ʪʨʠ 

ʤʝʪʦʜʠʢʠ ʜʘʶʪʴ ʙʣʠʟʴʢʽ ʚʝʣʠʯʠʥʠ ʧʝʨʽʦʜʽʚ ʽ ʧʦʢʘʟʫʶʪʴ ʟʘʛʘʣʴʥʝ ʟʙʽʣʴʰʝʥʥʷ 

ʪʦʚʱʠʥʠ ʧʝʨʽʦʜʫ, ʧʦʨʽʚʥʷʥʦ ʽʟ ʥʦʤʽʥʘʣʴʥʦ ʟʘʜʘʥʠʤ. 

 

ʊʘʙʣʠʮʷ 4.5. ʊʝʭʥʦʣʦʛʽʯʥʽ ʽ ʨʦʟʨʘʭʦʚʘʥʽ ʩʪʨʫʢʪʫʨʥʽ ʧʘʨʘʤʝʪʨʠ ʜʣʷ ʟʨʘʟʢʽʚ S1 ʪʘ 

S2. ʦʪʨʠʤʘʥʽ ʟ ʨʝʥʪʛʝʥʽʚʩʴʢʠʭ ʚʠʤʽʨʶʚʘʥʴ ʧʘʨʘʤʝʪʨʠ ʰʘʨʽʚ ʅɻ AlGaN/GaN 

ɿʨʘʟʢʠ 
ʐʘʨʠ 

ʅɻ 

tnomin/tɺʈʍɼ/tɺʅʄʉ 

(ʥʤ) 

ʊnomin/Tɺʈʍɼ/ʊʍʇʈl 

(ʥʤ) 

Xɺʅʄʉ/xXRD 

(%) 

Ns,Ĭ10
7 

(ʩʤ-2) 
exx 

S1 
GaN 9/10/10 

15.6/17/17,2 9/10 8,37 
0,78Ĭ10-3 

AlGaN 6,6/7/8 0,53Ĭ10-3 

S2 
GaN 6/5,5/6,5 

16/18,7/18 10/10 6,00 
1,06Ĭ10-3 

AlGaN 10/13,2/12,66 0,82Ĭ10-3 

 

ʆʪʨʠʤʘʥʽ ʟʥʘʯʝʥʥʷ ʪʦʚʱʠʥ, ʙʫʣʠ ʚʠʢʦʨʠʩʪʘʥʽ ʜʣʷ ʢʦʨʝʢʪʥʦʛʦ ʨʦʟʨʘʭʫʥʢʫ 

ʚʝʣʠʯʠʥʠ ʜʝʬʦʨʤʘʮʽʡ ʜʣʷ ʅɻ ʚʮʽʣʦʤʫ ʪʘ ʢʦʞʥʦʛʦ ʽʟ ʰʘʨʽʚ ʅɻ, ʷʢʽ ʨʘʟʦʤ ʽʟ ʫ  GaN 

ʙʫʬʝʨʥʦʤʫ ʰʘʨ ʥʝʚʝʜʝʥʽ ʫ ʪʘʙʣʠʮʽ 4.5. 
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ɼʣʷ ʧʽʜʪʚʝʨʜʞʝʥʥʷ ʨʝʟʫʣʴʪʘʪʽʚ ɺʈʍɼ ʟʨʘʟʢʠ ʙʫʣʠ ʜʦʜʘʪʢʦʚʦ ʜʦʩʣʽʜʞʝʥʽ 

ʤʝʪʦʜʦʤ ʤʽʢʨʦ-ʂʈʉ. ʅʘ ʨʠʩ. 4.15ʘ ʧʨʝʜʩʪʘʚʣʝʥʽ ʥʠʟʴʢʦʪʝʤʧʝʨʘʪʫʨʥʽ ʨʝʟʦʥʘʥʩʥʽ 

ʩʧʝʢʪʨʠ ʂʈʉ ʟʨʘʟʢʽʚ S1 ʪʘ S2 ʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʣʘʟʝʨʥʦʛʦ ʟʙʫʜʞʝʥʥʷ ʽʟ ʝʥʝʨʛʽʻʶ 

Eexc=3,81 ʝɺ, ʱʦ ʪʨʦʭʠ ʚʠʱʘ ʦʩʥʦʚʥʦʛʦ ʢʨʘʶ ʧʦʛʣʠʥʘʥʥʷ GaN. ʇʨʠ ʫʪʚʦʨʝʥʥʽ 

ʪʚʝʨʜʦʛʦ ʨʦʟʯʠʥʫ AlʭGa1-ʭN ʯʘʩʪʦʪʘ ὃ  ʬʦʥʦʥʽʚ ʤʘʻ ʦʜʥʦʤʦʜʦʚʠʡ ʭʘʨʘʢʪʝʨ 

[140]. ɼʣʷ ʥʝʥʘʧʨʫʞʝʥʠʭ ʰʘʨʽʚ AlʭGa1-ʭN ʚʦʥʘ ʨʽʚʥʘ 766 ʩʤ-1 ʧʨʠ ʊ=90 ʂ ʪʘ 

ʚʤʽʩʪʫ Al ʫ ʰʘʨʽ ʭ=0,1. ʆʮʽʥʝʥʽ ʯʘʩʪʦʪʠ ‫  ʰʘʨʽʚ Al0,1Ga0,9N ʜʣʷ ʟʨʘʟʢʘ S1 

ʩʢʣʘʜʘʶʪʴ å769,3 ʩʤ-1 ʪʘ ʜʣʷ ʟʨʘʟʢʘ S2 å767,3 ʩʤ-1. ʊʘʢʦʞ ʩʧʦʩʪʝʨʽʛʘʚʩʷ ʟʩʫʚ 

ʯʘʩʪʦʪʠ ὃ  ʤʦʜʠ GaN ʚʽʜʥʦʩʥʦ ʩʚʦʛʦ ʨʝʣʘʢʩʦʚʘʥʦʛʦ ʟʥʘʯʝʥʥʷ 737 ʩʤ-1. ʊʘʢ ʜʣʷ 

ʟʨʘʟʢʘ S1 ʩʧʦʩʪʝʨʽʛʘʣʘʩʴ ʯʘʩʪʦʪʘ ‫  GaN å739,1 ʩʤ-1, ʜʣʷ ʟʨʘʟʢʘ S2 å740,2 ʩʤ-1. 

ʋ ʦʙʦʭ ʚʠʧʘʜʢʘʭ ʟʩʫʚ ʯʘʩʪʦʪ ὃ  ʬʦʥʦʥʽʚ ʩʧʨʠʯʠʥʝʥʠʡ ʣʘʪʝʨʘʣʴʥʦʶ 

ʜʝʬʦʨʤʘʮʽʻʶ ʩʪʠʩʢʫ. 

 

ʈʠʩʫʥʦʢ 4.15 (ʘ) ï ʨʝʟʦʥʘʥʩʥʽ (Eexc=3,81 ʝɺ), (ʙ) ï ʥʝʨʝʟʦʥʘʥʩʥʽ (Eexc=2,54 ʝɺ) ʩʧʝʢʪʨʠ ʂʈʉ 

ʟʨʘʟʢʽʚ S1 ʪʘ S2. 

 

ʅʘ ʨʠʩ. 4.15ʙ ʥʘʚʝʜʝʥʽ ʥʝʨʝʟʦʥʘʥʩʥʽ (Eexc=2,81 ʝɺ) ʩʧʝʢʪʨʠ ʂʈʉ ʚʠʤʽʨʷʥʽ 

ʧʨʠ ʢʽʤʥʘʪʥʽʡ ʪʝʤʧʝʨʘʪʫʨʽ. ʋ ʥʝʨʝʟʦʥʘʥʩʥʦʤʫ ʚʠʧʘʜʢʫ ʦʩʥʦʚʥʠʡ ʚʢʣʘʜ ʚ 

ʽʥʪʝʥʩʠʚʥʽʩʪʴ ʂʈʉ ʚʥʦʩʠʪʴ ʪʦʚʩʪʠʡ GaN ʙʫʬʝʨʥʠʡ ʰʘʨ. ʅʘ ʩʧʝʢʪʨʘʭ ʂʈʉ 

ʩʧʦʩʪʝʨʽʛʘʶʪʴʩʷ ʜʚʽ ʤʦʜʠ Ὁ  ʪʘ ὃ  ʜʣʷ ʢʦʞʥʦʛʦ ʟʨʘʟʢʘ. ɰʭ ʯʘʩʪʦʪʠ ʩʢʣʘʜʘʶʪʴ 

569,7 ʪʘ 569,2 ʩʤ-1, 735,9 ʪʘ 736 ʩʤ-1 ʜʷ ʟʨʘʟʢʽʚ S1 ʪʘ S2 ʚʽʜʧʦʚʽʜʥʦ. ʅʘ ʚʩʪʘʚʮʽ 

ʨʠʩ. 4.15 ʯʽʪʢʦ ʚʠʜʥʦ ʟʩʫʚ ʯʘʩʪʦʪ Ὁ  ʤʦʜʠ ʚʽʜʥʦʩʥʦ ʥʝʥʘʧʨʫʞʝʥʦʛʦ ʟʥʘʯʝʥʥʷ, ʷʢʝ 

ʨʽʚʥʝ 567,6 ʩʤ-1, ʱʦ ʩʚʽʜʯʠʪʴ ʧʨʦ ʧʨʠʩʫʪʥʶ ʜʝʬʦʨʤʘʮʽʶ ʩʪʠʩʢʫ. ʆʪʞʝ ʨʝʟʫʣʴʪʘʪʠ 
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ʂʈʉ ʧʽʜʪʚʝʨʜʞʫʶʪʴ ʜʘʥʽ ɺʈʍɼ, ʱʦ ʷʢ ʪʦʚʩʪʠʡ GaN ʙʫʬʝʨʥʠʡ ʰʘʨ ʪʘʢ ʽ ʰʘʨʠ ʅɻ 

ʟʘʟʥʘʶʪʴ ʣʘʪʝʨʘʣʴʥʦʾ ʜʝʬʦʨʤʘʮʽʾ ʩʪʠʩʢʫ. 

ɽʣʝʢʪʨʦʥʥʽ ʚʣʘʩʪʠʚʦʩʪʽ AlGaN/GaN ʅɻ ʩʪʨʫʢʪʫʨ ʜʦʩʣʽʜʞʫʚʘʣʠʩʴ ʤʝʪʦʜʦʤ  

ʥʠʟʴʢʦʪʝʤʧʝʨʘʪʫʨʥʦʾ ʬʦʪʦʣʶʤʽʥʝʩʮʝʥʮʽʾ (ʌʃ). ʉʧʝʢʪʨʠ ʬʦʪʦʣʶʤʽʥʽʩʮʝʥʮʽʾ 

ʧʨʝʜʩʪʘʚʣʝʥʽ ʥʘ ʨʠʩ. 4.16.  

 

ʈʠʩʫʥʦʢ 4.16 (ʘ) ï cʧʝʢʪʨʠ ʬʦʪʦʣʶʤʽʥʽʩʮʝʥʮʽʾ ʟʨʘʟʢʘ S1, (ʙ) ï ʟʨʘʟʢʘ S2. ʎʠʬʨʠ ʥʘ ʩʭʝʤʽ 

ʚʽʜʧʦʚʽʜʘʶʪʴ ʧʨʦʬʽʣʷʤ ʌʃ. ɺʠʤʽʨʶʚʘʥʥʷ ʧʨʦʚʦʜʠʣʠʩʴ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʽ T=83 K, ʟ ʝʥʝʨʛʽʻʶ 

ʟʙʫʜʞʝʥʥʷ Eexc=3,81 ʝɺ ʪʘ ʧʠʪʦʤʦʶ ʧʦʪʫʞʥʽʩʪʶ 2 ɺʪ/ʩʤ2; (ʚ) ï ʟʘʣʝʞʥʽʩʪʴ ʩʧʝʢʪʨʽʚ ʌʃ ʚʽʜ 

ʧʠʪʦʤʦʾ ʧʦʪʫʞʥʦʩʪʽ ʟʙʫʜʞʝʥʥʷ, ʧʨʠ T=83 K ʪʘ Eexc=3,81 ʝɺ. 

 

ɼʣʷ ʜʦʩʣʽʜʞʝʥʥʷ ʧʨʠʨʦʜʠ ʦʧʪʠʯʥʦʛʦ ʚʠʧʨʦʤʽʥʶʚʘʥʥʷ ʟ ʝʥʝʨʛʽʻʶ, ʱʦ 

ʥʠʞʯʘ ʚʽʜ ʝʥʝʨʛʽʾ ʟʘʙʦʨʦʥʝʥʦʾ ʟʦʥʠ Eg(GaN), ʚʠʢʦʨʠʩʪʦʚʫʶʯʠ ʨʝʘʢʪʠʚʥʝ ʽʦʥʥʝ 

ʪʨʘʚʣʝʥʥʷ ʙʫʣʘ ʧʨʦʪʨʘʚʣʝʥʘ ʢʦʥʽʯʥʘ ʷʤʘ ʛʣʠʙʠʥʦʶ 300-400 ʥʤ (ʩʭʝʤʘ ʥʘ 

ʨʠʩ. 4.16). ʎʝ ʜʦʟʚʦʣʠʣʦ ʦʪʨʠʤʘʪʠ ʩʠʛʥʘʣ ʷʢ ʚʽʜ ʅɻ, ʪʘʢ ʽ ʙʝʟʧʦʩʝʨʝʜʥʴʦ ʚʽʜ GaN 

ʙʫʬʝʨʥʦʛʦ ʰʘʨʫ (ʩʧʝʢʪʨʠ 1 ʪʘ 2 ʚʽʜʧʦʚʽʜʥʦ). ʊʘʢʦʞ ʩʧʝʢʪʨʠ ʌʃ ʜʣʷ GaN 

ʙʫʬʝʨʥʦʛʦ ʰʘʨʫ ʚʠʤʽʨʶʚʘʣʠʩʷ ʽʟ ʟʚʦʨʦʪʥʴʦʾ ʩʪʦʨʦʥʠ ʟʨʘʟʢʽʚ S1 ʪʘ S2, ʯʝʨʝʟ 

ʧʽʜʢʣʘʜʢʫ ʩʘʧʬʽʨʘ (ʩʧʝʢʪʨʠ ʟ ʥʦʤʝʨʦʤ 3 ʥʘ ʨʠʩ. 4.16). ɺʨʘʭʦʚʫʶʯʠ ʟʥʘʯʝʥʥʷ 

ʢʦʝʬʽʮʽʻʥʪʘ ʧʦʛʣʠʥʘʥʥʷ Ŭ=(1,2-1,5)Ĭ105 ʩʤ-1 ʜʣʷ GaN [141], ʬʦʪʦʟʙʫʜʞʝʥʥʷ 

ʘʢʪʠʚʥʦ ʚʽʜʙʫʚʘʻʪʴʩʷ ʪʽʣʴʢʠ ʚ ʪʦʥʢʽʡ ~0,1 ʤʢʤ ʧʨʠʧʦʚʝʨʭʥʝʚʽʡ ʦʙʣʘʩʪʽ. ʊʘʢʠʤ 

ʯʠʥʦʤ, ʜʣʷ ʪʦʯʢʠ ˉ1 ʟʙʫʜʞʝʥʥʷ ʚʽʜʙʫʚʘʻʴʩʷ ʫ ʅɻ ʩʪʨʫʢʪʫʨʽ, ʘ ʜʣʷ ʪʦʯʦʢ ˉ2 ʽ 3 

ʫ ʪʦʥʢʦʤʫ ʰʘʨʽ ʣʠʮʴʦʚʦʾ ʪʘ ʟʚʦʨʦʪʥʴʦʾ ʩʪʦʨʦʥʠ GaN ʙʫʬʝʨʘ ʚʽʜʧʦʚʽʜʥʦ. 

ɺʠʧʨʦʤʽʥʶʚʘʥʥʷ AlGaN/GaN ʥʝʣʝʛʦʚʘʥʠʭ ʅɻ ʟʘʟʚʠʯʘʡ ʧʦʚôʷʟʫʶʪʴ ʟ ʝʢʩʠʪʦʥʥʠʤ 

ʤʝʭʘʥʽʟʤʦʤ [142].  

ʋ ʝʢʩʠʪʦʥʥʦʤʫ ʜʽʘʧʘʟʦʥʽ ʩʧʝʢʪʨʫ ʌʃ ʟ AlGaN/GaN ʅɻ (ʩʧʝʢʪʨʠ ˉ1 ) 

ʩʧʦʩʪʝʨʽʛʘʻʪʴʩʷ ʥʘʷʚʥʽʩʪʴ ʽʥʪʝʥʩʠʚʥʦʾ ʩʤʫʛʠ ʚʠʧʨʦʤʽʥʶʚʘʥʥʷ ʚ ʦʢʦʣʽ 3,47 ʝɺ, ʷʢʫ 
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ʫ ʰʘʨʽ GaN ʧʦʚôʷʟʫʶʪʴ ʟ ʘʥʽʛʽʣʷʮʽʻʶ ʝʢʩʠʪʦʥʽʚ, ʟʚ'ʷʟʘʥʠʭ ʥʘ ʥʝʡʪʨʘʣʴʥʦʤʫ 

ʜʦʥʦʨʽ (DoX). ʂʨʽʤ ʪʦʛʦ, ʷʢ ʚʠʜʥʦ ʟ ʨʠʩ. 4.16ʙ, ʜʣʷ ʟʨʘʟʢʘ S2 ʩʧʦʩʪʝʨʽʛʘʻʪʴʩʷ 

ʜʦʜʘʪʢʦʚʘ ʩʤʫʛʘ, ʱʦ ʚʢʣʶʯʘʻ ʪʨʠ ʧʽʢʠ ʌʃ ʚ ʦʢʦʣʽ 3,402, 3,368 ʪʘ 3,385 ʝɺ. ʎʽ 

ʥʠʟʴʢʦʪʝʤʧʝʨʘʪʫʨʥʽ ʩʤʫʛʠ ʙʫʣʠ ʚʽʜʥʝʩʝʥʽ ʜʦ ʝʣʝʢʪʨʦʥ-ʜʽʨʢʦʚʦʾ ʨʝʢʦʤʙʽʥʘʮʽʾ ʚ 

ʂʗ. ɺʦʥʠ ʥʝ ʧʨʦʷʚʣʷʶʪʴʩʷ ʜʣʷ ʩʧʝʢʪʨʽʚ ˉ2 ʪʘ 3, ʷʢʽ ʦʪʨʠʤʘʥʽ ʚʽʜ GaN ʙʫʬʝʨʥʦʛʦ 

ʰʘʨʫ, ʱʦ ʧʽʜʪʚʝʨʜʞʫʻ ʾʭ ʧʨʠʥʘʣʝʞʥʽʩʪʴ ʜʦ ʨʝʢʦʤʙʽʥʘʮʽʾ ʚʽʣʴʥʠʭ ʥʦʩʽʾʚ ʟʘʨʷʜʫ ʫ 

GaN ʂʗ. ʇʨʦʚʝʩʪʠ ʜʝʪʘʣʴʥʠʡ ʘʥʘʣʽʟ ʧʨʠʨʦʜʠ ʮʠʭ ʩʤʫʛ ʜʦʩʠʪʴ ʩʢʣʘʜʥʦ, ʯʝʨʝʟ 

ʥʘʢʣʘʜʘʥʥʷ ʥʝ ʝʢʚʽʚʘʣʝʥʪʥʠʭ ʩʧʝʢʪʨʽʚ ʚʽʜ GaN ʂʗ ʟ ʨʽʟʥʠʤʠ ʪʦʚʱʠʥʘʤʠ. 

ʅʘ ʨʠʩ. 4.16ʚ ʥʘʚʝʜʝʥʽ ʩʧʝʢʪʨʠ ʌʃ ʜʣʷ ʟʨʘʟʢʘ S2 ʚʠʤʽʨʷʥʽ ʧʨʠ ʨʽʟʥʠʭ 

ʧʠʪʦʤʠʭ ʧʦʪʫʞʥʦʩʪʷʭ ʟʙʫʜʞʝʥʥʷ. ɺʠʜʥʦ, ʱʦ ʧʽʜʚʠʱʝʥʥʷ ʽʥʪʝʥʩʠʚʥʦʩʪʽ 

ʟʙʫʜʞʝʥʥʷ ʥʝ ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʟʩʫʚʫ DoX ʩʤʫʛʠ. ɸʣʝ ʧʨʠ ʟʙʽʣʴʰʝʥʥʽ ʽʥʪʝʥʩʠʚʥʦʩʪʽ, 

ʧʽʜʚʠʱʝʥʘ ʩʪʘʮʽʦʥʘʨʥʘ ʢʦʥʮʝʥʪʨʘʮʽʷ ʥʘʜʣʠʰʢʦʚʠʭ ʥʦʩʽʾʚ ʧʨʠʟʚʦʜʠʪʴ ʜʦ 

ʟʤʝʥʰʝʥʥʷ ʚʠʛʠʥʫ ʟʦʥʠ ʧʨʦʚʽʜʥʦʩʪʽ ʥʘ ʛʝʪʝʨʦʽʥʪʝʨʬʝʡʩʽ ʯʝʨʝʟ ʟʨʦʩʪʘʥʥʷ 

ʝʢʨʘʥʫʚʘʥʥʷ ʥʦʩʽʾʚ. ʊʘʢʠʤ ʯʠʥʦʤ, ʪʨʠʢʫʪʥʠʡ ʧʦʪʝʥʮʽʘʣ ʂʗ ʥʘ ʢʨʘʶ ʩʤʫʛʠ 

ʧʨʦʚʽʜʥʦʩʪʽ ʥʘ ʛʝʪʝʨʦʽʥʪʝʨʬʝʡʩʽ ʪʘʢʦʞ ʩʪʘʻ ʥʠʞʯʠʤ. ʊʘʢʦʞ ʟ̔ ʧʦʩʠʣʝʥʥʷʤ 

ʽʥʪʝʥʩʠʚʥʦʩʪʽ ʟʙʫʜʞʝʥʥʷ ʩʧʦʩʪʝʨʽʛʘʻʪʴʩʷ ʛʦʣʫʙʠʡ ʟʩʫʚ ʩʤʫʛʠ. 

ʇʨʠ ʟʤʽʥʽ ʦʙʣʘʩʪʽ ʟʙʫʜʞʝʥʥʷ ʚʽʜ ʣʠʮʴʦʚʦʾ (ʪʦʯʢʘ ˉ2) ʜʦ ʟʚʦʨʦʪʥʴʦʾ (ʪʦʯʢʘ 

ˉ3) ʩʪʦʨʦʥʠ GaN ʙʫʬʝʨʥʦʛʦ ʰʘʨʫ, ʩʧʦʩʪʝʨʽʛʘʚʩʷ ʟʩʫʚ ʩʤʫʛʠ DoX ʫ ʩʪʦʨʦʥʫ 

ʤʝʥʰʠʭ ʝʥʝʨʛʽʡ å9 ʤʝɺ. ʇʦʜʽʙʥʽ ʝʥʝʨʛʝʪʠʯʥʽ ʟʩʫʚʠ, ʱʦ ʟʫʤʦʚʣʝʥʽ ʟʘʣʠʰʢʦʚʠʤ 

ʥʘʧʨʫʛʘʤʠ ʚ ʝʧʽʪʘʢʩʽʡʥʠʭ ʰʘʨʘʭ GaN ʚʠʨʦʱʝʥʠʭ ʥʘ ʩʘʧʬʽʨʽ, ʙʫʣʠ ʟʘʬʽʢʩʦʚʘʥʽ 

ʨʘʥʽʰʝ [143], [144]. ɺʠʢʦʨʠʩʪʦʚʫʶʯʠ ʟʥʘʯʝʥʥʷ ʟʩʫʚʫ ʩʤʫʛʠ DoX ʧʦʨʽʚʥʷʥʦ ʟ 

ʽʜʝʘʣʴʥʠʤ ʧʦʣʦʞʝʥʥʷʤ ʜʣʷ ʥʝʥʘʧʨʫʞʝʥʦʛʦ ʢʨʠʩʪʘʣʫ, ʤʦʞʥʘ ʦʮʽʥʠʪʠ ʟʥʘʯʝʥʥʷ 

ʟʤʽʥʠ  ʜʝʬʦʨʤʘʮʽʾ ʚʟʜʦʚʞ ʦʩʽ ʩ [145]: 

ЎὉ πȟρτρЎ‐ τȢρτ 

ʜʝ ЎὉ ï ʝʥʝʨʛʝʪʠʯʥʠʡ ʟʩʫʚ ʩʤʫʛʠ ʌʃ, Ў‐ ï ʟʤʽʥʘ ʜʝʬʦʨʤʘʮʽʾ ʚʟʜʦʚʞ ʦʩʽ c. 

ʆʪʨʠʤʘʥʝ ʟʥʘʯʝʥʥʷ ʟʤʽʥʠ ʜʝʬʦʨʤʘʮʽʾ ʩʢʣʘʜʘʻ Ў‐ πȟπφτϷ ʜʣʷ ʜʦʩʣʽʜʞʫʚʘʥʠʭ 

ʙʫʬʝʨʥʠʭ GaN ʰʘʨʽʚ. 

ɼʣʷ ʟʨʘʟʢʘ S2 ʩʣʘʙʢʘ ʽʥʪʝʥʩʠʚʥʽʩʪʴ ʝʣʝʢʪʨʦʥʥʦ-ʜʽʨʢʦʚʦʾ ʨʝʢʦʤʙʽʥʘʮʽʡʥʦʾ 

ʩʤʫʛʠ ʧʨʠ 3,385-3,402 ʝɺ, ʧʦʨʽʚʥʷʥʦ ʟ ʩʤʫʛʦʶ DAP (ʨʝʢʦʤʙʽʥʘʮʽʷ ʜʦʥʦʨʥʦ-

ʘʢʮʝʧʪʦʨʥʠʭ ʧʘʨ), ʚʠʢʣʠʢʘʥʘ ʥʘʢʣʘʜʘʥʥʷ ʝʣʝʢʪʨʦʥʥʦʾ ʪʘ ʜʽʨʢʦʚʦʾ ʭʚʠʣʴʦʚʠʭ 
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ʬʫʥʢʮʽʡ ʚ ʂʗ. ʋ ʚʠʧʘʜʢʫ ʟʨʘʟʢʘ S1 ʙʽʣʴʰʘ ʪʦʚʱʠʥʘ ʂʗ ʥʝ ʩʧʨʠʯʠʥʷʻ ʟʥʘʯʥʦʛʦ 

ʥʘʢʣʘʜʘʥʥʷ ʝʣʝʢʪʨʦʥʥʦʾ ʪʘ ʜʽʨʢʦʚʦʾ ʭʚʠʣʴʦʚʠʭ ʬʫʥʢʮʽʡ, ʪʦʤʫ ʚʽʜʧʦʚʽʜʥʽ 

ʝʣʝʢʪʨʦʥʥʦ-ʜʽʨʢʦʚʽ ʧʝʨʝʭʦʜʠ ʜʣʷ ʮʴʦʛʦ ʟʨʘʟʢʘ ʥʝ ʩʧʦʩʪʝʨʽʛʘʶʪʴʩʷ. ɼʣʷ 

ʧʽʜʪʚʝʨʜʞʝʥʥʷ ʮʴʦʛʦ ʙʫʣʘ ʧʨʦʤʦʜʝʣʴʦʚʦʥʘ ʩʪʨʫʢʪʫʨʫ ʝʥʝʨʛʝʪʠʯʥʠʭ ʟʦʥ ʫ 

ʜʦʩʣʽʜʞʫʚʘʥʠʭ ʟʨʘʟʢʘʭ. 

 

ʊʘʙʣʠʮʷ 4.6. ʉʧʦʥʪʘʥʥʘ (Psp), ʧôʻʟʦʝʣʝʢʪʨʠʯʥʘ (Ppz) ʧʦʣʷʨʠʟʘʮʽʷ ʪʘ ʚʙʫʜʦʚʘʥʝ 

ʝʣʝʢʪʨʠʯʥʝ ʧʦʣʝ ʫ ʟʨʘʟʢʘʭ S1 ʪʘ S2. 

ɿʨʘʟʢʠ ʐʘʨʠ ʅɻ Psp (ʂʣ/ʤ
2) Ppz (ʂʣ/ʤ

2) Eʚ (ɺ/ʤ) 

S1 
GaN -3,4Ĭ10-2 -0,73Ĭ10-3 

2,83Ĭ107 
AlGaN -3,96Ĭ10-2 -0,538Ĭ10-3 

S2 
GaN -3,4Ĭ10-2 -0,99Ĭ10-3 

4,9Ĭ107 
AlGaN -3,96Ĭ10-2 -0,83Ĭ10-3 

 

ɼʣʷ ʮʴʦʛʦ, ʚʠʢʦʨʠʩʪʦʚʫʶʯʠ ʜʘʥʽ ɺʈʍɼ ʧʨʦ ʚʝʣʠʯʠʥʠ ʜʝʬʦʨʤʘʮʽʡ, ʽʟ 

ʨʽʚʥʷʥʴ ʪʝʦʨʽʾ ʧʦʣʷʨʠʟʘʮʽʾ [111], [146] ʙʫʣʠ ʨʦʟʨʘʭʦʚʘʥʽ ʧʦʣʷʨʠʟʘʮʽʡʥʽ ʟʘʨʷʜʠ ʪʘ 

ʚʙʫʜʘʚʘʥʽ ʝʣʝʢʪʨʠʯʥʽ ʧʦʣʷ (ʪʘʙʣ. 4.6). ɼʣʷ ʨʦʟʨʘʭʫʥʢʫ, ʧʘʨʘʤʝʪʨʠ AlGaN ʰʘʨʫ 

ʚʠʟʥʘʯʘʣʠʩʷ ʷʢ ʣʽʥʽʡʥʘ ʢʦʤʙʽʥʘʮʽʷ ʧʘʨʘʤʝʪʨʽʚ AlN ʪʘ GaN. 

 

 

ʈʠʩʫʥʦʢ 4.17 ɿʦʥʥʽ ʜʽʘʛʨʘʤʠ ʪʘ ʢʚʘʜʨʘʪʠ ʤʦʜʫʣʷ ʭʚʠʣʴʦʚʠʭ ʬʫʥʢʮʽʡ ʝʣʝʢʪʨʦʥʽʚ ʟʦʥʠ 

ʧʨʦʚʽʜʥʦʩʪʽ (ɣe) ʪʘ ʚʘʞʢʠʭ ʜʽʨʦʢ ʚʘʣʝʥʪʥʦʾ ʟʦʥʠ (ɣh): (ʘ) ï ʜʣʷ ʟʨʘʟʢʘ S1; (ʙ) ï ʜʣʷ S2. Ef ï ʨʽʚʝʥʴ 

ʌʝʨʤʽ. 
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ɺʠʢʦʨʠʩʪʦʚʫʶʯʠ ʚʝʣʠʯʠʥʠ ʧʦʣʷʨʠʟʘʮʽʡʥʠʭ ʧʦʣʽʚ ʫ ʧʨʦʛʨʘʤʥʦʤʫ 

ʟʘʙʝʟʧʝʯʝʥʥʽ Nextnano [147] ʙʫʣʘ ʟʤʦʜʝʣʴʦʚʘʥʘ ʟʦʥʥʘ ʩʪʨʫʢʪʫʨʘ ʪʘ ʝʥʝʨʛʝʪʠʯʥʽ 

ʨʽʚʥʽ ʚ AlGaN/GaN ʅɻ (ʨʠʩ. 4.17). ɺʠʢʦʨʠʩʪʦʚʫʶʯʠ ʮʽ ʤʦʜʝʣʴʥʽ ʜʘʥʽ ʟʨʦʙʣʝʥʘ 

ʦʮʽʥʢʘ ʤʦʞʣʠʚʦʛʦ ʟʥʘʯʝʥʥʷ ʥʘʡʥʠʞʯʦʾ ʝʥʝʨʛʝʪʠʯʥʦʾ ʩʤʫʛʠ ʬʦʪʦʣʶʤʽʥʽʩʮʝʥʮʽʾ 

ʜʣʷ ʝʣʝʢʪʨʦʥ-ʜʽʨʢʦʚʦʾ ʨʝʢʦʤʙʽʥʘʮʽʾ ʚ ʅɻ. ɼʣʷ ʟʨʘʟʢʽʚ S1 ʪʘ S2 ʚʦʥʠ ʩʢʣʘʜʘʶʪʴ 

3,35 ʪʘ 3,40 ʝɺ ʚʽʜʧʦʚʽʜʥʦ. ʗʢ ʚʠʜʥʦ ʟ ʨʠʩ. 4.17, ʥʝʟʥʘʯʥʝ ʧʝʨʝʢʨʠʪʪʷ 

ʝʣʝʢʪʨʦʥʥʠʭ ʪʘ ʜʽʨʢʦʚʠʭ ʭʚʠʣʴʦʚʠʭ ʬʫʥʢʮʽʡ ʜʣʷ ʟʨʘʟʢʘ S2 ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʩʣʘʙʢʦʾ 

ʝʣʝʢʪʨʦʥ-ʜʽʨʢʦʚʦʾ ʨʝʢʦʤʙʽʥʘʮʽʾ. ʋ ʪʦʡ ʞʝ ʯʘʩ ʜʣʷ ʟʨʘʟʢʘ S1 ʮ ̫ʨʝʢʦʤʙʽʥʘʮʽʷ 

ʧʨʘʢʪʠʯʥʦ ʟʥʠʢʘʻ ʯʝʨʝʟ ʤʝʥʰʝ (~ ʚ 10 ʨʘʟʽʚ) ʧʝʨʝʢʨʠʪʪʷ ʭʚʠʣʴʦʚʠʭ ʬʫʥʢʮʽʡ 

ʧʦʨʽʚʥʷʥʦ ʽʟ ʟʨʘʟʢʦʤ S2. 
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4.5 ɺʠʩʥʦʚʢʠ ʜʦ ʨʦʟʜʽʣʫ 4 

ʋ ʨʦʟʜʽʣʽ ʧʨʝʜʩʪʘʚʣʝʥʦ ʜʦʩʣʽʜʞʝʥʥʷ ʨʝʣʘʢʩʘʮʽʾ ʜʝʬʦʨʤʘʮʽʡ AlN/GaN ʅɻ ʫ 

ʟʘʣʝʞʥʦʩʪʽ ʚʽʜ ʢʽʣʴʢʦʩʪʽ ʧʝʨʽʦʜʽʚ. ɼʦʩʣʽʜʞʝʥʥʷ ɺʈʍɼ ʧʦʢʘʟʘʣʠ, ʱʦ ʨʝʣʘʢʩʘʮʽʷ 

ʧʣʽʚʦʢ, ʟʨʦʩʪʘʻ ʟʽ ʟʙʽʣʴʰʝʥʥʷʤ ʢʽʣʴʢʦʩʪʽ ʧʝʨʽʦʜʽʚ. ɼʦʜʘʪʢʦʚʝ ʫʨʘʭʫʚʘʥʥʷ 

ʢʨʠʩʪʘʣʦʛʨʘʬʽʯʥʦʛʦ ʥʘʭʠʣʫ ʥʘ ʢʦʞʥʦʤʫ ʟ ʽʥʪʝʨʬʝʡʩʽʚ ʤʦʞʝ ʧʦʷʩʥʠʪʠ ʥʝʟʥʘʯʥʫ 

ʨʝʣʘʢʩʘʮʽʶ ʜʣʷ 5-ʧʝʨʽʦʜʥʦʾ ʩʪʨʫʢʪʫʨʠ, ʷʢʠʡ ʪʝʦʨʝʪʠʯʥʦ ʧʦʚʠʥʥʘ ʙʫʪʠ ʧʦʚʥʽʩʪʶ 

ʥʘʧʨʫʞʝʥʦ  ʁʜʦ ʧʽʜʢʣʘʜʢʠ. ʇʦʢʘʟʘʥʦ ʧʨʝʭʽʜ ʜʦ ʽʥʰʦʛʦ ʤʝʭʘʥʽʟʤʫ ʨʝʣʘʢʩʘʮʽʾ, 

ʢʦʣʠ ʧʝʨʝʚʠʱʝʥʘ ʜʝʷʢʘ ʢʨʠʪʠʯʥʘ ʪʦʚʱʠʥʘ. ʎʝʡ ʧʝʨʝʭʽʜ ʩʫʧʨʦʚʦʜʞʫʻʪʴʩʷ 

ʟʤʝʥʰʝʥʥʷʤ ʢʽʣʴʢʦʩʪʽ ʜʠʩʣʦʢʘʮʽʡ ʪʘ ʧʦʯʘʪʢʦʤ ʨʦʟʪʨʽʩʢʫʚʘʥʥʷ ʩʪʨʫʢʪʫʨʠ. 

ʈʝʟʫʣʴʪʘʪʠ ʩʚʽʜʯʠʪʴ, ʱʦ ʦʪʨʠʤʘʥʥʷ ʚʠʩʦʢʦʷʢʽʩʥʠʭ ʢʦʛʝʨʝʥʪʥʠʭ ʩʪʨʫʢʪʫʨ 

ʦʙʤʝʞʝʥʦ ʟʘʛʘʣʴʥʦʶ ʪʦʚʱʠʥʦʶ ʅɻ, ʦʜʥʘʢ ʟ ʽʥʰʦʛʦ ʙʦʢʫ, ʮʝ ʚʢʘʟʫʻ ʚʽʢʥʦ ʨʦʩʪʫ 

ʜʣʷ ʟʤʝʥʰʝʥʥʷ ʧʨʦʥʠʢʘʶʯʠʭ ʜʠʩʣʦʢʘʮʽʡ ʯʝʨʝʟ ʢʦʥʪʨʦʣʴ ʨʝʣʘʢʩʘʮʽʾ ʩʪʨʫʢʪʫʨʠ. 

ɼʣʷ ʩʪʨʫʢʪʫʨ ʟ ʨʽʟʥʠʤ ʩʧʽʚʚʽʜʥʦʰʝʥʥʷʤ ʪʦʚʱʠʥ ʙʘʨ'ʻʨ/ʷʤʘ 

ʧʨʦʜʝʤʦʥʩʪʨʦʚʘʥʦ ʧʝʨʝʭʽʜ ʚʽʜ 2D ʧʦʢʨʦʢʦʚʦʛʦ ʜʦ 3D ʩʪʦʚʯʘʩʪʦʛʦ ʨʦʩʪʫ ʽʟ 

ʟʙʽʣʴʰʝʥʥʷʤ ʥʝʚʽʜʧʦʚʽʜʥʦʩʪʽ ʣʘʪʝʨʘʣʴʥʠʭ ʧʘʨʘʤʝʪʨʽʚ ʛʨʘʪʦʢ ʙʫʬʝʨʥʦʛʦ ʰʘʨʫ ʪʘ 

ʝʧʽʪʘʢʩʽʡʥʦʾ ʩʪʨʫʢʪʫʨʠ. ʇʦʢʘʟʘʥʦ ʟʤʝʥʰʝʥʥʷ ʪʦʚʱʠʥʠ GaN ʂʗ ʧʦʨʽʚʥʥʦ ʟ 

ʥʦʤʽʥʘʣʴʥʦ ʟʘʜʘʥʦʶ, ʮʝ ʤʦʞʝ ʚʠʢʣʠʢʘʪʠ ʚʽʜʩʫʪʥʽʩʪʴ ʬʦʨʤʫʚʘʥʥʷ ʅɻ ʫ ʚʠʧʘʜʢʫ 

ʪʦʥʢʠʭ ʰʘʨʽʚ GaN ʂʗ (~2 ʄʐ). ʇʨʦʜʝʤʦʥʩʪʨʦʚʘʥʦ, ʱʦ ʟʥʘʯʥʽ ʥʘʧʨʫʛʠ ʨʦʟʪʷʛʫ 

ʫ ʅɻ ʤʦʞʫʪʴ ʚʠʢʣʠʢʘʪʠ ʙʘʛʘʪʦʨʘʟʦʚʝ ʨʦʟʪʨʽʩʢʫʚʘʥʥʷ ʩʪʨʫʢʪʫʨʠ ʽʟ ʧʦʜʘʣʴʰʠʤ 

ʟʘʨʦʱʝʥʥʷʤ ʪʨʽʱʠʥ. 

ʇʦʢʘʟʘʥʦ, ʱʦ ʜʝʬʦʨʤʘʮʽʷ ʩʪʠʩʢʫ ʚ ʙʫʬʝʨʥʠʭ ʰʘʨʘʭ, ʘ ʪʘʢʦʞ ʚ ʰʘʨʘʭ ɹʐʉ 

ʟ ʥʠʟʴʢʠʤ ʚʤʽʩʪʦʤ Al ʚ ʙʘʨ'ʻʨʽ ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʩʠʪʫʘʮʽʾ, ʢʦʣʠ ʧ'ʻʟʦʝʣʝʢʪʨʠʯʥʽ ʧʦʣʷ 

ʤʘʶʪʴ ʦʜʥʘʢʦʚʠʡ ʟʥʘʢ ʚ ʷʤʽ ʽ ʙʘʨ'ʻʨʥʠʭ ʰʘʨʘʭ. ɺ ʨʝʟʫʣʴʪʘʪʽ ʮʴʦʛʦ ʨʝʢʦʤʙʽʥʘʮʽʷ 

ʜʦʥʦʨʥʦ-ʘʢʮʝʧʪʦʨʥʠʭ ʧʘʨ ʜʦʤʽʥʫʻ ʥʘʜ ʧʝʨʝʭʦʜʘʤʠ ʤʽʞ ʝʣʝʢʪʨʦʥʥʠʤʠ ʽ 

ʜʽʨʢʦʚʠʤʠ ʩʪʘʥʘʤʠ ʚ ʢʚʘʥʪʦʚʽʡ ʷʤʽ. 
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ʈʆɿɼɯʃ 5. ʉʊʈʋʂʊʋʈʅɯ ɯ ʆʇʊʀʏʅɯ ɼʆʉʃɯɼɾɽʅʅʗ ʈɽʃɸʂʉɸʎɯɰ 

ʅɸʇʈʋɾɽʅʔ ɺ Ge1-xSnx ʐɸʈɸʍ, ɺʀʈʆʑɽʅʀʍ ʅɸ Ge/Si (001). 

ʇʈʆɹʃɽʄʀ ɼɯɸɻʅʆʉʊʀʂʀ. 

 

5.1. ɺʩʪʫʧ 

ʇʽʜʚʠʱʝʥʠʡ ʽʥʪʝʨʝʩ ʜʦ ʜʦʩʣʽʜʞʝʥʥʷ ʪʘ ʨʦʟʨʦʙʢʠ Sn ʚʤʽʩʥʠʭ 

ʥʘʧʽʚʨʦʚʽʜʥʠʢʽʚ ʥʘ ʦʩʥʦʚʽ ʝʣʝʤʝʥʪʽʚ IV ʛʨʫʧʠ, ʟʦʢʨʝʤʘ ʩʧʣʘʚʽʚ GeSn, 

ʤʦʪʠʚʦʚʘʥʠʡ ʧʝʨʩʧʝʢʪʠʚʘʤʠ ʾʭ ʚʠʢʦʨʠʩʪʘʥʥʷ ʚ ʦʧʪʦʝʣʝʢʪʨʦʥʥʠʭ ʪʘ 

ʤʽʢʨʦʝʣʝʢʪʨʦʥʥʠʭ ʧʨʠʩʪʨʦʷʭ ʥʘ ʙʘʟʽ Si [148]. ʅʘ ʜʘʥʠʡ ʯʘʩ Ge ʚʽʜʽʛʨʘʻ ʚʘʞʣʠʚʫ 

ʨʦʣʴ ʫ ʦʧʪʦʝʣʝʢʪʨʦʥʽʮʽ ʯʝʨʝʟ ʚʠʩʦʢʫ ʨʫʭʣʠʚʽʩʪʴ ʥʦʩʽʾʚ, ʦʧʪʠʯʥʝ ʧʦʛʣʠʥʘʥʥʷ ʥʘ 

ʪʝʣʝʢʦʤʫʥʽʢʘʮʽʡʥʠʭ ʜʦʚʞʠʥʘʭ ʭʚʠʣʴ, ʩʫʤʽʩʥʽʩʪʴ ʽʟ ʽʩʥʫʶʯʦʶ Si ʪʝʭʥʦʣʦʛʽʻʶ ʪʘ 

ʙʣʠʟʴʢʽʩʪʴ ʧʘʨʘʤʝʪʨʽʚ ʢʨʠʩʪʘʣʽʯʥʦʾ ʨʝʰʽʪʢʠ ʽʟ ʥʘʧʽʚʧʨʦʚʽʜʥʠʢʘʤʠ ʪʠʧʫ ɸIIIɺV 

[149]. ʆʜʥʘʢ Ge ï ʮʝ ʥʝʧʨʷʤʦʟʦʥʥʠʡ ʥʘʧʽʚʧʨʦʚʽʜʥʠʢ, ʱʦ ʧʝʨʝʰʢʦʜʞʘʻ ʡʦʛʦ 

ʟʘʩʪʦʩʫʚʘʥʥʶ ʫ ʩʚʽʪʣʦʚʠʧʨʦʤʽʥʶʶʯʠʭ ʧʨʠʩʪʨʦʷʭ. ʋ ʪʦʡ ʞʝ ʯʘʩ ʚʢʣʶʯʝʥʥʷ 

ʤʘʪʨʠʮʽ Sn ʚ Ge ʚʽʜʢʨʠʚʘʻ ʥʦʚʽ ʤʦʞʣʠʚʦʩʪʽ ʜʣʷ ʽʥʞʝʥʝʨʽʾ ʟʦʥʥʦʾ ʩʪʨʫʢʪʫʨʠ ʪʘ 

ʨʫʭʣʠʚʦʩʪʽ ʥʦʩʽʾʚ ʫ ʰʘʨʘʭ GeSn [148]. 

ɿʙʽʣʴʰʝʥʥʷ ʚʤʽʩʪʫ Sn ʫ ʩʧʣʘʚʽ GeSn ʟʤʝʥʰʫʻ ʰʠʨʠʥʫ ʝʥʝʨʛʝʪʠʯʥʦʾ ʱʽʣʠʥʠ 

ʤʽʞ ũ-L ʜʦʣʠʥʘʤʠ ʧʨʦʚʽʜʥʦʩʪʽ ʪʘ ʟʥʠʞʫʻ ʰʠʨʠʥʫ ʟʘʙʦʨʦʥʝʥʦʾ ʟʦʥʠ. ʊʝʦʨʝʪʠʯʥʽ 

ʨʦʟʨʘʭʫʥʢʠ ʧʝʨʝʜʙʘʯʘʶʪʴ ʧʝʨʝʭʽʜ ʚʽʜ ʥʝʧʨʷʤʦʟʦʥʥʦʛʦ ʜʦ ʧʨʷʤʦʟʦʥʥʦʛʦ 

ʥʘʧʽʚʧʨʦʚʽʜʥʠʢʘ ʜʣʷ GeSn ʧʨʠ ʧʨʠʙʣʠʟʥʦ 6-10% ʚʤʽʩʪʫ Sn ʫ ʥʝʥʘʧʨʫʞʝʥʦʤʫ 

ʤʘʪʝʨʽʘʣʽ [150], [151]. ɺ ʰʘʨʘʭ GeSn ʧʨʠ ʢʽʤʥʘʪʥʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ ʩʧʦʩʪʝʨʽʛʘʣʘʩʷ 

ʬʦʪʦʣʶʤʽʥʝʩʮʝʥʮʽʷ, ʱʦ ʚʠʥʠʢʘʻ ʚʽʜ ʧʨʷʤʦʟʦʥʥʠʭ ʧʝʨʝʭʦʜʽʚ [152], [153], ʘ ʪʘʢʦʞ 

ʩʧʦʩʪʝʨʽʛʘʣʘʩʷ ʝʣʝʢʪʨʦʣʶʤʽʥʝʩʮʝʥʮʽʷ ʜʽʦʜʥʠʭ ʩʪʨʫʢʪʫʨ ʟ ʘʢʪʠʚʥʠʤʠ ʰʘʨʘʤʠ 

GeSn [154]ï[157]. 

ɿʤʝʥʰʝʥʥʷ ʟʘʙʦʨʦʥʝʥʦʾ ʟʦʥʠ ʩʧʣʘʚʫ GeSn ʧʨʠʟʚʦʜʠʪʴ ʪʘʢʦʞ ʜʦ ʟʥʘʯʥʦʛʦ 

ʧʦʢʨʘʱʝʥʥʷ ʧʦʛʣʠʥʘʶʯʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ ʚ ʽʥʬʨʘʯʝʨʚʦʥʦʤʫ ʜʽʘʧʘʟʦʥʽ ʜʦʚʞʠʥ 

ʭʚʠʣʴ ʘʞ ʜʦ 1800 ʥʤ. ʇʦʢʘʟʘʥʦ, ʱʦ ʙʣʠʟʴʢʦ 2% ʢʦʥʮʝʥʪʨʘʮʽʾ Sn ʜʦʩʪʘʪʥʴʦ ʜʣʷ 

ʜʦʩʷʛʥʝʥʥʷ ʢʦʝʬʽʮʽʻʥʪʽʚ ʧʦʛʣʠʥʘʥʥʷ, ʱʦ ʦʭʦʧʣʶʶʪʴ ʚʩʽ ʚʽʢʥʘ ʪʝʣʝʢʦʤʫʥʽʢʘʮʽʡ ʽ 

ʷʢʽ ʱʦʥʘʡʤʝʥʰʝ ʚ 10 ʨʘʟʽʚ ʚʠʱ ̔ʚ ʧʦʨʽʚʥʷʥʥʽ ʟ Ge ʚ C- ʪʘ L-ʜ̔ ʘʧʘʟʦʥʘʭ [158]. 

GeSn p-i-n ʬʦʪʦʜʝʪʝʢʪʦʨʠ, ʧʦʚʥʽʩʪʶ ʩʫʤʽʩʥʠʤʠ ʟ ʪʨʘʜʠʮʽʡʥʠʤʠ ʢʨʝʤʥʽʻʚʠʤʠ 
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ʤʝʪʘʣ-ʦʢʩʠʜʥʠʤʠ ʥʘʧʽʚʧʨʦʚʽʜʥʠʢʦʚʠʤʠ ʪʝʭʥʦʣʦʛʽʷʤʠ, ʚʠʷʚʠʣʠʩʷ ʧʝʨʩʧʝʢʪʠʚ-

ʥʠʤʠ ʜʣʷ ʟʘʩʪʦʩʫʚʘʥʥʷ ʷʢ ʫ ʦʧʪʠʯʥʠʭ ʢʦʤʫʥʽʢʘʮʽʷʭ ʪʘʢ ʽ ʜʣʷ ʦʧʪʠʯʥʠʭ ʟ'ʻʜʥʘʥʥʷʭ 

[159]ï[161]. 

ʊʝʦʨʝʪʠʯʥʽ ʨʦʟʨʘʭʫʥʢʠ ʧʝʨʝʜʙʘʯʘʶʪ ɹ4 ʨʘʟʠ ʙʽʣʴʰʫ ʨʫʭʣʠʚʽʩʪʴ ʝʣʝʢʪʨʦʥʽʚ 

ʽ ʜʽʨʦʢ ʫ ʰʘʨʘʭ GeSn ʧʦʨʽʚʥʷʥʥʽ ʟ Ge [162], ʮʝ ʩʧʨʠʷʻ ʚʠʢʦʨʠʩʪʘʥʥʶ GeSn ʷʢ 

ʢʘʥʘʣʴʥʦʛʦ ʤʘʪʝʨʽʘʣʫ ʚ ʧʦʣʴʦʚʠʭ ʄɼʅ ʪʨʘʥʟʠʩʪʦʨʘʭ. ʌʘʢʪʠʯʥʦ, GeSn ʄɼʅ 

ʪʨʘʥʟʠʩʪʦʨʠ ʟ 7% ʚʤʽʩʪʦʤ Sn ʚ ʢʘʥʘʣʽ ʧʦʢʘʟʘʣʠ ʟʙʽʣʴʰʝʥʥʷ ʨʫʭʣʠʚʦʩʪʽ ʜʽʨʦʢ ʥʘ 

85% ʧʦʨʽʚʥʷʥʦ ʟ ʯʠʩʪʠʤ Ge [163]. 

ʏʝʨʝʟ ʙʽʣʴʰʠʡ ʧʘʨʘʤʝʪʨ ʛʨʘʪʢʠ GeSn ʫ ʧʦʨʽʚʥʷʥʥʽ ʟ Ge, ʥʝʥʘʧʨʫʞʝʥʽ 

ʙʫʬʝʨʥʽ ʰʘʨʠ GeSn ʤʦʞʫʪʴ ʙʫʪʠ ʚʠʢʦʨʠʩʪʘʥʽ ʪʘʢʦʞ ʷʢ ʦʜʥʦʦʩʴʦʚʽ ʩʪʠʩʢʫʶʯʽ 

ʩʪʨʝʩʦʨʠ ʜʣʷ Ge ʢʘʥʘʣʽʚ ʫ ʚʠʩʦʢʦʝʬʝʢʪʠʚʥʠʭ Ge-ʄɼʅ ʽ ʪʫʥʝʣʴʥʦ-ʧʦʣʴʦʚʠʭ 

ʪʨʘʥʟʠʩʪʦʨʘʭ [164], [165]. ʇʝʨʝʚʘʛʘʤʠ ʦʜʥʦʚʽʩʥʦʛʦ ʥʘʧʨʫʞʝʥʠʭ ʢʘʥʘʣʽʚ Ge ʻ 

ʚʠʩʦʢʠʡ ʜʨʝʡʬʦʚʠʡ ʩʪʨʫʤ, ʚʠʩʦʢʘ ʨʫʭʣʠʚʽʩʪʴ ʜʽʨʦʢ ʽ ʤʝʥʰʘ ʟʤʽʥʘ ʧʦʨʦʛʦʚʦʾ 

ʥʘʧʨʫʛʠ ʚ ʧʦʨʽʚʥʷʥʥʽ ʟ ʜʚʦʚʽʩʥʠʤ ʥʘʧʨʫʞʝʥʠʤʠ ʢʘʥʘʣʘʤʠ. 

ʊʘʢʠʤ ʯʠʥʦʤ, ʷʢ ʧʦʚʥʽʩʪʶ ʥʘʧʨʫʞʝʥʽ, ʪʘʢ ʽ ʨʝʣʘʢʩʦʚʘʥʽ ʰʘʨʠ GeSn, ʟ 

ʨʽʟʥʠʤ ʚʤʽʩʪʦʤ Sn ʧʨʝʜʩʪʘʚʣʷʶʪʴ ʽʥʪʝʨʝʩ ʜʣʷ ʟʘʩʪʦʩʫʚʘʥʥʷ ʚ ʩʫʯʘʩʥʠʭ 

ʦʧʪʦʝʣʝʢʪʨʦʥʥʠʭ ʪʘ ʤʽʢʨʦʝʣʝʢʪʨʦʥʥʠʭ ʧʨʠʩʪʨʦʷʭ. ʇʨʦʪʝ ʧʨʠ ʝʧʽʪʘʢʩʽʡʥʦʤʫ 

ʨʦʩʪ̔ ʰʘʨʽʚ GeSn ʚʠʥʠʢʘʶʪʴ ʧʨʦʙʣʝʤʠ ʯʝʨʝʟ ʚʝʣʠʢʫ ʥʝʩʫʤʽʩʥʽʩʪʴ ʧʘʨʘʤʝʪʨʽʚ 

ʛʨʘʪʢʠ ʤʽʞ Ge ʪʘ Ŭ-Sn (~14,7%), ʥʠʟʴʢʫ ʨʦʟʯʠʥʥʽʩʪ ɹSn ʫ ʤʘʪʨʠʮʽ Ge (~1%) ʪʘ 

ʩʝʛʝʨʝʛʘʮʽʶ Sn ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ ʨʦʩʪʫ ʚʠʱʝ 140ÁC [166]. 

ɼʣʷ ʟʤʝʥʰʝʥʥʷ ʩʝʛʨʝʛʘʮʽʾ Sn ʥʝʦʙʭʽʜʥʽ ʥʠʟʴʢʽ ʪʝʤʧʝʨʘʪʫʨʠ ʨʦʩʪʫ, ʘʣʝ ʨʽʩʪ 

ʧʨʠ ʥʠʟʴʢʽʡ ʪʝʤʧʝʨʘʪʫʨʽ ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʟʙʽʣʴʰʝʥʥʷ ʰʦʨʩʪʢʦʩʪʽ ʧʦʚʝʨʭʥʽ ʪʘ 

ʦʙʤʝʞʝʥʥʷ ʢʨʠʪʠʯʥʠʭ ʝʧʽʪʘʢʩʽʡʥʠʭ ʪʦʚʱʠʥ [167]. ʋ ʨʦʙʦʪʽ [167] ʙʫʣʦ ʧʦʢʘʟʘʥʦ, 

ʱʦ ʤʝʪʘʩʪʘʙʽʣʴʥʽ ʧʣʽʚʢʠ GeSn ʟ ʚʤʽʩʪʦʤ Sn ʜʦ 26% ʙʝʟ ʦʟʥʘʢ ʩʝʛʨʝʛʘʮʽʾ Sn ʤʦʞʥʘ 

ʝʧʽʪʘʢʩʽʡʥʦ ʚʠʨʦʩʪʠʪʠ ʥʘ ʧʽʜʢʣʘʜʢʘʭ Ge ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ ʥʠʞʯʝ 100ÁC. 

ʈʦʟʫʤʽʥʥʷ ʤʝʭʘʥʽʟʤʽʚ ʨʝʣʘʢʩʘʮʽʾ ʜʝʬʦʨʤʘʮʽʡ ʚ ʛʝʪʝʨʦʩʪʨʫʢʪʫʨʘʭ GeSn/Ge  ̒

ʦʩʦʙʣʠʚʦ ʚʘʞʣʠʚʠʤ ʜʣʷ ʾʭ ʝʬʝʢʪʠʚʥʦʛʦ ʚʠʢʦʨʠʩʪʘʥʥʷ ʚ ʩʫʯʘʩʥʠʭ ʧʨʠʩʪʨʦʷʭ. 

ʋ ʜʘʥʦʤʫ ʨʦʟʜʽʣʽ ʧʨʝʜʩʪʘʚʣʝʥʽ ʨʝʟʫʣʴʪʘʪʠ ʩʪʨʫʢʪʫʨʥʠʭ ʪʘ ʦʧʪʠʯʥʠʭ 

ʜʦʩʣʽʜʞʝʥʴ ʧʣʽʚʦʢ Ge1-xSnx ʟ ʚʤʽʩʪʦʤ Sn ʙʣʠʟʴʢʦ 4% ʽ 7%, ʚʠʨʦʱʝʥʠʭ ʥʘ 

ʨʝʣʘʢʩʦʚʘʥʠʭ ʰʘʨʘʭ Ge ʟʘ ʜʦʧʦʤʦʛʦʶ ʤʦʣʝʢʫʣʷʨʥʦ-ʧʨʦʤʝʥʝʚʦʾ ʝʧʽʪʘʢʩʽʾ (ʄʇɽ). 
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5.2 ʄʝʪʦʜʠʢʘ ʝʢʩʧʝʨʠʤʝʥʪʫ 

ɿʨʘʟʢʠ. ʐʘʨʠ Ge ʪʘ GeSn ʙʫʣʠ ʚʠʨʦʱʝʥʽ ʟʘ ʜʦʧʦʤʦʛʦʶ ʄʇɽ ʫ ʩʠʩʪʝʤʽ 

çʂʘʪʫʥʴè. ʋʤʦʚʠ ʨʦʩʪʫ ʢʦʥʪʨʦʣʶʚʘʣʠʩʷ ʜʠʬʨʘʢʮʽʻʶ ʰʚʠʜʢʠʭ ʝʣʝʢʪʨʦʥʽʚ. 

ɹʫʬʝʨʥʽ ʰʘʨʠ Ge ʪʦʚʱʠʥʦʶ 1,5 ʤʢʤ ʚʠʨʦʱʫʚʘʣʠ ʥʘ ʧʽʜʢʣʘʜʢʘʭ (001) Si ʧʨʠ 

ʪʝʤʧʝʨʘʪʫʨʽ 650Áʉ. ɼʚʦʭʜʦʤʝʥʥʘ ʨʝʢʦʥʩʪʨʫʢʮʽʷ ʪʠʧʫ (2Ĭ1)+(1Ĭ2), ʷʢʘ 

ʭʘʨʘʢʪʝʨʥʘ ʜʣʷ ʦʨʽʻʥʪʘʮʽʾ (001) ʩʧʦʩʪʝʨʽʛʘʣʘʩʴ ʚ ʜʠʬʨʘʢʮʽʾ ʰʚʠʜʢʠʭ ʝʣʝʢʪʨʦʥʽʚ 

ʜʣʷ ʧʦʚʝʨʭʥʽ ʙʫʬʝʨʥʠʭ ʰʘʨʽʚ Ge. 

ʇʣʽʚʢʠ GeSn ̔ ʟ ʪʦʚʱʠʥʦʶ ʙʣʠʟʴʢʦ 0,4 ʤʢʤ ʪʘ ʚʤʽʩʪʦʤ Sn ʙʣʠʟʴʢʦ 4% ʪʘ 7% 

ʚʠʨʦʱʫʚʘʣʠ ʥʘ ʙʫʬʝʨʥʠʭ ʰʘʨʘʭ Ge ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʽ 150Áʉ ʪʘ ʰʚʠʜʢʦʩʪʽ 

ʦʩʘʜʞʝʥʥʷ 8 ʥʤ/ʭʚ. ɺʠʷʚʣʝʥʽ ʟʘʢʦʥʦʤʽʨʥʦʩʪʽ ʜʠʬʨʘʢʮʽʾ ʰʚʠʜʢʠʭ ʝʣʝʢʪʨʦʥʽʚ 

ʚʢʘʟʫʶʪʴ ʥʘ ʪʝ, ʱʦ ʝʧʽʪʘʢʩʽʷ ʰʘʨʽʚ GeSn ʧʨʦʪʽʢʘʻ ʟ ʪʠʤʠ ʞ ʧʦʚʝʨʭʥʝʚʠʤʠ 

ʨʝʢʦʥʩʪʨʫʢʮʽʷʤʠ, ʱʦ ʡ ʙʫʬʝʨʥʽ ʰʘʨʠ Ge ʧʨʠ 650Áʉ, ʘʣʝ ʩʫʧʨʦʚʦʜʞʫʻʪʴʩʷ 

ʫʪʚʦʨʝʥʥʷʤ ʛʨʘʥʝʡ (ʬʘʩʝʪʽʚ) ʥʘ ʧʦʚʝʨʭʥʽ ʰʘʨʫ GeSn. ʐʦʨʩʪʢʽʩʪʴ ʧʦʚʝʨʭʥʽ ʧʣʽʚʦʢ 

ʙʫʣʘ ʚʠʟʥʘʯʝʥʘ ʟʘ ʜʦʧʦʤʦʛʦʶ ʘʪʦʤʥʦ-ʩʠʣʦʚʦʾ ʤʽʢʨʦʩʢʦʧʽʾ. ɺʠʷʚʣʝʥʦ, ʱʦ 

ʩʝʨʝʜʥʴʦʢʚʘʜʨʘʪʠʯʥʘ h ʦʨʩʪʢʽʩʪʴ ʩʪʘʥʦʚʠʪʴ ʙʣʠʟʴʢʦ 1 ʥʤ ʜʣʷ ʙʫʬʝʨʥʦʛʦ ʰʘʨʫ Ge 

 ̔4-6 ʥʤ ʜʣʷ ʰʘʨʽʚ GeSn. 

ɼʦʩʣʽʜʞʝʥʦ ʪʨʠ ʪʠʧʠ ʛʝʪʝʨʦʩʪʨʫʢʪʫʨ: (ɯ) 1,5 ʤʢʤ ʙʫʬʝʨʥʠʡ ʰʘʨ Ge 

ʚʠʨʦʱʝʥʠʡ ʥʘ Si ʧʽʜʢʣʘʜʮʽ; (ɯɯ) 0,4 ʤʢʤ ʰʘʨ Ge0,96Sn0,04 ʚʠʨʦʱʝʥʠʡ ʥʘ 1,5 ʤʢʤ 

ʙʫʬʝʨʥʦʤʫ ʰʘʨʽ Ge ʥʘ Si ʧʽʜʢʣʘʜʮʽ; ʪʘ (III ) 0,4 ʤʢʤ ʰʘʨ Ge0,93Sn0,07 ʚʠʨʦʱʝʥʠʡ 

ʥʘ 1,5 ʤʢʤ ʙʫʬʝʨʥʦʤʫ ʰʘʨʽ Ge ʥʘ Si ʧʽʜʢʣʘʜʮʽ. 

ʉʪʨʫʢʪʫʨʥʽ ʜʦʩʣʽʜʞʝʥʥʷ ʟʨʘʟʢʽʚ ʧʨʦʚʦʜʠʣʠʩʷ ʥʘ ʚʠʩʦʢʦʨʦʟʜʽʣʴʥʦʤʫ ʍ-

ʧʨʦʤʝʥʝʚʦʤʫ ʜʠʬʨʘʢʪʦʤʝʪʨʽ X'Pert PRO MRD XL ʪʘ ʚʪʦʨʠʥʥʦʤʫ ʥʝʡʪʨʘʣʴʥʦʤʫ 

ʤʘʩ-ʩʧʝʢʪʨʦʤʝʪʨʽ INA-3 (Laybold-Heraeus, ʅʽʤʝʯʯʠʥʘ). ɺʠʤʽʨʶʚʘʥʥʷ ɺʅʄʉ 

ʚʠʢʦʥʫʚʘʣʠ ʫ ʚʠʩʦʢʦʯʘʩʪʦʪʥʦʤʫ ʨʝʞʠʤʽ, ʨʦʟʧʠʣʝʥʥʷ ʟʨʘʟʢʘ ʧʨʦʚʦʜʠʣʦʩʷ ʽʦʥʘʤʠ 

Ar+ ʟ ʝʥʝʨʛʽʻʶ 300 ʝɺ. ʐʚʠʜʢʽʩʪʴ ʨʦʟʧʠʣʝʥʥʷ ʩʪʘʥʦʚʠʣʘ ʙʣʠʟʴʢʦ 0,5 ʥʤ/ʩ, ʘ 

ʦʙʣʘʩʪʴ ʨʦʟʧʠʣʝʥʥʷ ʙʫʣʘ ʦʙʤʝʞʝʥʘ ʪʘʥʪʘʣʦʚʦʶ ʜʽʘʬʨʘʛʤʦʶ ʟ ʚʥʫʪʨʽʰʥʽʤ 

ʜʽʘʤʝʪʨʦʤ 3 ʤʤ. ʂʘʣʽʙʨʫʚʘʥʥʷ ʛʣʠʙʠʥʠ ʜʣʷ ʢʦʞʥʦʛʦ ʧʨʦʬʽʣʶ ʧʨʦʚʦʜʠʣʦʩʴ 

ʰʣʷʭʦʤ ʚʠʤʽʨʶʚʘʥʥʷ ʛʣʠʙʠʥʠ ʢʨʘʪʝʨʘ ʟʘ ʜʦʧʦʤʦʛʦʶ ʧʨʦʬʽʣʦʤʝʪʨʘ Dektak 3030. 

ɼʦʩʣʽʜʞʝʥʥʷ ʤʽʢʨʦ-ʂʈʉ ʧʨʦʚʦʜʠʣʦʩʷ ʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʩʧʝʢʪʨʦʤʝʪʨʘ T-

64000 Horiba Jobin-Yvon ʧʨʠ ʢʽʤʥʘʪʥʽʡ ʪʝʤʧʝʨʘʪʫʨʽ ʟ̔ ʚʠʢʦʨʠʩʪʘʥʥʷ 647,0 ʥʤ 



104 
 

ʣʽʥʽ ʾʟʙʫʜʞʝʥʥʷʤ Ar-Kr ʽʦʥʥʦʛʦ ʣʘʟʝʨʘ ʫ ʟʚʦʨʦʪʥʦʤʫ ʨʦʟʩʽʶʚʘʥʥʽ ʚʽʜ ʧʣʦʱʠʥ 

(100) ʫ ʧʘʨʘʣʝʣʴʥʽʡ; ᾀὼȟὼᾀӶ ʪʘ ʧʝʨʝʭʨʝʩʥʽʡ ᾀὼȟώᾀӶ ʛʝʦʤʝʪʨʽʷʭ, x, y ʪʘ z 

ʚʽʜʧʦʚʽʜʘʶʪʴ [100], [010]  ̔ [001] ʥʘʧʨʷʤʢʘʤ ʢʫʙʽʯʥʦʾ ʢʨʠʩʪʘʣʽʯʥʦʾ ʩʪʨʫʢʪʫʨʠ 

ʚʽʜʧʦʚʽʜʥʦ. 

 

5.3 ɼʦʩʣʽʜʞʝʥʥʷ ʨʝʣʘʢʩʘʮʽʾ ʥʘʧʨʫʞʝʥʴ ʚ Ge1-xSnx h ʘʨʘʭ, ʚʠʨʦʱʝʥʠʭ ʥʘ 

Ge/Si (001) ʧʽʜʢʣʘʜʢʘʭ 

ʅʘ ʨʠʩʫʥʢʫ 5.1 ʧʦʢʘʟʘʥʽ ʛʣʠʙʠʥʥʽ ɺʅʄʉ ʧʨʦʬʽʣʽ ʨʦʟʧʦʜʽʣʫ Sn ʽ Ge ʫ 

ʧʣʽʚʢʘʭ GeSn. ʆʪʨʠʤʘʥʠʡ ʽʟ ʧʨʦʬʽʣʽʚ ʚʤʽʩʪ Sn ʟʥʘʭʦʜʠʪʴʩʷ ʫ ʜʽʘʧʘʟʦʥʽ 3,5-4% ʪʘ 

7,5-8,3% ʜʣʷ ʜʚʦʭ ʪʠʧʽʚ ʧʣʽʚʦʢ GeSn. ʗʢ ʚʠʜʥʦ ʽʟ (ʨʠʩ. 5.1), ʨʦʟʧʦʜʽʣ Sn ʜʦʩʠʪʴ 

ʦʜʥʦʨʽʜʥʠʡ, ʟʘ ʚʠʢʣʶʯʝʥʥʷʤ ʧʝʨʰʠʭ 30-50 ʥʤ ʥʘ ʧʦʯʘʪʢʫ ʨʦʩʪʫ ʧʣʽʚʦʢ, ʜʝ ʚʤʽʩʪʫ 

Sn ʜʝʱʦ ʥʠʞʯʠʡ. ʌʦʨʤʫʚʘʥʥʷ ʰʘʨʫ ʽʟ ʥʠʟʴʢʦʶ ʢʦʥʮʝʥʪʨʘʮʽʾ Sn ʧʦʙʣʠʟʫ 

ʽʥʪʝʨʬʝʡʩʫ GeSn/Ge ʜʣʷ ʰʘʨʽʚ ʚʠʨʦʱʝʥʠʭ ʟʘ ʜʦʧʦʤʦʛʦʶ ʄʇɽ ʚʽʜʟʥʘʯʘʣʦʩʴ ʫ 

ʨʦʙʦʪʽ [168], ʪʘ ʟʘ ʜʦʧʦʤʦʛʦʶ ʭʽʤʽʯʥʦʾ ʧʘʨʦʬʘʟʦʚʦʾ ʝʧʽʪʘʢʩʽʾ ʫ ʨʦʙʦʪʽ [169]. ʎʝʡ 

ʝʬʝʢʪ ʙʫʣʦ ʧʦʷʩʥʝʥʦ ʤʝʭʘʥʽʟʤʦʤ ʨʦʩʪʫ, ʷʢʠʡ ʦʙʤʝʞʫʻ ʰʚʠʜʢʽʩʪʴ ʚʢʣʶʯʝʥʥʷ Sn 

ʥʘ ʧʦʚʝʨʭʥʽ Ge [168]. 

 
ʈʠʩʫʥʦʢ 5.1 ʇʨʦʬʽʣʽ ɺʅʄʉ ʨʦʟʧʦʜʽʣʫ ʢʦʥʮʝʥʪʨʘʮʽʾ Sn ʪʘ Ge ʫ ʩʪʨʫʢʪʫʨʘʭ ʽʟ ʚʤʽʩʪʦʤ Sn 

ʙʣʠʟʴʢʦ 4% (ʘ) ʪʘ ʙʣʠʟʴʢʦ 7% (ʙ). ʅʘ ʚʩʪʘʚʮʽ ʟʦʙʨʘʞʝʥʦ ʧʨʠʧʦʚʝʨʭʥʝʚʠʡ ʨʦʟʧʦʜʽʣ Sn ʜʣʷ 

ʩʪʨʫʢʪʫʨʠ ʽʟ ʰʘʨʦʤ Ge0,93Sn0,07. 

 

ʊʘʢʦʞ ʧʨʦʬʽʣʴ Sn ʫ ʰʘʨʽ Ge0.93Sn0.07 ʧʦʢʘʟʫʻ ʧ̔ ʜʚʠʱʝʥʠʡ ʚʤʽʩʪ Sn (ʜʦ 16%) 

ʧʦʙʣʠʟʫ ʧʦʚʝʨʭʥʽ ʧʣʽʚʢʠ (ʨʠʩ. 5.1ʙ, ʚʩʪʘʚʢʘ). ʊʦʚʱʠʥʘ ʟʦʥʠ ʟʙʘʛʘʯʝʥʦʾ Sn 

ʩʪʘʥʦʚʠʪʴ ʧʨʠʙʣʠʟʥʦ 1,5-2 ʥʤ, ʱʦ ʤʝʥʰʝ, ʥʽʞ ʨʦʟʜʽʣʴʥʘ ʟʜʘʪʥʽʩʪʴ ʤʝʪʦʜʫ ɺʅʄʉ 

~4 ʥʤ. ʊʦʤʫ ʤʝʪʦʜ ʥʝ ʤʦʞʝ ʨʦʟʨʽʟʥʠʪʠ ʯʠ ʪʦʥʢʘ ʙʘʛʘʪʘ ʥʘ Sn ʜʽʣʷʥʢʘ ʙʽʣʷ 
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ʧʦʚʝʨʭʥʽ ʚʠʢʣʠʢʘʥʫ ʦʩʘʜʞʝʥʥʷʤ Sn, ʯʠ ʟʙʽʣʴʰʝʥʥʷ ʩʠʛʥʘʣʫ ʦʙʫʤʦʚʣʝʥʦʛʦ 

ʥʘʷʚʥʽʩʪʶ ʦʢʨʝʤʠʭ ʜʦʤʽʰʦʢ, ʦʢʩʠʜʽʚ ʪʘ ʽʥʰʠʭ ʟʘʙʨʫʜʥʝʥʴ ʥʘ ʧʦʚʝʨʭʥʽ ʧʣʽʚʢʠ. 

 

 
 

 
ʈʠʩʫʥʦʢ 5.2 ʉʧʝʢʪʨʠ ʂʈʉ ʜʦʩʣʽʜʞʫʚʘʥʠʭ ʩʪʨʫʢʪʫʨ ʫ ʧʘʨʘʣʝʣʴʥʽʡ ᾀὼȟὼᾀӶ (ʘ) ʪʘ ʧʝʨʝʭʨʝʩʥʽʡ 
ᾀὼȟώᾀӶ (ʙ) ʧʦʣʷʨʠʟʘʮʽʡʥʠʭ ʛʝʦʤʝʪʨʽʷʭ. 

 

ʗʢ ʧʨʘʚʠʣʦ, ʩʝʛʨʝʛʘʮʽʷ Sn ʚʽʜʙʫʚʘʻʪʴʩʷ ʧʽʜ ʯʘʩ ʨʦʩʪʫ ʘʙʦ ʧʽʜ ʯʘʩ ʧʦʩʪ-

ʨʦʩʪʦʚʦʾ ʪʝʨʤʽʯʥʦʾ ʦʙʨʦʙʢʠ ʜʚʦʤʘ ʰʣʷʭʘʤʠ: (ɯ) ʫʪʚʦʨʝʥʥʷ ʥʘ ʧʦʚʝʨʭʥʽ ʧʣʽʚʦʢ ʪʘ 

ʫ ʰʘʨʽ ʙʘʛʘʪʠʭ ʥʘ Sn ʥʘʥʦʯʘʩʪʠʥʦʢ ʪʘ (ɯɯ) ï ʫʪʚʦʨʝʥʥʷ ʪʦʥʢʦʛʦ Sn-ʟʙʘʛʘʯʝʥʦʛʦ 

ʰʘʨʫ ʙʽʣʷ ʧʦʚʝʨʭʥʽ ʧʣʽʚʢʠ. ʋ ʣʽʪʝʨʘʪʫʨʽ ʟʘʟʥʘʯʝʥʦ, ʱʦ ʨʦʟʤʽʨʠ ʪʘʢʠʭ 

ʥʝʦʜʥʦʨʽʜʥʦʩʪʝʡ ʢʦʣʠʚʘʶʪʴʩʷ ʚʽʜ ʜʝʩʷʪʢʽʚ ʜʦ ʜʝʢʽʣʴʢʦʭ ʩʦʪʝʥʴ ʥʘʥʦʤʝʪʨʽʚ [167], 

[170]ï[172]. ʈʝʟʫʣʴʪʘʪʠ ɺʅʄʉ ʥʝ ʧʦʢʘʟʫʶʪʴ ʚʝʣʠʢʠʭ ʥʝʦʜʥʦʨʽʜʥʦʩʪʝʡ ʧʨʦʬʽʣʽʚ 
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ʨʦʟʧʦʜʽʣʫ Sn ʫ ʜʦʩʣʽʜʞʝʥʠʭ h ʘʨʘʭ GeSn. ʆʜʥʘʢ ʮʝ ʥʝ ʤʦʞʝ ʚʠʢʣʶʯʠʪʠ ʥʘʷʚʥʽʩʪʴ 

ʤʘʣʠʭ ʩʝʛʨʝʛʘʪʽʚ Sn ʯʝʨʝʟ ʤʘʣʫ ʣʘʪʝʨʘʣʴʥʫ ʨʦʟʜʽʣʴʥʫ ʟʜʘʪʥʦʩʪʽ ʤʝʪʦʜʫ ɺʅʄʉ. 

ʅʘ ʩʧʝʢʪʨʘʭ ʢʦʤʙʽʥʘʮʽʡʥʦʛʦ ʨʦʟʩʽʷʥʥʷ ʩʚʽʪʣʘ ʜʦʩʣʽʜʞʫʚʘʥʠʭ ʩʪʨʫʢʪʫʨ 

(ʨʠʩ. 5.2) ʧʨʦʷʚʣʷʶʪʴʩʷ ʩʠʣʴʥʠʡ Ge LO ʬʦʥʦʥʠʡ ʧʽʢ ʚ ʽʥʪʝʨʚʘʣʽ 297-302 ʩʤ-1. 

ʂʨʽʤ Ge-Ge ʤʦʜʠ, ʥʘ ʩʧʝʢʪʨʠ ʂʈʉ ʧʣʽʚʦʢ GeSn ʩʧʦʩʪʝʨʽʛʘʻʪʴʩʷ Sn-Sn ʪʘ Ge-Sn 

ʤʦʜʠ ʫ ʜʽʘʧʘʟʦʥʘʭ 180-186 ʩʤ-1 ʪʘ 259-264 ʩʤ-1 ʚʽʜʧʦʚʽʜʥʦ. ʎʽ ʤʦʜʠ ʥʝ 

ʩʧʦʩʪʝʨʽʛʘʶʪʴʩʷ ʚ ʯʠʩʪʦʤʫ ʙʫʬʝʨʥʦʤʫ ʰʘʨʽ Ge ʽ ʻ ʩʚʽʜʯʝʥʥʷʤ ʫʪʚʦʨʝʥʥʷ 

ʪʚʝʨʜʦʛʦ ʨʦʟʯʠʥʫ GeSn. ɺʠʤʽʨʶʚʘʥʥʷ ʫ ʧʝʨʝʭʨʝʩʥʽʡ ʧʦʣʷʨʠʟʘʮʽʾ ʟʙʫʜʞʫʶʯʦʛʦ ʪʘ 

ʨʦʟʩʽʷʥʦʛʦ ʚʠʧʨʦʤʽʥʶʚʘʥʥʷ (ᾀὼȟώᾀӶ ʛʝʦʤʝʪʨʽ)̫ ʜʘʻ ʟʤʦʛʫ ʟʤʝʥʰʠʪʠ ʚʥʝʩʦʢ 

ʜʚʦʬʦʥʦʥʥʦʛʦ 2TA(X) ʨʦʟʩʽʷʥʥʷ ʽ ʟʨʦʙʠʪʠ Sn-Sn ʩʤʫʛʫ ʙʽʣʴʰ ʚʠʨʘʞʝʥʦʶ 

(ʨʠʩ. 5.2ʙ). ʏʘʩʪʦʪʠ ʪʘ ʧʦʚʥʽ ʰʠʨʠʥʠ ʫ ʧʦʣʦʚʠʥʽ ʤʘʢʩʠʤʫʤʫ (ʇʐʇʄ) ʪʨʴʦʭ 

ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʩʧʦʩʪʝʨʝʞʫʚʘʥʠʭ ʬʦʥʦʥʥʠʭ ʤʦʜ ʥʘʚʝʜʝʥʽ ʚ ʪʘʙʣʠʮʽ 5.1. 

 

ʊʘʙʣʠʮʷ 5.1 ʈʝʟʫʣʴʪʘʪʠ ʤʽʢʨʦ ʂʈʉ ʜʦʩʣʽʜʞʫʚʘʥʠʭ ʟʨʘʟʢʽʚ. 

 

ɯʟ ʨʦʩʪʦʤ ʢʦʥʮʝʥʪʨʘʮʽʾ Sn ʫ ʰʘʨʽ GeSn ʚʩʽ ʪʨʠ ʩʧʦʩʪʝʨʝʞʫʚʘʥʽ ʤʦʜʠ ʂʈʉ 

ʟʤʽʱʫʚʘʣʴʩʴ ʫ ʥʠʟʴʢʦʯʘʩʪʦʪʥʫ ʦʙʣʘʩʪʴ (ʪʘʙʣ. 5.1). ʆʩʢʽʣʴʢʠ ʥʘ ʟʩʫʚ ʯʘʩʪʦʪʠ ʂʈʉ 

ʫ ʥʘʧʽʚʧʨʦʚʽʜʥʠʢʦʚʠʭ ʩʧʦʣʫʢʘʭ ʚʧʣʠʚʘʻ ʛʦʣʦʚʥʠʤ ʯʠʥʦʤ ʟʤʽʥʘ ʩʢʣʘʜʫ ʪʘ 

ʜʝʬʦʨʤʘʮʽʷ, ʪʦ ʟʤʽʥʘ ʯʘʩʪʦʪʠ Ge-Ge ʤʦʜʠ ʤʦʞʝ ʙʫʪʠ ʧʨʝʜʩʪʘʚʣʝʥʘ ʷʢ ʩʫʤʘ ʟʤʽʥ, 

ʚʠʢʣʠʢʘʥʠʭ ʫʪʚʦʨʝʥʥʷʤ ʪʚʝʨʜʦʛʦ ʨʦʟʯʠʥʫ (ʢʦʤʧʦʟʠʮʽʡʥʠʡ ʚʢʣʘʜ) ʪʘ ʽʥʜʫʢʦʚʘʥʠʭ 

ʧʨʫʞʥʠʤʠ ʜʝʬʦʨʤʘʮʽʷʤʠ (ʜʝʬʦʨʤʘʮʽʡʥʠʡ ʚʢʣʘʜ): 

ɝ‫ ɝ‫ ɝ‫      υȢρ 

ɼʣʷ ʧʦʚʥʽʩʪʶ ʨʝʣʘʢʩʦʚʘʥʠʭ Ge1-xSnx ʩʧʦʣʫʢ ʪʝʦʨʝʪʠʯʥʦ ʧʨʦʛʥʦʟʦʚʘʥʠʡ ʫ 

ʨʦʙʦʪʽ [173] ʢʦʤʧʦʟʠʮʽʡʥʠʡ ʩʢʣʘʜ ʟʤʽʥʶʻʪʴʩʷ ʟʽ ʚʤʽʩʪʦʤ Sn ʷʢ ȹɤalloy=-95.1ʭ. ɼʣʷ 

ʧʦʚʥʽʩʪʶ ʥʘʧʨʫʞʝʥʠʭ Ge1-xSnx ʰʘʨʽʚ ʚʠʨʦʱʝʥʠʭ ʥʘ Ge (001) ʪʝʦʨʝʪʠʯʥʠʡ ʘʥʘʣʽʟ 

ɿʨʘʟʦʢ / ʬʦʥʦʥʥʘ ʤʦʜʘ 
Sn-Sn Sn-Ge Ge-Ge 

ɤ, cʤ-1 ũ, cʤ-1 ɤ, cʤ-1 ũ, cʤ-1 ɤ, cʤ-1 ũ, cʤ-1 

Ge/Si - - - - 302.2 2.8 

GeSn/Ge/Si (Sn=4%) 186.6 43.7 264.4 12.8 301.8 3.5 

GeSn/Ge/Si (Sn=7%) 180.2 52.1 259.7 23.2 297.8 5.0 
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ʧʝʨʝʜʙʘʯʘʻ ʥʘʩʪʫʧʥʫ ʟʘʣʝʞʥʦʩʪʽ ʜʣʷ ʜʝʬʦʨʤʘʮʽʡʥʦʛʦ ʚʢʣʘʜʫ: ȹɤstrain=64.0ʭ ʽ ʜʣʷ 

ʟʤʽʥʠ ʯʘʩʪʦʪʠ ʂʈʉ Ge-Ge ʤʦʜʠ: ȹɤGe-Ge=-31.1ʭ [173]. 

ʇʦʨʽʚʥʷʥʥʷ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʠʭ ʪʘ ʪʝʦʨʝʪʠʯʥʦ ʨʦʟʨʘʭʦʚʘʥʠʭ ʯʘʩʪʦʪ Ge-Ge 

ʤʦʜʠ ʜʣʷ ʧʦʚʥʽʩʪʶ ʥʘʧʨʫʞʝʥʠʭ ʽ ʧʦʚʥʽʩʪʶ ʨʝʣʘʢʩʦʚʘʥʠʭ ʰʘʨʽʚ ʫ ʜʦʩʣʽʜʞʫʚʘʥʠʭ 

ʩʪʨʫʢʪʫʨʘʭ Ge1-xSnx ʟ ʧʦʢʘʟʫʻ, ʱʦ ʰʘʨ ʟʽ ʚʤʽʩʪʦʤ Sn ʙʣʠʟʴʢʦ 4% ʧʦʚʥʽʩʪʶ 

ʥʘʧʨʫʞʝʥʠʡ, ʘ ʰʘʨ 7% Sn ï ʯʘʩʪʢʦʚʦ ʨʝʣʘʢʩʦʚʘʥʠʡ. ɺʢʣʶʯʝʥʥʷ Sn ʚʠʢʣʠʢʘʻ ʥʝ 

ʪʽʣʴʢʠ ʟʩʫʚ ʣʽʥʽʡ ʂʈʉ, ʘʣʝ ʽ ʟʙʽʣʴʰʝʥʥʷ ʾʭ ʇʐʅʄ (ʪʘʙʣʠʮʷ 5.1). ʆʩʪʘʥʥʻ 

ʩʚʽʜʯʠʪʴ ʧʨʦ ʟʘʛʘʣʴʥʝ ʧʦʛʽʨʰʝʥʥʷ ʢʨʠʩʪʘʣʽʯʥʦʾ ʷʢʦʩʪʽ GeSn ʰʘʨʫ. 

ɺʠʩʦʢʦʨʦʟʜʽʣʴʥʽ ʩʠʤʝʪʨʠʯʥʽ ʢʘʨʪʠ ʨʦʟʩʽʷʥʥʷ ʽʥʪʝʥʩʠʚʥʦʩʪʽ ʧʦʙʣʠʟʫ (004) 

ʚʫʟʣʘ ʦʙʝʨʥʝʥʦʛʦ ʧʨʦʩʪʦʨʫ (ʂʆʇ) ʪʘ ʘʩʠʤʝʪʨʠʯʥʽ ʂʆʇ ʧʦʙʣʠʟʫ (113) ʚʽʜʙʠʪʪʷ 

ʧʨʝʜʩʪʘʚʣʝʥʽ ʥʘ ʨʠʩ. 5.3 ʪʘ ʨʠʩ. 5.4. ʅʘ ʂʆʇ Ge/Si ʩʪʨʫʢʪʫʨ ʜʚʘ ʽʥʪʝʥʩʠʚʥʠʭ 

ʤʘʢʩʠʤʫʤʠ ʚʽʜʧʦʚʽʜʘʶʪʴ ʚʽʜʙʠʪʪʷʤ ʚʽʜ ʢʨʠʩʪʘʣʽʯʥʦʾ ʛʨʘʪʢʠ ʙʫʬʝʨʥʦʛʦ ʰʘʨʫ Ge 

ʪʘ Si ʧʽʜʢʣʘʜʢʠ. ʇʦʷʚʘ GeSn ʚʽʜʙʠʪʪʷ ʜʣʷ GeSn/Ge ʩʪʨʫʢʪʫʨ ʩʚʽʜʯʠʪʴ ʧʨʦ 

ʫʪʚʦʨʝʥʥʷ ʪʚʝʨʜʦʛʦ ʨʦʟʯʠʥʫ GeSn. ɯʟ ʩʠʤʝʪʨʠʯʥʠʭ ʂʆʇ ʚʠʜʥʦ, ʱʦ ʚʽʜʥʦʩʥʝ 

ʫʰʠʨʝʥʥʷ GeSn ʚʽʜʙʠʪʪʷ ʜʣʷ ʰʘʨʫ ʽʟ ʚʤʽʩʪʦʤ Sn 4% ʤʝʥʰʝ (ȹqx=0,011 ʥʤ-1, 

ȹqy=0,016 ʥʤ-1) ʥʽʞ ʜʣʷ ʰʘʨʫ ʽʟ ʢʦʥʮʝʥʪʨʘʮʽʻʶ Sn 7% (ȹqx=0,026 ʥʤ-1, 

ȹqy=0,018 ʥʤ-1). ʎʝ ʩʚʽʜʯʠʪʴ, ʱʦ ʢʨʠʩʪʘʣʽʯʥʘ ʷʢʽʩʪʴ GeSn ʰʘʨʫ ʧʦʛʽʨʰʫʻʪʴʩʷ ʽʟ 

ʟʙʽʣʴʰʝʥʥʷʤ ʢʦʥʮʝʥʪʨʘʮʽʾ Sn. 

ʅʘ ʩʠʤʝʪʨʠʯʥʠʭ (004) ʂʆʇ ʩʧʦʩʪʝʨʽʛʘʻʪʴʩʷ ʤʘʡʞʝ ʽʜʝʘʣʴʥʝ ʚʝʨʪʠʢʘʣʴʥʝ 

ʨʦʟʪʘʰʫʚʘʥʥʷ ʧʽʢʽʚ Si ʽ Ge, ʘ ʪʘʢʦʞ ʰʘʨʫ GeSn ʟ̔ 4% Sn, ʮʝ ʦʟʥʘʯʘʻ, ʱʦ 

ʢʨʠʩʪʘʣʦʛʨʘʬʽʯʥʽ ʧʣʦʱʠʥʠ ʪʠʧʫ (001) ʚ ʮʠʭ ʰʘʨʘʭ ʽ ʚ Si ʧʽʜʢʣʘʜʮʽ ʻ 

ʧʘʨʘʣʝʣʴʥʠʤʠ. ʋ ʪʦʡ ʞʝ ʯʘʩ ʩʧʦʩʪʝʨʽʛʘʻʪʴʩʷ ʟʩʫʚ ʚʟʜʦʚʞ ʦʩʽ qx ʚʽʜʥʦʩʥʦ 

ʧʦʣʦʞʝʥʥʷ Ge ʤʘʢʩʠʤʫʤʫ ʚʽʜʙʠʪʪʷ GeSn h ʘʨʫ ʽʟ ʚʤʽʩʪʦʤ Sn 7%. ʎʝ ʩʚʽʜʯʠʪʴ ʧʨʦ 

ʨʦʟʦʨʽʻʥʪʘʮʽʶ (001) ʢʨʠʩʪʘʣʦʛʨʘʬʽʯʥʠʭ ʧʣʦʱʠʥ ʙʫʬʝʨʥʦʛʦ ʰʘʨʫ Ge ʪʘ ʰʘʨʫ 

Ge0,93Sn0,07. ʎʝʡ ʝʬʝʢʪ ʪʘʢʦʞ ʧʨʦʷʚʣʷʻʪʴʩʷ ʥʘ ʜʚʦʭ ʘʩʠʤʝʪʨʠʯʥʠʭ (113) ʂʆʇ, 

ʟʥʷʪʠʭ ʧʨʠ ʘʟʠʤʫʪʘʣʴʥʦʤʫ ʧʦʚʦʨʦʪʽ ʥʘ 180Á (ʨʠʩ. 5.4). ʅʘ ʮʠʭ ʜʚʦʭ ʂʆʇ ʧʽʢʠ ʚʽʜ 

ʰʘʨʫ Ge0,93Sn0,07 ʟʤʽʱʝʥʽ ʫ ʧʨʦʪʠʣʝʞʥʠʭ ʥʘʧʨʷʤʢʘʭ ʚʟʜʦʚʞ ʦʩʽ qx ʚʽʜʥʦʩʥʦ 

ʚʽʜʙʠʪʪʷ ʙʫʬʝʨʥʦʛʦ ʰʘʨʫ Ge. ʊʦʙʪʦ ʚʟʘʻʤʥʝ ʧʦʣʦʞʝʥʥʷ ʚʽʜʙʠʪʪʽʚ ʚʽʜ Ge ʪʘ 

Ge0,93Sn0,07 ʝʧʽʪʘʢʩʽʡʥʦʛʦ ʰʘʨʫ ʥʘ ʂʆʇ ʟʘʣʝʞʠʪʴ ʚʽʜ ʘʟʠʤʫʪʘʣʴʥʦʛʦ ʢʫʪʘ, ʧʨʠ 

ʷʢʦʤʫ ʚʠʤʽʨʶʚʘʣʘʩʴ ʂʆʇ. ʎʝ ʻ ʨʝʟʫʣʴʪʘʪʦʤ ʢʨʠʩʪʘʣʦʛʨʘʬʽʯʥʦʛʦ ʥʘʭʠʣʫ (001) 
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ʈʠʩʫʥʦʢ 5.3 ʉʠʤʝʪʨʠʯʥʽ ʂʆʇ ʧʦʙʣʠʟʫ (004) ʚʽʜʙʠʪʪʷ (ʘ), (ʙ) ʪʘ ʘʩʠʤʝʪʨʠʯʥʽ ʂʆʇ ʧʦʙʣʠʟʫ 

(113) (ʚ), (ʛ) ʜʣʷ ʩʪʨʫʢʪʫʨʠ ʙʫʬʝʨʥʦʛʦ ʰʘʨʫ Ge ʥʘ Si ʧʽʜʢʣʘʜʮʽ (ʘ), (ʚ) ʪʘ ʩʪʨʫʢʪʫʨʠ ʟ ʰʘʨʦʤ 

GeSn ʟ ʚʤʽʩʪʦʤ Sn ~4% (ʙ), (ʛ). ʂʆʇ ʜʣʷ ʦʜʠʥʘʢʦʚʠʭ ʚʽʜʙʠʪʪʽʚ ʧʦʜʘʥʽʚ ʚ ʦʜʥʦʤʫ ʤʘʰʪʘʙʽ. 

 

ʧʣʦʱʠʥ Ge0,93Sn0,07 ʰʘʨʫ. ɼʣʷ ʩʠʤʝʪʨʠʯʥʠʭ ʂʆʇ (ʟ ʷʢʠʭ ʦʪʨʠʤʫʶʪʴ ʪʽʣʴʢʠ 

ʚʝʨʪʠʢʘʣʴʥʠʡ ʧʘʨʘʤʝʪʨ ʛʨʘʪʢʠ) ʮʝ ʥʝ ʪʘʢ ʢʨʠʪʠʯʥʦ ʷʢ ʜʣʷ ʘʩʠʤʝʪʨʠʯʥʠʭ, ʜʣʷ 

ʷʢʠʭ ʧʦʣʦʞʝʥʥʷ ʚʽʜʙʠʪʪʷ ʥʘ ʂʆʇ ʟʘʣʝʞʠʪʴ ʷʢ ʣʘʪʝʨʘʣʴʥʦʛʦ ʪʘʢ ʽ ʚʽʜ 

ʚʝʨʪʠʢʘʣʴʥʦʛʦ ʧʘʨʘʤʝʪʨʘ ʛʨʘʪʢʠ. ʇʨʠ ʚʽʜʩʫʪʥʦʩʪʽ ʜʦʩʪʘʪʥʴʦʾ ʢʽʣʴʢʦʩʪʽ 

ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʠʭ ʜʘʥʠʭ ʽ ʙʝʨʫʯʠ ʜʦ ʫʚʘʛʠ ʪʽʣʴʢʠ ʦʜʥʫ ʘʩʠʤʝʪʨʠʯʥʫ ʂʆʇ 

ʤʦʞʥʘ ʟʨʦʙʠʪʠ ʭʠʙʥʠʡ ʚʠʩʥʦʚʦʢ ʧʨʦ ʨʝʣʘʢʩʘʮʽʶ ʝʧʽʪʘʢʩʽʡʥʦʛʦ ʰʘʨʫ. ʊʘʢ ʟ 

ʨʠʩʫʥʢʫ 5.4(ʛ) ʚʠʜʥʦ, ʱʦ ʧʦʣʦʞʝʥʥʷ ʚʽʜʙʠʪʪʷ ʚʽʜ ʰʘʨʫ Ge0,93Sn0,07 ʟʤʽʱʝʥʦ 




