






ʈɽʌɽʈɸʊ 

ʆʪʯʝʪ ʩ.70,  ʨʠʩ. 24, ʠʩʪʦʯʥʠʢʦʚ 88. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʀʅʊɽʅʉʀɺʅʆɽ ʃɸɿɽʈʅʆɽ ɺʆɿɼɽʁʉʊɺʀɽ, 

ʄʆɼʀʌʀʂɸʎʀʗ, ʂɺɸʅʊʆɺʓɽ ʊʆʏʂʀ, ʇʆʃʋʇʈʆɺʆɼʅʀʂʆɺʓɽ 

ʄɸʊɽʈʀɸʃʓ, ʅɸʅʆʂʃɸʉʊɽʈʓ, ʄɸʊɽʄɸʊʀʏɽʉʂʆɽ 

ʄʆɼɽʃʀʈʆɺɸʅʀɽ, ɸʊʆʄʅʆ-ʉʀʃʆɺɸʗ ʄʀʂʈʆʉʂʆʇʀʗ, 

ʉʂɸʅʀʈʋʖʑɸʗ ʕʃɽʂʊʈʆʅʅɸʗ ʄʀʂʈʆʉʂʆʇʀʗ. 

 

ʅʘʫʯʥʦ-ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʦʡ ʮʝʣʴʶ ʧʨʦʝʢʪʘ ʷʚʣʷʝʪʩʷ ʧʦʣʫʯʝʥʠʝ ʥʦʚʳʭ 

ʟʥʘʥʠʡ ʠ ʨʝʟʫʣʴʪʘʪʦʚ ʚ ʦʙʣʘʩʪʠ ʫʧʨʘʚʣʷʝʤʦʛʦ ʣʘʟʝʨʥʦʛʦ ʩʠʥʪʝʟʘ 

ʥʘʥʦʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʳʭ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʭ  ʤʘʪʝʨʠʘʣʦʚ ʧʨʠ ʚʦʟʜʝʡʩʪʚʠʠ 

ʢʦʨʦʪʢʠʭ ʠ ʩʚʝʨʭʢʦʨʦʪʢʠʭ ʣʘʟʝʨʥʳʭ ʠʤʧʫʣʴʩʦʚ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ 

ʫʥʠʢʘʣʴʥʦʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʦʡ ʫʩʪʘʥʦʚʢʠ ʫʧʦʨʷʜʦʯʝʥʥʦʛʦ 

ʥʘʥʦʩʪʨʫʢʪʫʨʠʨʦʚʘʥʠʷ ʦʙʲʝʢʪʦʚ ʬʝʤʪʦʩʝʢʫʥʜʥʳʤ ʠʟʣʫʯʝʥʠʝʤ. 

ʅʘʫʯʥʦ-ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʘʷ ʮʝʣʴ ʜʘʥʥʦʛʦ ʵʪʘʧʘ ï  ʧʨʦʚʝʜʝʥʠʝ ʧʦʠʩʢʘ 

ʠ ʘʥʘʣʠʟʘ ʥʘʫʯʥʦʡ ʠʥʬʦʨʤʘʮʠʠ, ʦʧʨʝʜʝʣʝʥʠʝ ʥʘʧʨʘʚʣʝʥʠʡ ʠʩʩʣʝʜʦʚʘʥʠʡ ʠ 

ʧʨʦʚʝʜʝʥʠʝ ʥʘʯʘʣʴʥʳʭ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʚ ʦʙʣʘʩʪʠ 

ʬʦʨʤʠʨʦʚʘʥʠʷ ʥʘʥʦʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʳʭ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʭ ʤʘʪʝʨʠʘʣʦʚ 

ʥʘ ʦʩʥʦʚʝ ʭʘʣʴʢʦʛʝʥʠʜʦʚ ʤʝʪʘʣʣʦʚ.  

ɼʣʷ ʜʦʩʪʠʞʝʥʠʷ ʜʘʥʥʦʡ ʮʝʣʠ ʚ ʨʘʤʢʘʭ ʧʨʦʝʢʪʘ ʧʨʦʚʝʜʝʥ ʧʘʪʝʥʪʥʳʡ 

ʧʦʠʩʢ, ʦʩʫʱʝʩʪʚʣʝʥ ʘʥʘʣʠʟ ʥʘʫʯʥʦ-ʪʝʭʥʠʯʝʩʢʦʡ ʣʠʪʝʨʘʪʫʨʳ, ʧʨʦʚʝʜʝʥʳ 

ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʦ ʚʦʟʜʝʡʩʪʚʠʷ ʥʘ ʢʨʠʩʪʘʣʣʠʯʝʩʢʫʶ ʤʠʥʝʰʴ PbTe ʚ ʞʠʜʢʦʡ 

ʩʨʝʜʝ.  

ɺ ʨʝʟʫʣʴʪʘʪʝ ʧʨʦʚʝʜʝʥʥʦʡ ʨʘʙʦʪʳ ʧʦ ʜʘʥʥʦʤʫ ʧʨʦʝʢʪʫ ʚʳʙʨʘʥʳ 

ʥʘʧʨʘʚʣʝʥʠʷ ʜʘʣʴʥʝʡʰʠʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʠ ʧʨʝʜʣʦʞʝʥ ʩʧʦʩʦʙ ʧʦʣʫʯʝʥʠʷ 

ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʭ ʥʘʥʦʯʘʩʪʠʮ ʪʝʣʣʫʨʠʜʘ ʩʚʠʥʮʘ.  

ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʦʙʨʘʟʮʳ ʠʩʩʣʝʜʦʚʘʣʠʩʴ ʤʝʪʦʜʘʤʠ 

ʜʠʥʘʤʠʝʩʢʝʦʛʦ ʨʘʩʩʝʷʥʠʷ ʩʚʝʪʘ ʠ ʩʧʝʢʪʨʦʩʢʦʧʠʠ ʢʦʤʙʠʥʘʮʠʦʥʥʦʛʦ 

ʨʘʩʩʝʷʥʠʷ ʥʘ ʧʨʠʙʦʨʝ ʀʥʪʝʛʨʘ-ʉʧʝʢʪʨʘ.  



ɼʣʷ ʨʝʰʝʥʠʷ ʟʘʜʘʯ ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ: ʦʨʠʛʠʥʘʣʴʥʳʝ ʤʝʪʦʜʳ 

ʫʧʨʘʚʣʷʝʤʦʛʦ ʣʘʟʝʨʥʦʛʦ ʚʦʟʜʝʡʩʪʚʠʷ, ʩʦʚʨʝʤʝʥʥʳʝ ʤʝʪʦʜʳ ʟʦʥʜʦʚʦʡ 

ʤʠʢʨʦʩʢʦʧʠʠ. 

ʇʦʣʫʯʝʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʧʨʝʜʩʪʘʚʣʷʶʪ ʧʨʘʢʪʠʯʝʩʢʠʡ ʠʥʪʝʨʝʩ ʚ ʧʣʘʥʝ 

ʧʨʦʚʝʜʝʥʠʷ ʬʫʥʜʘʤʝʥʪʘʣʴʥʳʭ ʥʘʫʯʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʠ ʧʦʜʛʦʪʦʚʢʠ 

ʩʧʝʮʠʘʣʠʩʪʦʚ ʚʳʩʦʢʦʛʦ ʢʣʘʩʩʘ ʚ ʦʙʣʘʩʪʠ ʣʘʟʝʨʥʦʡ ʬʠʟʠʢʠ, ʣʘʟʝʨʥʳʭ ʠ 

ʣʘʟʝʨʥʦ-ʠʥʬʦʨʤʘʮʠʦʥʥʳʭ ʪʝʭʥʦʣʦʛʠʡ, ʩʦʚʨʝʤʝʥʥʳʭ ʥʘʥʦʪʝʭʥʦʣʦʛʠʡ.  
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ˏˏ˒ˑ˒˚˕˒ 

 

ɺ ʥʘʩʪʦʷʱʝʤ ʦʪʯʝʪʝ ʦʪʨʘʞʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʨʘʙʦʪ ʧʝʨʚʦʛʦ ʵʪʘʧʘ 2012 

ʛʦʜʘ ʧʦ ʧʨʦʝʢʪʫ çʇʨʦʚʝʜʝʥʠʝ ʠʩʩʣʝʜʦʚʘʥʠʡ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʫʥʠʢʘʣʴʥʳʭ 

ʩʪʝʥʜʦʚ ʠ ʫʩʪʘʥʦʚʦʢ ʚ ʦʙʣʘʩʪʠ ʥʘʥʦʩʠʩʪʝʤ ʠ ʤʘʪʝʨʠʘʣʦʚè ʧʦ ʪʝʤʝ: 

çʃʘʟʝʨʥʳʡ ʩʠʥʪʝʟ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʭ ʥʘʥʦʯʘʩʪʠʮ/ʢʚʘʥʪʦʚʳʭ ʪʦʯʝʢ ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʫʥʠʢʘʣʴʥʦʡ ʫʩʪʘʥʦʚʢʠ ʫʧʦʨʷʜʦʯʝʥʥʦʛʦ 

ʥʘʥʦʩʪʨʫʢʪʫʨʠʨʦʚʘʥʠʷ ʦʙʲʝʢʪʦʚ ʬʝʤʪʦʩʝʢʫʥʜʥʳʤ ʠʟʣʫʯʝʥʠʝʤè ʚ ʨʘʤʢʘʭ 

ʬʝʜʝʨʘʣʴʥʦʡ ʮʝʣʝʚʦʡ ʧʨʦʛʨʘʤʤʳ çʀʩʩʣʝʜʦʚʘʥʠʷ ʠ ʨʘʟʨʘʙʦʪʢʠ ʧʦ 

ʧʨʠʦʨʠʪʝʪʥʳʤ ʥʘʧʨʘʚʣʝʥʠʷʤ ʨʘʟʚʠʪʠʷ ʥʘʫʯʥʦ-ʪʝʭʥʦʣʦʛʠʯʝʩʢʦʛʦ 

ʢʦʤʧʣʝʢʩʘ ʈʦʩʩʠʠ ʥʘ 2007-2013 ʛʦʜʳè. 

ʇʦ ʥʘʫʯʥʦʤʫ ʥʘʧʨʘʚʣʝʥʠʶ ʧʨʦʝʢʪʘ ʙʳʣ ʠʩʩʣʝʜʦʚʘʥ ʘʥʘʣʠʟ ʥʘʫʯʥʦ-

ʪʝʭʥʠʯʝʩʢʦʡ ʣʠʪʝʨʘʪʫʨʳ, ʦʩʫʱʝʩʪʚʣʝʥ ʧʘʪʝʥʪʥʳʡ ʧʦʠʩʢ, ʨʝʘʣʠʟʦʚʘʥʳ 

ʧʝʨʚʳʝ ʵʢʩʧʝʨʠʤʝʥʪʳ ʧʦ ʣʘʟʝʨʥʦʤʫ ʬʦʨʤʠʨʦʚʘʥʠʶ ʢʚʘʥʪʦʚʳʭ ʪʦʯʝʢ, ʘ 

ʪʘʢʞʝ ʧʨʦʚʝʜʝʥʳ ʨʘʙʦʪʳ ʧʦ ʦʙʝʩʧʝʯʝʥʠʶ ʠʩʩʣʝʜʦʚʘʥʠʡ ʜʣʷ ʩʪʦʨʦʥʥʠʭ 

ʦʨʛʘʥʠʟʘʮʠʡ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʋʉʋ. 

 



 

ʅʦʨʤʘʪʠʚʥʳʝ ʩʩʳʣʢʠ 

 

ɺ ʥʘʩʪʦʷʱʝʤ ʦʪʯʝʪʝ ʦ ʅʀʈ ʠʩʧʦʣʴʟʦʚʘʥʳ ʩʩʳʣʢʠ ʥʘ ʩʣʝʜʫʶʱʠʝ 

ʩʪʘʥʜʘʨʪʳ: 

- ʤʝʪʦʜʠʢʠ ʠʟʤʝʨʝʥʠʡ ʈʕʄ ʩʦʦʪʚʝʪʩʪʚʫʶʪ ɻʆʉʊʫ ʈ 8.631. ï2007  

- ʤʝʪʦʜʠʢʠ ʠʟʤʝʨʝʥʠʡ ɸʉʄ ʩʦʦʪʚʝʪʩʪʚʫʶʪ ɻʆʉʊʫ ʈ 8.630. ï2007 

- ʩʪʨʫʢʪʫʨʘ ʠ ʧʨʘʚʠʣʘ ʦʬʦʨʤʣʝʥʠʷ ʦʪʯʝʪʘ ʅʀʈ ɻʆʉʊ 7.32-2001 



ʆʧʨʝʜʝʣʝʥʠʷ ʠ ʩʦʢʨʘʱʝʥʠʷ 

ʅʘʥʦʜʠʘʧʘʟʦʥ ï ʵʪʦ ʫʯʘʩʪʦʢ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʡ ʰʢʘʣʳ ʦʪ 1 ʜʦ 100 ʥʤ 

(1ʥʤ = 10 
-9
 ʤ), ʚ ʢʦʪʦʨʦʤ ʨʝʘʣʠʟʫʶʪʩʷ ʦʩʥʦʚʥʳʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʚ 

ʥʘʥʦʩʠʩʪʝʤʘʭ ʠ ʢʦʪʦʨʳʡ ʦʛʨʘʥʠʯʠʚʘʝʪ ʩʚʝʨʭʫ ʠ ʩʥʠʟʫ ʛʝʦʤʝʪʨʠʯʝʩʢʠʝ 

ʨʘʟʤʝʨʳ ʥʘʥʦʦʙʲʝʢʪʦʚ ʧʦ ʦʜʥʦʤʫ ʠʣʠ ʥʝʩʢʦʣʴʢʠʤ ʠʟʤʝʨʝʥʠʷʤ. 

ʃʘʟʝʨʥʦʝ ʚʦʟʜʝʡʩʪʚʠʝ ï ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʠʟʣʫʯʝʥʠʷ ʦʧʪʠʯʝʩʢʦʛʦ 

ʜʠʘʧʘʟʦʥʘ ʩ ʤʘʪʝʨʠʘʣʘʤʠ. 

ʅʘʥʦʦʙʲʝʢʪ ï ʵʪʦ ʬʠʟʠʯʝʩʢʠʡ ʦʙʲʝʢʪ, ʫ ʢʦʪʦʨʦʛʦ ʦʜʠʥ, ʜʚʘ ʠʣʠ ʚʩʝ 

ʪʨʠ ʚʥʝʰʥʠʭ ʨʘʟʤʝʨʘ ʥʘʭʦʜʷʪʩʷ ʥʘʥʦ ʜʠʘʧʘʟʦʥʝ. 

ʅʘʥʦʯʘʩʪʠʮʘ ï ʵʪʦ ʥʘʥʦʦʙʲʝʢʪ, ʫ ʢʦʪʦʨʦʛʦ ʚʩʝ ʪʨʠ ʚʥʝʰʥʠʭ ʨʘʟʤʝʨʘ 

ʣʝʞʘʪ ʚ ʥʘʥʦ ʜʠʘʧʘʟʦʥʝ. 

ʂʣʘʩʪʝʨ ï ʦʙʲʝʜʠʥʝʥʠʝ ʯʘʩʪʠʮ ʠʤʝʶʱʝʝ ʥʝʮʝʣʦʯʠʩʣʝʥʥʫʶ 

ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʫʶ ʨʘʟʤʝʨʥʦʩʪʴ. 

ɸʉʄ ï ʘʪʦʤʥʦ-ʩʠʣʦʚʘʷ ʤʠʢʨʦʩʢʦʧʠʷ; ʨʘʟʥʦʚʠʜʥʦʩʪʴ ʩʢʘʥʠʨʫʶʱʝʡ 

ʟʦʥʜʦʚʦʡ ʤʠʢʨʦʩʢʦʧʠʠ, ʦʩʥʦʚʘʥʥʘʷ ʥʘ ʜʝʪʝʢʪʠʨʦʚʘʥʠʠ ʩʠʣ ʤʝʞʘʪʦʤʥʦʛʦ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʩ ʧʦʤʦʱʴʶ ʦʩʪʨʦʛʦ ʤʝʭʘʥʠʯʝʩʢʦʛʦ ʟʦʥʜʘ.  

ʈʕʄ ï ʨʘʩʪʨʦʚʘʷ ʵʣʝʢʪʨʦʥʥʘʷ ʤʠʢʨʦʩʢʦʧʠʷ, ʨʘʩʪʨʦʚʳʡ ʵʣʝʢʪʨʦʥʥʳʡ 

ʤʠʢʨʦʩʢʦʧ. 



1. ɸʅɸʃʀʊʀʏɽʉʂʀʁ ʆɹɿʆʈ ʉʆɺʈɽʄɽʅʅʆʁ ʅɸʋʏʅʆ- 

ʊɽʍʅʀʏɽʉʂʆʁ, ʅʆʈʄɸʊʀɺʅʆʁ ʀ ʄɽʊʆɼʀʏɽʉʂʆʁ 

ʃʀʊɽʈɸʊʋʈʓ ʇʆ ʊɽʄɸʊʀʂɽ ʅʀʈ 

ʅʘʥʦʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʳʝ ʧʦʣʫʧʨʦʚʦʜʥʠʢʠ PbX ʧʨʝʜʩʪʘʚʣʷʶʪ ʦʩʦʙʳʡ 

ʠʥʪʝʨʝʩ ʜʣʷ ʧʨʘʢʪʠʯʝʩʢʠʭ ʧʨʠʤʝʥʝʥʠʡ ʚ ʩʠʣʫ ʩʦʯʝʪʘʥʠʷ ʨʷʜʘ ʫʥʠʢʘʣʴʥʳʭ 

ʩʚʦʡʩʪʚ, ʦʧʨʝʜʝʣʷʝʤʳʭ ʢʚʘʥʪʦʚʦ-ʨʘʟʤʝʨʥʳʤʠ ʵʬʬʝʢʪʘʤʠ (ʫʚʝʣʠʯʝʥʠʝ Eg, 

ʤʥʦʞʝʩʪʚʝʥʥʘʷ ʛʝʥʝʨʘʮʠʷ ʵʢʩʠʪʦʥʦʚ ʠ ʜʨ.), ʠ ʥʘʣʠʯʠʷ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʭ 

ʤʝʪʦʜʠʢ ʩʠʥʪʝʟʘ ʥʘʥʦʦʙʲʝʢʪʦʚ ʩ ʟʘʜʘʥʥʳʤʠ ʛʝʦʤʝʪʨʠʯʝʩʢʠʤʠ 

ʧʘʨʘʤʝʪʨʘʤʠ. ʄʦʞʥʦ ʚʳʜʝʣʠʪʴ ʩʣʝʜʫʶʱʠʝ ʦʩʥʦʚʥʳʝ ʦʙʣʘʩʪʠ 

ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʥʘʥʦʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʳʭ ʭʘʣʴʢʦʛʝʥʠʜʦʚ ʩʚʠʥʮʘ: 

ʘʣʴʪʝʨʥʘʪʠʚʥʘʷ ʵʥʝʨʛʝʪʠʢʘ ʩ ʚʳʩʦʢʦʡ ʚʝʣʠʯʠʥʦʡ ʵʬʬʝʢʪʠʚʥʦʩʪʠ, 

ʫʩʪʨʦʡʩʪʚʘ ʥʘʥʦ- ʠ ʦʧʪʦʵʣʝʢʪʨʦʥʠʢʠ, ʙʠʦʣʦʛʠʯʝʩʢʠʝ ʠ ʤʝʜʠʮʠʥʩʢʠʝ 

ʧʨʠʤʝʥʝʥʠʷ. ɺʘʞʥʦʡ ʦʩʦʙʝʥʥʦʩʪʴʶ ʥʘʥʦʢʨʠʩʪʘʣʣʦʚ ʭʘʣʴʢʦʛʝʥʠʜʦʚ ʩʚʠʥʮʘ 

ʩʣʫʞʠʪ ʚʦʟʤʦʞʥʦʩʪʴ ʠʭ ʩʠʥʪʝʟʘ ʚ ʨʘʟʣʠʯʥʳʭ ʩʨʝʜʘʭ ʩ ʚʘʨʠʘʮʠʝʡ ʨʘʟʤʝʨʦʚ 

ʠ ʬʦʨʤ ʚ ʰʠʨʦʢʠʭ ʧʨʝʜʝʣʘʭ ʧʨʠ ʩʦʭʨʘʥʝʥʠʠ ʤʦʥʦʜʠʩʧʝʨʩʥʦʩʪʠ, ʯʪʦ ʜʘʝʪ 

ʚʦʟʤʦʞʥʦʩʪʴ ʩʦʟʜʘʚʘʪʴ ʬʫʥʢʮʠʦʥʘʣʴʥʳʝ ʫʩʪʨʦʡʩʪʚʘ ʩ ʨʘʟʣʠʯʥʳʤʠ 

ʦʧʪʠʯʝʩʢʠʤʠ ʠ ʵʣʝʢʪʨʦʥʥʳʤʠ ʩʚʦʡʩʪʚʘʤʠ. ɺʘʨʠʘʮʠʷ ʨʘʟʤʝʨʘ ʢʚʘʥʪʦʚʳʭ 

ʪʦʯʝʢ ʧʦʟʚʦʣʷʝʪ çʧʦʜʩʪʨʘʠʚʘʪʴè ʩʧʝʢʪʨʳ ʧʦʛʣʦʱʝʥʠʷ ʬʦʪʦʵʣʝʤʝʥʪʦʚ ʠ 

ʩʧʝʢʪʨʳ ʵʣʝʢʪʨʦ-, ʬʦʪʦʣʶʤʠʥʝʩʮʝʥʮʠʠ ʚ ʦʧʪʦʵʣʝʢʪʨʦʥʠʢʝ ʧʦʜ ʥʫʞʥʳʡ 

ʜʠʘʧʘʟʦʥ ʜʣʠʥ ʚʦʣʥ, ʘ ʚ ʨʘʤʢʘʭ ʙʠʦʣʦʛʠʯʝʩʢʠʭ ʧʨʠʣʦʞʝʥʠʡ ʵʬʬʝʢʪʠʚʥʦ 

ʠʩʧʦʣʴʟʦʚʘʪʴ ʧʨʠʝʤʳ ʩʧʝʢʪʨʘʣʴʥʦʛʦ ʤʫʣʴʪʠʧʣʝʢʩʠʨʦʚʘʥʠʷ ʠ ʢʦʜʠʨʦʚʘʥʠʷ. 

ʇʨʠ ʵʪʦʤ ʜʣʷ ʧʦʜʘʚʣʷʶʱʝʛʦ ʨʷʜʘ ʧʨʘʢʪʠʯʝʩʢʠʭ ʧʨʠʤʝʥʝʥʠʡ ʪʨʝʙʫʝʪʩʷ 

ʨʘʙʦʪʘ ʚ ʠʥʬʨʘʢʨʘʩʥʦʤ ʜʠʘʧʘʟʦʥʝ ʜʣʠʥ ʚʦʣʥ (ʪʝʣʝʢʦʤʤʫʥʠʢʘʮʠʠ 1,5 ʤʢʤ, 

ʩʧʝʢʪʨʘʣʴʥʳʝ ʦʢʥʘ ʚʦʜʳ ʠ ʙʠʦʣʦʛʠʯʝʩʢʦʛʦ ʧʦʛʣʦʱʝʥʠʷ ʠ ʪ.ʜ.), ʢʦʪʦʨʳʡ 

ʧʨʠ ʚʘʨʠʘʮʠʠ ʥʠʟʢʦʨʘʟʤʝʨʥʳʭ ʩʪʨʫʢʪʫʨ ʭʘʣʴʢʦʛʝʥʠʜʦʚ ʩʚʠʥʮʘ ʤʦʞʝʪ ʙʳʪʴ 

ʧʦʢʨʳʪ ʧʨʘʢʪʠʯʝʩʢʠ ʧʦʣʥʦʩʪʴʶ.  



1.1. ʇʈʀʄɽʅɽʅʀɽ ʅɸʅʆʉʊʈʋʂʊʋʈʀʈʆɺɸʅʅʓʍ 

ʄɸʊɽʈʀɸʃʆɺ. 

1.1.1. ʋʉʊʈʆʁʉʊɺɸ ɸʃʔʊɽʈʅɸʊʀɺʅʆʁ ʕʅɽʈɻɽʊʀʂʀ 

ɼʣʷ ʨʝʰʝʥʠʷ ʟʘʜʘʯ ʩʦʚʨʝʤʝʥʥʦʡ ʘʣʴʪʝʨʥʘʪʠʚʥʦʡ ʵʥʝʨʛʝʪʠʢʠ ʚ 

ʧʦʩʣʝʜʥʝʝ ʚʨʝʤʷ ʚʩʝ ʙʦʣʝʝ ʘʢʪʠʚʥʦ ʧʨʠʤʝʥʷʶʪʩʷ ʥʘʥʦʪʝʭʥʦʣʦʛʠʯʝʩʢʠʝ 

ʧʦʜʭʦʜʳ. ʆʜʥʠʤ ʠʟ ʥʘʠʙʦʣʝʝ ʧʝʨʩʧʝʢʪʠʚʥʳʭ ʥʘʧʨʘʚʣʝʥʠʡ ʷʚʣʷʝʪʩʷ 

ʨʘʟʨʘʙʦʪʢʘ ʥʦʚʳʭ ʩʦʣʥʝʯʥʳʭ ʬʦʪʦʵʣʝʤʝʥʪʦʚ ʥʘ ʦʩʥʦʚʝ 

ʥʘʥʦʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʩ ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʳʤʠ ʩʚʦʡʩʪʚʘʤʠ ʠ 

ʫʣʫʯʰʝʥʥʳʤʠ ʧʘʨʘʤʝʪʨʘʤʠ. ʊʨʘʜʠʮʠʦʥʥʳʝ ʩʦʣʥʝʯʥʳʝ ʵʣʝʤʝʥʪʳ 

ʠʟʛʦʪʘʚʣʠʚʘʶʪʩʷ ʠʟ ʢʨʝʤʥʠʷ, ʠʤʝʶʱʝʛʦ ʦʪʥʦʩʠʪʝʣʴʥʦ ʥʠʟʢʠʡ 

ʢʦʵʬʬʠʮʠʝʥʪ ʧʦʛʣʦʱʝʥʠʷ ʚ ʙʣʠʞʥʝʡ ʀʂ-ʦʙʣʘʩʪʠ, ʥʘ ʢʦʪʦʨʫʶ ʧʨʠʭʦʜʠʪʩʷ 

ʙʦʣʴʰʘʷ ʯʘʩʪʴ ʩʦʣʥʝʯʥʦʡ ʵʥʝʨʛʠʠ. ʇʦʵʪʦʤʫ ʪʘʢʠʝ ʩʪʨʫʢʪʫʨʳ ʜʦʣʞʥʳ ʙʳʪʴ 

ʜʦʩʪʘʪʦʯʥʦ ʪʦʣʩʪʳʤʠ (ʦʪ ʝʜʠʥʠʮ ʤʢʤ ʜʦ ʤʤ) ʜʣʷ ʦʙʝʩʧʝʯʝʥʠʷ 

ʵʬʬʝʢʪʠʚʥʦʛʦ ʧʦʛʣʦʱʝʥʠʷ ʧʘʜʘʶʱʠʭ ʬʦʪʦʥʦʚ. ʆʜʥʘʢʦ ʜʠʬʬʫʟʠʦʥʥʘʷ 

ʜʣʠʥʘ ʥʝʦʩʥʦʚʥʳʭ ʥʦʩʠʪʝʣʝʡ ʦʛʨʘʥʠʯʝʥʘ ʨʘʟʣʠʯʥʳʤʠ ʤʝʭʘʥʠʟʤʘʤʠ 

ʨʝʢʦʤʙʠʥʘʮʠʠ ʚ ʨʝʰʝʪʢʝ Si. ʏʪʦʙʳ ʤʠʥʠʤʠʟʠʨʦʚʘʪʴ ʨʝʢʦʤʙʠʥʘʮʠʶ 

ʥʦʩʠʪʝʣʝʡ ʚ ʪʦʣʩʪʳʭ ʩʣʦʷʭ ʠ ʦʧʪʠʤʠʟʠʨʦʚʘʪʴ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʨʘʙʦʪʳ 

ʵʣʝʤʝʥʪʳ ʜʦʣʞʥʳ ʙʳʪʴ ʠʟʛʦʪʦʚʣʝʥʳ ʠʟ ʚʳʩʦʢʦʯʠʩʪʦʪʦʛʦ 

ʤʦʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ ʢʨʝʤʥʠʷ, ʯʪʦ ʷʚʣʷʝʪʩʷ ʜʦʚʦʣʴʥʦ ʟʘʪʨʘʪʥʳʤ 

ʧʦʜʭʦʜʦʤ. ɼʨʫʛʠʤ ʙʘʟʦʚʳʤ ʚʘʨʠʘʥʪʦʤ ʩʦʣʥʝʯʥʳʭ ʬʦʪʦʵʣʝʤʝʥʪʦʚ ʷʚʣʷʝʪʩʷ 

ʢʦʥʩʪʨʫʢʮʠʷ ʪʠʧʘ ʵʢʩʠʪʦʥʥʦʡ ʷʯʝʡʢʠ, ʚ ʢʦʪʦʨʦʡ ʚ ʢʘʯʝʩʪʚʝ 

ʬʦʪʦʥʦʧʦʛʣʦʱʘʶʱʝʛʦ ʤʘʪʝʨʠʘʣʘ ʠʩʧʦʣʴʟʫʶʪʩʷ ʤʦʣʝʢʫʣʷʨʥʳʝ ʢʣʘʩʪʝʨʳ, 

ʧʦʣʠʤʝʨʳ ʠʣʠ ʢʚʘʥʪʦʚʳʝ ʪʦʯʢʠ, ʚ ʢʦʪʦʨʳʭ ʧʦʜ ʜʝʡʩʪʚʠʝʤ ʧʘʜʘʶʱʝʛʦ 

ʩʚʝʪʘ ʧʨʦʠʩʭʦʜʠʪ ʛʝʥʝʨʘʮʠʷ ʵʢʩʠʪʦʥʦʚ. ʇʦʩʣʝʜʥʠʝ ʨʘʙʦʪʳ ʚ ʦʙʣʘʩʪʠ 

ʛʠʙʨʠʜʥʳʭ ʦʨʛʘʥʠʯʝʩʢʠʭ/ʥʝʦʨʛʘʥʠʯʝʩʢʠʭ ʩʦʣʥʝʯʥʳʭ ʵʣʝʤʝʥʪʦʚ ʧʦʟʚʦʣʠʣʠ 

ʧʦʣʫʯʠʪʴ ʧʝʨʩʧʝʢʪʠʚʥʳʝ ʢʦʥʩʪʨʫʢʮʠʠ ʪʘʢʠʭ ʫʩʪʨʦʡʩʪʚ ʜʣʷ 

ʢʨʫʧʥʦʤʘʩʰʪʘʙʥʦʛʦ ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ ʩʦʣʥʝʯʥʦʡ ʵʥʝʨʛʠʠ, ʙʦʣʝʝ 

ʵʢʦʥʦʤʠʯʥʳʝ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʢʨʝʤʥʠʝʚʳʤʠ. ɺ ʧʦʣʠʤʝʨʥʳʭ 



ʬʦʪʦʵʣʝʤʝʥʪʘʭ, ʠʩʧʦʣʴʟʫʶʱʠʭ ʥʠʟʢʦʨʘʟʤʝʨʥʳʝ ʫʟʢʦʟʦʥʥʳʝ ʤʘʪʝʨʠʘʣʳ, 

ʪʘʢʠʝ ʢʘʢ PbX, ʬʘʟʘ ʥʘʥʦʯʘʩʪʠʮ ʷʚʣʷʝʪʩʷ ʦʜʥʦʚʨʝʤʝʥʥʦ ʢʘʢ ʧʦʛʣʦʪʠʪʝʣʝʤ 

ʵʥʝʨʛʠʠ, ʪʘʢ ʠ çʧʝʨʝʥʦʩʯʠʢʦʤè ʵʣʝʢʪʨʦʥʦʚ. ʇʨʠ ʨʘʩʰʠʨʝʥʠʠ 

ʩʧʝʢʪʨʘʣʴʥʦʛʦ ʜʠʘʧʘʟʦʥʘ ʧʦʛʣʦʱʝʥʠʷ ʵʣʝʤʝʥʪʘ, ʜʘʥʥʳʝ ʫʩʪʨʦʡʩʪʚʘ ʤʦʛʫʪ 

ʜʝʤʦʥʩʪʨʠʨʦʚʘʪʴ ʧʨʘʢʪʠʯʝʩʢʠ ʫʜʚʦʝʥʥʫʶ ʚʝʣʠʯʠʥʫ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʧʦ 

ʩʨʘʚʥʝʥʠʶ ʩ ʰʠʨʦʢʦʟʦʥʥʳʤʠ ʪʚʝʨʜʦʪʝʣʴʥʳʤʠ ʩʪʨʫʢʪʫʨʘʤʠ. ʊʘʢ ʢʘʢ ʜʣʷ 

ʵʬʬʝʢʪʠʚʥʦʡ ʨʘʙʦʪʳ ʦʨʛʘʥʠʯʝʩʢʦʛʦ ʬʦʪʦʵʣʝʤʝʥʪʘ ʪʨʝʙʫʝʪʩʷ ʜʚʘ ʤʘʪʝʨʠʘʣʘ 

ï ʜʦʥʦʨʥʳʡ ʠ ʘʢʮʝʧʪʦʨʥʳʡ, ʪʦ ʨʘʩʰʠʨʠʪʴ ʦʙʣʘʩʪʴ ʩʧʝʢʪʨʘʣʴʥʦʡ 

ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʠ ʧʦʣʠʤʝʨʥʳʭ ʬʦʪʦʵʣʝʤʝʥʦʚ ʤʦʞʥʦ ʩ ʧʦʤʦʱʴʶ 

ʘʢʮʝʧʪʦʨʥʦʛʦ ʢʦʤʧʦʥʝʥʪʘ ʩ ʩʠʣʴʥʳʤ ʧʦʛʣʦʱʝʥʠʝʤ ʚ ʦʙʣʘʩʪʠ ʦʧʪʠʯʝʩʢʦʡ 

ʱʝʣʠ ʩʦʧʨʷʞʝʥʥʦʛʦ ʧʦʣʠʤʝʨʘ [1]. ʊʘʢʠʤ ʢʦʤʧʦʥʝʥʪʦʤ ʤʦʛʫʪ ʚʳʩʪʫʧʘʪʴ 

ʥʝʦʨʛʘʥʠʯʝʩʢʠʝ ʥʘʥʦʯʘʩʪʠʮʳ, ʚ ʢʘʯʝʩʪʚʝ ʢʦʪʦʨʳʭ ʧʨʠʤʝʥʠʤʳ ʢʚʘʥʪʦʚʳʝ 

ʪʦʯʢʠ ʥʘ ʦʩʥʦʚʝ ʭʘʣʴʢʦʛʝʥʠʜʦʚ ʩʚʠʥʮʘ, ʩʪʘʙʠʣʠʟʠʨʦʚʘʥʥʳʝ ʧʦʜʭʦʜʷʱʠʤʠ 

ʣʠʛʘʥʜʘʤʠ. ʀʟʤʝʥʷʷ ʨʘʟʤʝʨ ʢʚʘʥʪʦʚʳʭ ʪʦʯʝʢ, ʤʦʞʥʦ ʧʦʜʦʙʨʘʪʴ ʠʭ ʩʧʝʢʪʨ 

ʜʣʷ ʦʙʝʩʧʝʯʝʥʠʷ ʵʬʬʝʢʪʠʚʥʦʛʦ ʧʦʛʣʦʱʝʥʠʷ ʚ ʦʙʣʘʩʪʠ ʟʘʧʨʝʱʝʥʥʦʡ ʟʦʥʳ 

ʧʦʣʠʤʝʨʘ ʠ ʨʘʟʜʝʣʝʥʠʷ ʟʘʨʷʜʦʚ. ɹʦʣʴʰʠʥʩʪʚʦ ʢʦʤʤʝʨʯʝʩʢʠ ʧʨʦʠʟʚʦʜʠʤʳʭ 

ʢʦʣʣʦʠʜʥʳʭ ʢʚʘʥʪʦʚʳʭ ʪʦʯʝʢ PbX ʤʦʛʫʪ ʙʳʪʴ ʧʨʠʤʝʥʝʥʳ ʚ ʢʘʯʝʩʪʚʝ 

ʵʢʦʥʦʤʠʯʝʩʢʠ ʚʳʛʦʜʥʦʡ ʘʣʴʪʝʨʥʘʪʠʚʳ ʜʣʷ ʨʘʟʨʘʙʦʪʢʠ ʛʠʙʨʠʜʥʳʭ 

ʩʦʣʥʝʯʥʳʭ ʙʘʪʘʨʝʡ. ʕʪʦ ʦʙʝʩʧʝʯʠʚʘʝʪʩʷ ʚʦʟʤʦʞʥʦʩʪʴʶ ʠʭ ʦʙʨʘʙʦʪʢʠ ʠ 

ʥʘʥʝʩʝʥʠʷ ʚ ʨʘʩʪʚʦʨʘʭ, ʧʦʜʭʦʜʷʱʠʤʠ ʦʧʪʠʯʝʩʢʠʤʠ ʩʚʦʡʩʪʚʘʤʠ ʠ 

ʩʦʚʤʝʩʪʠʤʦʩʪʴʶ ʩ ʩʦʧʨʷʞʝʥʥʳʤʠ ʧʦʣʠʤʝʨʘʤʠ. ɹʦʣʴʰʠʥʩʪʚʦ ʦʧʠʩʘʥʥʳʭ 

ʥʘ ʩʝʛʦʜʥʷʰʥʠʡ ʜʝʥʴ ʬʦʪʦʵʣʝʢʪʨʠʯʝʩʢʠʭ ʫʩʪʨʦʡʩʪʚ, ʦʩʥʦʚʘʥʥʳʭ ʥʘ 

ʢʦʣʣʦʠʜʥʳʭ ʢʚʘʥʪʦʚʳʭ ʪʦʯʢʘʭ, ʦʙʣʘʜʘʶʪ ʛʠʙʨʠʜʥʦʡ ʢʦʥʩʪʨʫʢʮʠʝʡ 

çʧʦʣʠʤʝʨ-ʥʘʥʦʢʨʠʩʪʘʣʣʳè.  

ʉʝʥʩʠʙʠʣʠʟʠʨʦʚʘʥʠʝ ʩʦʧʨʷʞʝʥʥʳʭ ʧʦʣʠʤʝʨʦʚ 

ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʤʠ ʢʚʘʥʪʦʚʳʤʠ ʪʦʯʢʘʤʠ ʦʙʝʩʧʝʯʠʚʘʝʪ ʩʧʝʢʪʨʘʣʴʥʦ 

ʧʝʨʝʩʪʨʘʠʚʘʝʤʦʝ ʩʨʝʜʩʪʚʦ ʜʦʩʪʫʧʘ ʢ ʀʂ-ʦʙʣʘʩʪʠ, ʩʦʭʨʘʥʷʷ ʧʨʠ ʵʪʦʤ 

ʧʦʣʝʟʥʳʝ ʩʚʦʡʩʪʚʘ ʧʦʣʠʤʝʨʦʚ. ʉʦʧʨʷʞʝʥʥʳʝ ʧʦʣʠʤʝʨʳ ʦʙʣʘʜʘʶʪ 

ʣʝʛʢʦʩʪʴʶ ʦʙʨʘʙʦʪʢʠ, ʥʠʟʢʦʡ ʩʪʦʠʤʦʩʪʴʶ, ʤʝʭʘʥʠʯʝʩʢʦʡ ʛʠʙʢʦʩʪʴʶ ʠ 



ʙʦʣʴʰʦʡ ʟʦʥʦʡ ʧʦʢʨʳʪʠʷ. ʊʘʢʠʝ ʘʢʪʠʚʥʳʝ ʛʠʙʨʠʜʥʳʝ ʦʧʪʦʵʣʝʢʪʨʦʥʥʳʝ 

ʥʘʥʦʤʘʪʝʨʠʘʣʳ ʤʦʛʫʪ ʵʬʬʝʢʪʠʚʥʦ ʩʦʙʠʨʘʪʴ ʩʚʝʪ ʚ ʚʠʜʠʤʦʡ ʠ ʙʣʠʞʥʝʡ ʀʂ-

ʦʙʣʘʩʪʠ ʩʧʝʢʪʨʘ. ʕʪʠ ʬʫʥʢʮʠʠ ʪʨʝʙʫʶʪʩʷ ʚ ʦʙʣʘʩʪʷʭ ʪʝʣʝʢʦʤʤʫʥʠʢʘʮʠʡ 

(1300-1600 ʥʤ), ʪʝʧʣʦʚʠʜʝʥʠʷ (1500 ʥʤ ʠ ʚʳʰʝ), ʙʠʦʣʦʛʠʯʝʩʢʦʡ 

ʪʦʤʦʛʨʘʬʠʠ (ʦʢʥʘ ʧʨʦʟʨʘʯʥʦʩʪʠ ʪʢʘʥʝʡ ʥʘ 800 ʥʤ ʠ 1100 ʥʤ), ʪʝʧʣʦʚʦʡ 

ʬʦʪʦʚʦʣʴʪʘʠʢʠ (>1900 ʥʤ) ʠ ʩʦʣʥʝʯʥʳʭ ʬʦʪʦʵʣʝʤʝʥʪʦʚ (800-2000 ʥʤ).  

ʇʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʝ ʥʘʥʦʯʘʩʪʠʮʳ ʧʝʨʩʧʝʢʪʠʚʥʳ ʜʣʷ ʩʦʣʥʝʯʥʳʭ 

ʵʣʝʤʝʥʪʦʚ, ʧʦʩʢʦʣʴʢʫ ʧʦʟʚʦʣʷʶʪ ʧʨʝʦʜʦʣʝʪʴ ʧʨʝʜʝʣ ʢʧʜ ʐʦʢʣʠ-ʂʫʠʩʩʝ, 

ʩʦʩʪʘʚʣʷʶʱʠʡ ~30% ʜʣʷ ʦʜʥʦʢʘʩʢʘʜʥʳʭ ʬʦʪʦʵʣʝʤʝʥʪʦʚ [1]. ɺ ʨʷʜʝ ʨʘʙʦʪ 

ʙʣrʦ ʦʙʥʘʨʫʞʝʥʦ, ʯʪʦ ʚ ʥʘʥʦʯʘʩʪʠʮʘʭ ʤʦʞʥʦ ʧʦʣʫʯʘʪʴ ʙʦʣʝʝ ʦʜʥʦʡ 

ʵʣʝʢʪʨʦʥʥʦ-ʜʳʨʦʯʥʦʡ ʧʘʨʳ ʥʘ ʧʘʜʘʶʱʠʡ ʬʦʪʦʥ (ʵʬʬʝʢʪ ʤʥʦʞʝʩʪʚʝʥʥʦʡ 

ʛʝʥʝʨʘʮʠʠ ʵʢʩʠʪʦʥʦʚ), ʥʘʧʨʠʤʝʨ, ʚ ʥʘʥʦʯʘʩʪʠʮʘʭ PbSe ʤʦʞʥʦ ʧʦʣʫʯʠʪʴ ʜʦ 

7 ʵʣʝʢʪʨʦʥʥʦ-ʜʳʨʦʯʥʳʭ ʧʘʨ ʦʪ ʧʦʛʣʦʱʝʥʥʦʛʦ ʬʦʪʦʥʘ [2, 3]. ʄʝʞʟʦʥʥʦʝ 

ʦʧʪʠʯʝʩʢʦʝ ʚʦʟʙʫʞʜʝʥʠʝ ʥʘʥʦʢʨʠʩʪʘʣʣʦʚ PbSe ʧʨʠ ʥʠʟʢʠʭ ʠʥʪʝʥʩʠʚʥʦʩʪʷʭ 

ʥʘʢʘʯʢʠ, ʜʣʷ ʢʦʪʦʨʳʭ ʧʝʨʚʦʥʘʯʘʣʴʥʦ ʛʝʥʝʨʠʨʫʝʪʩʷ ʤʝʥʝʝ ʦʜʥʦʛʦ ʵʢʩʠʪʦʥʘ 

ʥʘ ʢʚʘʥʪʦʚʫʶ ʪʦʯʢʫ, ʧʨʠʚʦʜʠʪ ʢ ʦʙʨʘʟʦʚʘʥʠʶ ʜʚʫʭ ʠʣʠ ʙʦʣʝʝ ʵʢʩʠʪʦʥʦʚ 

(ʫʤʥʦʞʝʥʠʝ ʥʦʩʠʪʝʣʝʡ), ʢʦʛʜʘ ʵʥʝʨʛʠʠ ʬʦʪʦʥʦʚ ʙʦʣʝʝ ʯʝʤ ʚ 3 ʨʘʟʘ 

ʧʨʝʚʳʰʘʶʪ ʰʠʨʠʥʫ ʟʘʧʨʝʱʝʥʥʦʡ ʟʦʥʳ ʥʘʥʦʢʨʠʩʪʘʣʣʦʚ. ʂʦʣʣʦʠʜʥʳʝ 

ʢʚʘʥʪʦʚʳʝ ʪʦʯʢʠ PbSe ʠ PbS ʩʧʦʩʦʙʥʳ ʧʨʦʠʟʚʦʜʠʪʴ ʦʪ 3 ʜʦ 7 ʵʢʩʠʪʦʥʦʚ ʥʘ 

ʬʦʪʦʥ ʧʨʠ ʦʙʣʫʯʝʥʠʠ ʬʦʪʦʥʘʤʠ ʩ ʵʥʝʨʛʠʝʡ ʚ 4-7,8 ʨʘʟʘ ʙʦʣʴʰʝ Eg, ʯʪʦ 

ʫʢʘʟʳʚʘʝʪ ʥʘ ʪʦ, ʯʪʦ ʵʪʠ ʤʘʪʝʨʠʘʣʳ ʤʦʛʫʪ ʙʳʪʴ ʙʦʣʝʝ ʵʬʬʝʢʪʠʚʥʳʤʠ ʧʨʠ 

ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʚ ʚʠʜʠʤʦʤ ʠʟʣʫʯʝʥʠʠ, ʧʨʦʠʟʚʦʜʷ ʤʥʦʞʝʩʪʚʝʥʥʳʝ ʵʢʩʠʪʦʥʳ 

ʚ ʜʦʧʦʣʥʝʥʠʝ ʢ ʩʙʦʨʫ ʀʂ-ʠʟʣʫʯʝʥʠʷ ʩʦʣʥʝʯʥʦʛʦ ʩʚʝʪʘ. 

ɺʘʞʥʦ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʧʦʩʣʝʜʥʠʝ ʟʥʘʯʠʪʝʣʴʥʳʝ ʜʦʩʪʠʞʝʥʠʷ ʚ ʦʙʣʘʩʪʠ 

ʢʦʣʣʦʠʜʥʦʛʦ ʩʠʥʪʝʟʘ ʥʘʥʦʢʨʠʩʪʘʣʣʦʚ ʭʘʣʴʢʦʛʝʥʠʜʦʚ ʩʚʠʥʮʘ ʦʢʘʟʘʣʠ 

ʟʥʘʯʠʪʝʣʴʥʦʝ ʚʣʠʷʥʠʝ ʥʘ ʫʩʧʝʰʥʫʶ ʨʘʟʨʘʙʦʪʢʫ ʵʢʦʥʦʤʠʯʥʳʭ ʠ 

ʚʳʩʦʢʦʵʬʬʝʢʪʠʚʥʳʭ ʩʦʣʥʝʯʥʳʭ ʵʣʝʤʝʥʪʦʚ ʥʦʚʦʛʦ ʧʦʢʦʣʝʥʠʷ. ʇʨʦʩʪʳʝ ʠ 

ʥʘʜʝʞʥʳʝ ʩʧʦʩʦʙʳ ʬʘʟʦʚʦʛʦ ʩʠʥʪʝʟʘ ʤʦʥʦʜʠʩʧʝʨʩʥʳʭ, ʧʘʩʩʠʚʠʨʦʚʘʥʥʳʭ, 

ʥʝʘʛʨʝʛʠʨʦʚʘʥʥʳʭ ʥʘʥʦʢʨʠʩʪʘʣʣʦʚ PbX ʚʩrʦʢʦʛʦ ʢʘʯʝʩʪʚʘ ʦʪʢʨʳʣʠ ʜʚʝʨʠ 



ʜʣʷ ʥʝʩʢʦʣʴʢʠʭ ʥʦʚʳʭ ʧʝʨʩʧʝʢʪʠʚʥʳʭ ʧʦʜʭʦʜʦʚ ʢ ʧʨʦʠʟʚʦʜʩʪʚʫ 

ʬʦʪʦʵʣʝʢʪʨʠʯʝʩʢʠʭ ʫʩʪʨʦʡʩʪʚ. ɺ ʨʘʙʦʪʝ [4] ʦʧʠʩʘʥʦ ʩʦʟʜʘʥʠʝ ʵʬʬʝʢʪʠʚʥʳʭ 

ʩʦʣʥʝʯʥʳʭ ʵʣʝʤʝʥʪʦʚ ʥʘ ʦʩʥʦʚʝ PbS, ʢʦʪʦʨʳʝ ʧʦʢʘʟʘʣʠ ʚʳʩʦʢʫʶ 

ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ ʵʥʝʨʛʠʠ ʜʦ 4% ʠ ʢʦʵʬʬʠʮʠʝʥʪʳ 

ʟʘʧʦʣʥʝʥʠʷ ʜʦ 60% ʧʨʠ ʦʩʚʝʱʝʥʠʠ ʩʦʣʥʝʯʥʳʤ ʩʧʝʢʪʨʦʤ ʚ 1,5 

ʘʪʤʦʩʬʝʨʥʳʭ ʪʦʣʱʠʥʳ (AM1.5).  

 

ʈʠʩ. 1.1. ʘ ï ʉʭʝʤʘ ʬʦʪʦʵʣʝʤʝʥʪʘ ʩ ʧʝʨʝʭʦʜʦʤ ʐʦʪʪʢʠ ʩʦ ʩʣʦʝʤ 

ʢʚʘʥʪʦʚʳʭ ʪʦʯʝʢ PbS. ʅʘ ʚʩʪʘʚʢʝ ʧʨʠʚʝʜʝʥʦ ʉʕʄ-ʠʟʦʙʨʘʞʝʥʠʝ ʩʣʦʷ PbS; 

ʙ ï ʟʦʥʥʘʷ ʜʠʘʛʨʘʤʤʘ, ʧʦʢʘʟʳʚʘʶʱʘʷ ʠʟʛʠʙ ʟʦʥ ʥʘ ʛʨʘʥʠʮʝ Al/PbS. ʇʨʠ 

ʦʩʚʝʱʝʥʠʠ ʥʦʩʠʪʝʣʠ ʦʪʪʘʣʢʠʚʘʶʪʩʷ ʚʩʪʨʦʝʥʥʳʤ ʵʣʝʢʪʨʠʯʝʩʢʠʤ ʧʦʣʝʤ ʚ 

ʦʙʝʜʥʝʥʥʦʤ ʩʣʦʝ; ʚ ï ʚʦʣʴʪ-ʘʤʧʝʨʥʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʧʨʠ ʦʙʣʫʯʝʥʠʠ 

ʨʘʟʣʠʯʥʳʤʠ ʠʩʪʦʯʥʠʢʘʤʠ ʩʚʝʪʘ; ʛ ï ʩʧʝʢʪʨʳ ʢʚʘʥʪʦʚʦʡ ʵʬʬʝʢʪʠʚʥʦʩʪʠ 

ʚʳʭʦʜʘ ʜʣʷ ʫʩʪʨʦʡʩʪʚ ʩ ʢʚʘʥʪʦʚʳʤʠ ʪʦʯʢʘʤʠ PbS ʩ ʨʘʟʣʠʯʥʳʤ 

ʵʢʩʠʪʦʥʥʳʤ ʧʠʢʦʤ [5] . 

ʘ 
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ɸʚʪʦʨʳ ʨʘʩʩʤʦʪʨʝʣʠ ʚʣʠʷʥʠʝ ʨʘʟʤʝʨʘ ʥʘʥʦʢʨʠʩʪʘʣʣʦʚ ʥʘ 

ʬʫʥʢʮʠʦʥʠʨʦʚʘʥʠʝ ʠ ʢʣʶʯʝʚʳʝ ʧʘʨʘʤʝʪʨʳ ʫʩʪʨʦʡʩʪʚ, ʧʦʣʫʯʝʥʥʳʝ 

ʨʝʟʫʣʴʪʘʪʳ ʧʦʢʘʟʘʣʠ, ʯʪʦ ʚ ʩʪʨʫʢʪʫʨʘʭ ʥʝ ʧʨʦʠʩʭʦʜʠʪ ʦʛʨʘʥʠʯʝʥʠʷ 

ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʳʤ ʟʘʨʷʜʦʤ ʠ ʠʭ ʨʘʙʦʪʘ ʦʧʨʝʜʝʣʷʝʪʩʷ ʟʘʭʚʘʪʦʤ ʟʘʨʷʜʦʚ, 

ʟʘʚʠʩʠʤʳʤ ʦʪ ʨʘʟʤʝʨʘ ʥʘʥʦʢʨʠʩʪʘʣʣʦʚ. 

ɺ ʨʘʙʦʪʝ [5] ʧʨʝʜʩʪʘʚʣʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʧʦ ʨʘʟʨʘʙʦʪʢʝ ʩʦʣʥʝʯʥʳʭ 

ʵʣʝʤʝʥʪʦʚ ʩ ʧʝʨʝʭʦʜʦʤ ʐʦʪʪʢʠ, ʩʬʦʨʤʠʨʦʚʘʥʥʳʤ ʤʝʞʜʫ ʩʣʦʝʤ ʢʚʘʥʪʦʚʳʭ 

ʪʦʯʝʢ ʩʫʣʴʬʠʜʘ ʩʠʥʮʘ p-ʪʠʧʘ ʠ ʤʝʪʘʣʣʦʤ. ʉʭʝʤʘ ʪʘʢʦʛʦ ʬʦʪʦʵʣʝʤʝʥʪʘ, 

ʧʦʢʘʟʘʚʰʝʛʦ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʙʦʣʝʝ 1% ʜʣʷ AM1.5, ʟʦʥʥʘʷ ʜʠʘʛʨʘʤʤʘ 

ʩʪʨʫʢʪʫʨʳ, ʚʦʣʴʪ-ʘʤʧʝʨʥʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʜʣʷ ʨʘʟʣʠʯʥʳʭ ʪʠʧʦʚ 

ʦʩʚʝʱʝʥʠʷ ʠ ʩʧʝʢʪʨʳ ʢʚʘʥʪʦʚʦʡ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʚʳʭʦʜʘ ʧʨʠʚʝʜʝʥʳ ʥʘ 

ʨʠʩʫʥʢʝ 1.1. 

ʉ ʮʝʣʴʶ ʫʣʫʯʰʝʥʠʷ ʧʝʨʝʥʦʩʘ ʥʦʩʠʪʝʣʝʡ ʚ ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ 

ʧʣʝʥʢʝ ʜʣʠʥʥʳʝ ʣʠʛʘʥʜʳ ʦʣʝʘʪʦʚ ʙʳʣʠ ʟʘʤʝʥʝʥʳ ʟʥʘʯʠʪʝʣʴʥʦ ʙʦʣʝʝ 

ʢʦʨʦʪʢʠʤʠ ʣʠʛʘʥʜʘʤʠ n-ʙʫʪʠʣʘʤʠʥʘ (0,6 ʥʤ) ʚ ʨʘʩʪʚʦʨʝ ʧʨʠ ʩʦʭʨʘʥʝʥʠʠ 

ʢʦʣʣʦʠʜʥʦʡ ʩʪʘʙʠʣʴʥʦʩʪʠ ʥʘʥʦʯʘʩʪʠʮ PbS. ɺ ʜʘʥʥʦʤ ʩʣʫʯʘʝ ʫʩʪʨʦʡʩʪʚʦ 

ʧʦʢʘʟʘʣʦ ʚʝʣʠʯʠʥʫ ʵʬʬʝʢʪʠʚʥʦʩʪʠ 1,8% ʠ ʢʦʵʬʬʠʮʠʝʥʪ ʟʘʧʦʣʥʝʥʠʷ 44%, 

ʜʣʠʥʘ ʧʨʦʣʝʪʘ ʵʣʝʢʪʨʦʥʦʚ ʩʦʩʪʘʚʠʣʘ 1 ʤʢʤ, ʫʢʘʟʳʚʘʷ ʥʘ 

ʚʳʩʦʢʦʵʬʬʝʢʪʠʚʥʫʶ ʵʢʩʪʨʘʢʮʠʶ ʠʟ ʦʙʝʜʥʝʥʥʦʡ ʦʙʣʘʩʪʠ.  

ʂʦʣʣʦʠʜʥʦ-ʧʦʣʠʤʝʨʥʘʷ ʬʦʪʦʚʦʣʴʪʘʠʢʘ ʷʚʣʷʝʪʩʷ ʧʝʨʩʧʝʢʪʠʚʥʦʡ 

ʵʢʦʥʦʤʠʯʥʦʡ ʪʝʭʥʦʣʦʛʠʝʡ. ʆʥʘ ʫʜʦʚʣʝʪʚʦʨʷʝʪ ʦʩʥʦʚʥʳʤ ʪʨʝʙʦʚʘʥʠʷʤ 

ʩʦʚʨʝʤʝʥʥʦʡ ʩʦʣʥʝʯʥʦʡ ʵʥʝʨʛʝʪʠʢʠ: ʬʦʨʤʠʨʦʚʘʥʠʝ ʠʟ ʨʘʩʪʚʦʨʦʚ; 

ʬʦʨʤʠʨʦʚʘʥʠʝ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 200ÁC ʠ ʥʠʞʝ; ʩʧʦʩʦʙʥʦʩʪʴ ʧʦʛʣʦʱʘʪʴ 

ʩʦʣʥʝʯʥʳʡ ʩʚʝʪ ʚ ʧʦʣʥʦʡ ʚʠʜʠʤʦʡ ʠ ʙʣʠʞʥʝʡ ʀʂ-ʦʙʣʘʩʪʠ; ʟʥʘʯʠʪʝʣʴʥʘʷ 

ʩʪʝʧʝʥʴ ʩʧʝʢʪʨʘʣʴʥʦʡ çʥʘʩʪʨʦʡʢʠè ʟʘ ʩʯʝʪ ʢʚʘʥʪʦʚʦ-ʨʘʟʤʝʨʥʳʭ ʵʬʬʝʢʪʦʚ, 

ʯʪʦ ʧʦʟʚʦʣʷʝʪ ʚʦʧʣʦʪʠʪʴ ʚ ʞʠʟʥʴ ʧʦʜʭʦʜ ʧʨʠʤʝʥʝʥʠʷ ʪʦʣʴʢʦ ʦʜʥʦʛʦ 

ʤʘʪʝʨʠʘʣʘ ʧʨʠ ʬʦʨʤʠʨʦʚʘʥʠʠ ʩʣʦʝʚ ʩ ʨʘʟʣʠʯʥʦʡ ʰʠʨʠʥʦʡ ʟʘʧʨʝʱʝʥʥʦʡ 

ʟʦʥʳ ʜʣʷ ʤʥʦʛʦʩʣʦʡʥʳʭ ʩʦʣʥʝʯʥʳʭ ʵʣʝʤʝʥʪʦʚ.  



ɺ ʧʦʩʣʝʜʥʝʝ ʚʨʝʤʷ ʚʩʝ ʯʘʱʝ ʧʨʝʜʣʘʛʘʶʪʩʷ ʥʦʚʳʝ ʧʦʜʭʦʜʳ ʢ 

ʠʩʧʦʣʴʟʦʚʘʥʠʶ ʥʠʟʢʦʨʘʟʤʝʨʥʳʭ ʭʘʣʴʢʦʛʝʥʠʜʦʚ ʩʚʠʥʮʘ ʚ ʫʩʪʨʦʡʩʪʚʘʭ 

ʩʦʣʥʝʯʥʦʡ ʵʥʝʨʛʝʪʠʢʠ, ʦʪʣʠʯʘʶʱʠʭʩʷ ʦʪ ʚʳʰʝʦʧʠʩʘʥʥʳʭ ʪʨʘʜʠʮʠʦʥʥʳʭ 

ʩʭʝʤ ʩ ʧʝʨʝʭʦʜʦʤ ʐʦʪʪʢʠ. ɺ ʨʘʙʦʪʝ [6] ʙʳʣʠ ʧʨʦʘʥʘʣʠʟʠʨʦʚʘʥʳ 

ʛʠʙʨʠʜʥʳʝ ʩʪʨʫʢʪʫʨʳ a-Si/PbS. ʅʦʚʠʟʥʘ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʠʩʧʦʣʴʟʦʚʘʥʠʠ 

ʫʥʠʢʘʣʴʥʳʭ ʩʚʦʡʩʪʚ ʥʘʥʦʢʨʠʩʪʘʣʣʦʚ ʭʘʣʴʢʦʛʝʥʠʜʦʚ ʩʚʠʥʮʘ ʚ ʪʝʭʥʦʣʦʛʠʠ 

ʩʦʣʥʝʯʥʳʭ ʵʣʝʤʝʥʪʦʚ ʧʨʠ ʠʭ ʠʥʪʝʛʨʘʮʠʠ ʚ ʪʨʘʜʠʮʠʦʥʥʳʝ ʢʨʝʤʥʠʝʚʳʝ 

ʫʩʪʨʦʡʩʪʚʘ. ɺ ʨʘʩʩʤʦʪʨʝʥʥʳʭ ʛʠʙʨʠʜʥʳʭ ʩʪʨʫʢʪʫʨʘʭ ʢʦʣʣʦʠʜʥʳʝ 

ʥʘʥʦʢʨʠʩʪʘʣʣʳ ʠ ʘʤʦʨʬʥʳʡ ʢʨʝʤʥʠʡ ʵʣʝʢʪʨʦʥʥʦ ʩʚʷʟʘʥʳ ʤʝʞʜʫ ʩʦʙʦʡ, ʠ 

ʨʝʞʠʤ ʵʪʦʡ ʩʚʷʟʠ ʤʦʞʝʪ ʙʳʪʴ ʥʘʩʪʨʦʝʥ ʧʫʪʝʤ ʠʟʤʝʥʝʥʠʷ ʚʳʨʘʚʥʠʚʘʥʠʷ 

ʵʥʝʨʛʝʪʠʯʝʩʢʠʭ ʩʦʩʪʦʷʥʠʡ ʢʚʘʥʪʦʚʳʭ ʪʦʯʝʢ ʚ ʦʪʥʦʰʝʥʠʠ ʢ ʢʨʘʷʤ ʟʦʥ 

ʢʨʝʤʥʠʷ. ɺ ʪʘʢʦʡ ʩʠʩʪʝʤʝ ʫʟʢʦʟʦʥʥʳʝ ʥʘʥʦʢʨʠʩʪʘʣʣʳ PbS ʠ ʢʨʝʤʥʠʡ ʜʘʶʪ 

ʚʢʣʘʜ ʚ ʬʦʪʦʪʦʢ, ʚ ʨʝʟʫʣʴʪʘʪʝ ʯʝʛʦ ʬʦʪʦʵʣʝʢʪʨʠʯʝʩʢʠʡ ʦʪʢʣʠʢ 

ʧʨʦʩʪʠʨʘʝʪʩʷ ʦʪ ʚʠʜʠʤʦʡ ʜʦ ʙʣʠʞʥʝʡ ʠʥʬʨʘʢʨʘʩʥʦʡ ʦʙʣʘʩʪʠ. ɻʠʙʨʠʜʥʳʝ 

ʩʦʣʥʝʯʥʳʝ ʙʘʪʘʨʝʠ a-Si/PbS ʧʦʢʘʟʘʣʠ ʚʥʝʰʥʶʶ ʢʚʘʥʪʦʚʫʶ ʵʬʬʝʢʪʠʚʥʦʩʪʴ 

~7% ʜʣʷ ʀʂ-ʵʥʝʨʛʠʡ ʠ ~50% ʚ ʚʠʜʠʤʦʡ ʦʙʣʘʩʪʠ, ʵʬʬʝʢʪʠʚʥʦʩʪʴ 

ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ ʵʥʝʨʛʠʠ ʜʦʩʪʠʛʘʣʘ 0,9%. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʧʦʣʫʯʝʥʥʳʝ 

ʨʝʟʫʣʴʪʘʪʳ ʜʝʤʦʥʩʪʨʠʨʫʶʪ ʠʥʪʝʨʝʩʥʫʶ ʚʦʟʤʦʞʥʦʩʪʴ ʧʨʠʤʝʥʝʥʠʷ 

ʛʠʙʨʠʜʥʳʭ ʫʩʪʨʦʡʩʪʚ ʩʦʣʥʝʯʥʦʡ ʵʥʝʨʛʝʪʠʢʠ, ʢʦʪʦʨʳʝ ʩʦʯʝʪʘʶʪ 

ʧʨʝʠʤʫʱʝʩʪʚʘ ʟʨʝʣʦʡ ʪʝʭʥʦʣʦʛʠʠ ʠʟʛʦʪʦʚʣʝʥʠʷ ʢʨʝʤʥʠʷ ʩ ʫʥʠʢʘʣʴʥʳʤʠ 

ʵʣʝʢʪʨʦʥʥʳʤʠ ʩʚʦʡʩʪʚʘʤʠ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʭ ʥʘʥʦʢʨʠʩʪʘʣʣʦʚ PbX. 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʚ ʧʦʩʣʝʜʥʠʝ ʛʦʜʳ ʩʦʣʥʝʯʥʳʝ ʬʦʪʦʵʣʝʤʝʥʪʳ ʥʦʚʦʛʦ 

ʧʦʢʦʣʝʥʠʷ ʩ ʢʦʣʣʦʠʜʥʳʤʠ ʢʚʘʥʪʦʚʳʤʠ ʪʦʯʢʘʤʠ ʠ ʥʘʥʦʥʠʪʷʤʠ 

ʭʘʣʴʢʦʛʝʥʠʜʦʚ ʩʚʠʥʮʘ ʩʪʘʣʠ ʤʥʦʛʦʦʙʝʱʘʶʱʝʡ ʘʣʴʪʝʨʥʘʪʠʚʦʡ ʢʨʝʤʥʠʝʚʳʤ 

ʬʦʪʦʵʣʝʤʝʥʪʘʤ. ʂʦʣʣʦʠʜʥʳʝ ʢʚʘʥʪʦʚʳʝ ʪʦʯʢʠ ʷʚʣʷʶʪʩʷ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠ 

ʧʨʠʚʣʝʢʘʪʝʣʴʥʳʤʠ ʚ ʩʚʷʟʠ ʩ ʠʭ ʧʨʦʩʪʦʪʦʡ ʧʦʣʫʯʝʥʠʷ ʠ ʥʘʥʝʩʝʥʠʷ ʥʘ 

ʧʦʜʣʦʞʢʠ ʠʟ ʨʘʩʪʚʦʨʦʚ. ʕʪʦ ʜʘʝʪ ʚʦʟʤʦʞʥʦʩʪʴ ʠʭ ʠʥʪʝʛʨʘʮʠʠ ʚ ʩʦʣʥʝʯʥʳʝ 

ʙʘʪʘʨʝʠ ʨʘʟʣʠʯʥʳʭ ʢʦʥʩʪʨʫʢʮʠʡ, ʪʘʢʠʭ ʢʘʢ ʩʦʣʥʝʯʥʳʝ ʬʦʪʦʵʣʝʤʝʥʪʳ ʩ 

ʧʝʨʝʭʦʜʦʤ ʐʦʪʪʢʠ, ʩ ʦʙʝʜʥʝʥʥʳʤ ʛʝʪʝʨʦʧʝʨʝʭʦʜʦʤ, ʩ ʯʨʝʟʚʳʯʘʡʥʦ ʪʦʥʢʠʤ 



ʧʦʛʣʦʱʘʶʱʠʤ ʩʣʦʝʤ, ʛʠʙʨʠʜʥʳʝ ʦʨʛʘʥʦ-ʥʝʦʨʛʘʥʠʯʝʩʢʠʝ ʠ 

ʩʝʥʩʠʙʠʣʠʟʠʨʦʚʘʥʥʳʝ ʢʚʘʥʪʦʚʳʤʠ ʪʦʯʢʘʤʠ ʫʩʪʨʦʡʩʪʚʘ. 

1.1.2. ʊɽʈʄʆʕʃɽʂʊʈʀʏɽʉʂʀɽ ʄɸʊɽʈʀɸʃʓ 

 ɺʪʦʨʳʤ ʙʘʟʦʚʳʤ ʥʘʧʨʘʚʣʝʥʠʝʤ ʠʩʧʦʣʴʟʦʚʘʥʠʷ 

ʥʘʥʦʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʳʭ ʭʘʣʴʢʦʛʝʥʠʜʦʚ ʩʚʠʥʮʘ ʜʣʷ ʮʝʣʝʡ ʘʣʴʪʝʨʥʘʪʠʚʥʦʡ 

ʵʥʝʨʛʝʪʠʢʠ ʷʚʣʷʝʪʩʷ ʠʭ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʧʨʠ ʩʦʟʜʘʥʠʠ ʪʝʨʤʦʵʣʝʢʪʨʠʯʝʩʢʠʭ 

ʫʩʪʨʦʡʩʪʚ. ʊʝʨʤʦʵʣʝʢʪʨʠʯʝʩʢʠʝ ʤʘʪʝʨʠʘʣʳ, ʢʦʪʦʨʳʝ ʤʦʛʫʪ ʛʝʥʝʨʠʨʦʚʘʪʴ 

ʵʣʝʢʪʨʠʯʝʩʪʚʦ ʠʟ ʪʝʧʣʘ ʠʣʠ ʠʩʧʦʣʴʟʦʚʘʪʴʩʷ ʚ ʢʘʯʝʩʪʚʝ ʪʚʝʨʜʦʪʝʣʴʥʳʭ 

ʇʝʣʴʪʴʝ-ʭʦʣʦʜʠʣʴʥʠʢʦʚ, ʤʦʛʫʪ ʩʳʛʨʘʪʴ ʚʘʞʥʫʶ ʨʦʣʴ ʚ ʨʝʰʝʥʠʠ ʟʘʜʘʯ 

ʧʦʠʩʢʘ ʚʦʟʦʙʥʦʚʣʷʝʤʳʭ ʠʩʪʦʯʥʠʢʦʚ ʵʥʝʨʛʠʠ. ʕʪʦ ʚʦ ʤʥʦʛʦʤ ʟʘʚʠʩʠʪ ʦʪ 

ʨʘʟʨʘʙʦʪʢʠ ʤʘʪʝʨʠʘʣʦʚ ʩ ʚʳʩʦʢʦʡ ʪʝʨʤʦʵʣʝʢʪʨʠʯʝʩʢʦʡ ʵʬʬʝʢʪʠʚʥʦʩʪʴʶ. 

ʉʦʚʨʝʤʝʥʥʳʝ ʤʝʪʦʜʳ ʩʠʥʪʝʟʘ ʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʥʦʚʳʭ 

ʥʘʥʦʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʳʭ ʤʘʪʝʨʠʘʣʦʚ, ʚ ʪʦʤ ʯʠʩʣʝ, ʭʘʣʴʢʦʛʝʥʠʜʦʚ ʩʚʠʥʮʘ, 

ʤʦʛʫʪ ʧʦʩʣʫʞʠʪʴ ʠʥʩʪʨʫʤʝʥʪʦʤ ʥʘʯʘʣʘ ʥʦʚʦʡ ʵʨʳ ʢʦʤʧʣʝʢʩʥʳʭ 

ʪʝʨʤʦʵʣʝʢʪʨʠʯʝʩʢʠʭ ʤʘʪʝʨʠʘʣʦʚ. ʊʝʧʣʦʬʠʟʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ 

ʥʠʟʢʦʨʘʟʤʝʨʥʳʭ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚ PbX ʠ ʦʩʥʦʚʥʳʝ ʧʦʜʭʦʜʳ ʢ ʧʦʣʫʯʝʥʠʶ 

ʤʘʪʝʨʠʘʣʦʚ ʥʘ ʠʭ ʦʩʥʦʚʝ ʩ ʚʳʩʦʢʦʡ ʚʝʣʠʯʠʥʦʡ ʪʝʨʤʦʵʣʝʢʪʨʠʯʝʩʢʦʡ 

ʵʬʬʝʢʪʠʚʥʦʩʪʠ ZT (ʪʘʢʠʝ ʢʘʢ, ʥʘʥʦʢʦʤʧʦʟʠʪʳ, ʩʚʝʨʭʨʝʰʝʪʢʠ ʠ ʧʨ.). 

ʋʚʝʣʠʯʝʥʠʝ ZT ʜʣʷ ʥʘʥʦʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʳʭ ʤʘʪʝʨʠʘʣʦʚ, ʢʘʢ ʧʨʘʚʠʣʦ, 

ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ ʧʫʪʝʤ ʩʥʠʞʝʥʠʷ ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʠ. ɺʘʞʥʦ ʝʱʝ ʨʘʟ 

ʦʪʤʝʪʠʪʴ, ʯʪʦ ʪʨʘʜʠʮʠʦʥʥʳʤ ʤʘʪʝʨʠʘʣʦʤ ʪʝʨʤʦʵʣʝʢʪʨʠʯʝʩʢʠʭ ʧʨʠʣʦʞʝʥʠʡ 

ʪʨʘʜʠʮʠʦʥʥʦ ʩʣʫʞʠʪ ʪʝʣʣʫʨʠʜ ʩʚʠʥʮʘ, ʥʦ ʢ ʥʘʩʪʦʷʱʝʤʫ ʚʨʝʤʝʥʠ 

ʚʳʨʘʙʦʪʘʥ ʨʷʜ ʧʦʜʭʦʜʦʚ ʢ ʧʦʣʫʯʝʥʠʶ ʚʳʩʦʢʠʭ ʚʝʣʠʯʠʥ ZT ʜʣʷ ʫʩʪʨʦʡʩʪʚ 

ʥʘ ʦʩʥʦʚʝ ʜʨʫʛʠʭ ʥʘʥʦʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʳʭ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚ PbX: PbSe, 

PbSe-PbS, PbSeTe ʠ ʜʨ. ɺ ʢʘʯʝʩʪʚʝ ʦʜʥʦʛʦ ʠʟ ʩʘʤʳʭ ʵʬʬʝʢʪʠʚʥʳʭ 

ʧʦʜʭʦʜʦʚ ʥʘ ʜʘʥʥʳʡ ʤʦʤʝʥʪ ʤʦʞʥʦ ʚʳʜʝʣʠʪʴ ʧʝʨʩʧʝʢʪʠʚʥʦʩʪʴ 

ʦʜʥʦʤʝʨʥʳʭ ʥʘʥʦʥʠʪʝʡ ʩʦ ʩʚʝʨʭʨʝʰʝʪʢʦʡ, ʨʘʩʯʝʪ ʵʣʝʢʪʨʦʥʥʦʡ ʩʪʨʫʢʪʫʨʳ 

ʠ ʪʝʨʤʦʵʣʝʢʪʨʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʢʦʪʦʨʳʭ ʙʳʣ ʧʨʦʚʝʜʝʥ ʚ ʨʘʙʦʪʝ ʥʘ ʦʩʥʦʚʝ 



ʧʦʪʝʥʮʠʘʣʘ ʂʨʦʥʠʛʘ-ʇʝʥʥʠ ʠ ʫʨʘʚʥʝʥʠʡ ɹʦʣʴʮʤʘʥʘ ʜʣʷ ʦʜʥʦʤʝʨʥʦʛʦ 

ʧʝʨʝʥʦʩʘ ʥʦʩʠʪʝʣʝʡ. ɹʳʣʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʪʝʦʨʝʪʠʯʝʩʢʠ ʚʝʣʠʯʠʥʘ ZT ʜʣʷ 

ʥʘʥʦʥʠʪʝʡ ʩʦ ʩʚʝʨʭʨʝʰʝʪʢʘʤʠ PbSe/PbS ʠ PbTe/PbSe ʤʦʞʝʪ ʩʦʩʪʘʚʠʪʴ 2,8-

3,3. ʇʨʠʤʝʥʝʥʠʝ ʥʘʥʦʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʧʦʟʚʦʣʷʝʪ ʩʦʭʨʘʥʠʪʴ 

ʪʨʘʜʠʮʠʦʥʥʫʶ ʘʨʭʠʪʝʢʪʫʨʫ ʪʝʨʤʦʵʣʝʢʪʨʠʯʝʩʢʠʭ ʫʩʪʨʦʡʩʪʚ, ʩʦʭʨʘʥʷʷ 

ʚʘʞʥʫʶ ʚʦʟʤʦʞʥʦʩʪʴ ʠʭ ʤʠʥʠʘʪʶʨʠʟʘʮʠʠ ʠ ʠʥʪʝʛʨʘʮʠʠ. ɹʘʟʦʚʘʷ 

ʫʧʨʦʱʝʥʥʘʷ ʩʭʝʤʘ ʪʝʨʤʦʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʷ ʧʨʝʜʩʪʘʚʣʝʥʘ ʥʘ 

ʨʠʩ. 1.2. ʋʩʪʨʦʡʩʪʚʦ ʩʦʩʪʦʠʪ ʠʟ ʪʝʨʤʦʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʵʣʝʤʝʥʪʘ, 

ʨʘʟʤʝʱʝʥʥʦʛʦ ʤʝʞʜʫ ʠʩʪʦʯʥʠʢʦʤ ʪʝʧʣʘ ʠ ʩʨʝʜʦʡ ʩ ʪʝʤʧʝʨʘʪʫʨʦʡ 

ʦʢʨʫʞʘʶʱʝʛʦ ʚʦʟʜʫʭʘ (ʨʘʜʠʘʪʦʨ). ʇʝʨʝʜʘʯʘ ʪʝʧʣʘ ʦʪ ʠʩʪʦʯʥʠʢʘ ʢ 

ʨʘʜʠʘʪʦʨʫ ʧʨʦʠʩʭʦʜʠʪ ʯʝʨʝʟ ʜʚʠʞʝʥʠʝ ʥʦʩʠʪʝʣʝʡ ʟʘʨʷʜʘ ʣʠʙʦ ʯʝʨʝʟ 

ʨʝʰʝʪʢʫ (ʬʦʥʦʥʳ). ʊʨʘʥʩʧʦʨʪ ʥʦʩʠʪʝʣʝʡ ʧʨʠʚʦʜʠʪ ʢ ʧʦʷʚʣʝʥʠʶ ʨʘʟʥʦʩʪʠ 

ʧʦʪʝʥʮʠʘʣʦʚ ï ʥʘʧʨʷʞʝʥʠʶ ɿʝʝʙʝʢʘ. 

ʇʨʠʤʝʨʳ ʠʟʫʯʝʥʠʷ ʥʘʥʦ- ʠ ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʧʣʝʥʦʢ ʪʝʣʣʫʨʠʜʘ 

ʩʚʠʥʮʘ ʜʣʷ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʚ ʤʠʥʠʘʪʶʨʥʳʭ ʪʝʨʤʦʵʣʝʢʪʨʠʯʝʩʢʠʭ 

ʛʝʥʝʨʘʪʦʨʘʭ ʥʘ ʢʨʝʤʥʠʝʚʳʭ ʧʦʜʣʦʞʢʘʭ ʧʨʠʚʝʜʝʥʳ ʚ ʨʘʙʦʪʝ [7]. 

 

ʈʠʩ. 1.2. ʉʭʝʤʘ ʙʘʟʦʚʦʛʦ ʪʝʨʤʦʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʫʩʪʨʦʡʩʪʚʘ ʜʣʷ 

ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ ʪʝʧʣʘ ʚ ʵʣʝʢʪʨʦʵʥʝʨʛʠʶ (ʘ) ʠ ʥʘʛʨʝʚʘ/ʦʭʣʘʞʜʝʥʠʷ (ʙ)  

ʘ ʙ 



 

1.2 ʇʆʃʋʏɽʅʀɽ ʇʃɽʅʆʂ ʍɸʃʔʂʆɻɽʅʀɼʆɺ ʉɺʀʅʎɸ 

1.2.1. ʇʆʃʋʏɽʅʀɽ ʅɸʅʆʇʈʆɺʆʃʆʂ 

ʅʘʥʦʧʨʦʚʦʣʦʢʠ, ʢʘʢ ʧʨʘʚʠʣʦ, ʧʦʣʫʯʘʶʪ Ăbottom-upñ ʤʝʪʦʜʘʤʠ 

ʦʩʘʞʜʝʥʠʷ ʠ ʵʧʠʪʘʢʩʠʘʣʴʥʦʛʦ ʨʦʩʪʘ, ʧʨʠ ʵʪʦʤ ʥʘʠʙʦʣʝʝ ʫʥʠʚʝʨʩʘʣʴʥʳʤ 

ʤʝʪʦʜʦʤ ʬʦʨʤʠʨʦʚʘʥʠʷ ʦʜʥʦʤʝʨʥʳʭ ʥʘʥʦʩʪʨʫʢʪʫʨ ʩʣʫʞʠʪ ʢʘʪʘʣʠʪʠʯʝʩʢʠʡ 

ʨʦʩʪ ʧʦ ʤʝʭʘʥʠʟʤʫ Ăʧʘʨīʞʠʜʢʦʩʪʴīʢʨʠʩʪʘʣʣñ (ʇɾʂ)[8], ʬʠʟʠʯʝʩʢʘʷ 

ʪʝʦʨʠʷ ʠ ʧʨʘʢʪʠʯʝʩʢʠʝ ʘʩʧʝʢʪʳ ʢʦʪʦʨʦʛʦ ʢ ʥʘʩʪʦʷʱʝʤʫ ʚʨʝʤʝʥʠ ʰʠʨʦʢʦ 

ʠʟʫʯʝʥʳ[9-11]. ʆʩʦʙʳʡ ʠʥʪʝʨʝʩ ʧʨʝʜʩʪʘʚʣʷʝʪ ʧʦʣʫʯʝʥʠʝ ʥʘʥʦʧʨʦʚʦʣʦʢ ʥʘ 

ʦʩʥʦʚʝ ʭʘʣʴʢʦʛʝʥʠʜʦʚ ʩʚʠʥʮʘ  

(PbX, X=Te, Se, S), ʜʣʷ ʢʦʪʦʨʳʭ ʚ ʨʘʤʢʘʭ ʤʝʭʘʥʠʟʤʘ ʇɾʂ ʫʜʘʝʪʩʷ 

ʧʦʣʫʯʘʪʴ ʢʘʢ ʤʘʩʩʠʚʳ ʦʜʥʦʤʝʨʥʳʭ ʥʘʥʦʩʪʨʫʢʪʫʨ ʚʳʩʦʢʦʡ ʩʪʝʧʝʥʠ 

ʢʨʠʩʪʘʣʣʠʯʥʦʩʪʠ[12,13], ʪʘʢ ʠ ʩʣʦʞʥʳʝ ʩʝʪʠ ʠ ʠʝʨʘʨʭʠʯʝʩʢʠʝ ʩʠʩʪʝʤʳ[14-

16]. ɺ ʩʠʣʫ ʨʷʜʘ ʫʥʠʢʘʣʴʥʳʭ ʩʚʦʡʩʪʚ ʭʘʣʴʢʦʛʝʥʠʜʦʚ ʩʚʠʥʮʘ [17] 

ʬʦʨʤʠʨʫʝʤʳʝ ʥʘʥʦʩʪʨʫʢʪʫʨʳ ʷʚʣʷʶʪʩʷ ʧʝʨʩʧʝʢʪʠʚʥʳʤʠ ʜʣʷ 

ʠʥʬʨʘʢʨʘʩʥʦʡ ʦʧʪʦʵʣʝʢʪʨʦʥʠʢʠ [18] ʠ ʤʠʢʨʦʪʝʨʤʦʵʣʝʢʪʨʠʯʝʩʢʠʭ 

ʫʩʪʨʦʡʩʪʚ ʥʦʚʦʛʦ ʧʦʢʦʣʝʥʠʷ [19]. ʆʜʥʘʢʦ ʜʣʷ ʠʥʪʝʛʨʘʮʠʠ ʥʘʥʦʧʨʦʚʦʣʦʢ 

PbX ʚ ʫʩʪʨʦʡʩʪʚʘ ʵʣʝʢʪʨʦʥʠʢʠ ʥʘ ʢʨʝʤʥʠʝʚʳʭ ʧʦʜʣʦʞʢʘʭ ʦʩʪʘʝʪʩʷ 

ʚʦʩʪʨʝʙʦʚʘʥʥʳʤ ʵʢʦʥʦʤʠʯʥʳʡ ʠ ʫʥʠʚʝʨʩʘʣʴʥʳʡ ʤʝʪʦʜ ʠʭ ʚʳʨʘʱʠʚʘʥʠʷ ʥʘ 

ʟʘʜʘʥʥʳʭ ʫʯʘʩʪʢʘʭ ʧʦʚʝʨʭʥʦʩʪʠ ʚ ʨʘʤʢʘʭ ʪʨʘʜʠʮʠʦʥʥʳʭ Ătop-downñ 

ʦʧʝʨʘʮʠʡ, ʧʨʝʞʜʝ ʚʩʝʛʦ ʧʣʘʟʤʝʥʥʦʡ ʦʙʨʘʙʦʪʢʠ. ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ 

ʠʩʩʣʝʜʦʚʘʥʦ ʬʦʨʤʠʨʦʚʘʥʠʝ ʦʜʥʦʤʝʨʥʳʭ ʥʘʥʦʩʪʨʫʢʪʫʨ ʭʘʣʴʢʦʛʝʥʠʜʦʚ 

ʩʚʠʥʮʘ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʧʣʝʥʦʢ PbX ʧʦʜ ʥʘʢʣʘʜʥʦʡ ʤʘʩʢʦʡ ʪʨʘʚʣʝʥʠʷ ʧʨʠ 

ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʦʧʝʨʘʮʠʠ ʩʝʣʝʢʪʠʚʥʦʛʦ ʧʣʘʟʤʝʥʥʦʛʦ ʨʘʩʧʳʣʝʥʠʷ 

ʧʦʚʝʨʭʥʦʩʪʠ.  

ɺ ʢʘʯʝʩʪʚʝ ʠʩʭʦʜʥʳʭ ʦʙʨʘʟʮʦʚ ʚʳʩʪʫʧʘʣʠ ʧʣʝʥʢʠ PbSe ʪʦʣʱʠʥʦʡ 

1.5ī5 Õm, ʚʳʨʘʱʝʥʥʳʝ ʥʘ ʧʦʜʣʦʞʢʘʭ ʤʦʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ Si(111) ʩ 

ʙʫʬʝʨʥʳʤʠ ʩʣʦʷʤʠ CaF2 ʪʦʣʱʠʥʦʡ 2ī4 ʥʤ ʤʝʪʦʜʦʤ ʤʦʣʝʢʫʣʷʨʥʦ-ʣʫʯʝʚʦʡ 



ʵʧʠʪʘʢʩʠʠ. ʇʣʘʟʤʝʥʥʘʷ ʦʙʨʘʙʦʪʢʘ ʵʧʠʪʘʢʩʠʘʣʴʥʳʭ ʩʪʨʫʢʪʫʨ 

PbSe/CaF2(111) ʧʨʦʚʦʜʠʣʘʩʴ ʚ ʨʝʘʢʪʦʨʝ ʧʣʦʪʥʦʡ ʘʨʛʦʥʦʚʦʡ ʧʣʘʟʤʳ 

ʚʳʩʦʢʦʯʘʩʪʦʪʥʦʛʦ ʠʥʜʫʢʮʠʦʥʥʦʛʦ ʨʘʟʨʷʜʘ ʥʠʟʢʦʛʦ ʜʘʚʣʝʥʠʷ (ɺʏʀ-ʧʣʘʟʤʳ) 

ʧʨʠ ɺʏ-ʤʦʱʥʦʩʪʠ ʩʤʝʱʝʥʠʷ, ʧʦʜʘʚʘʝʤʦʡ ʥʘ ʵʣʝʢʪʨʦʜ-ʧʦʜʣʦʞʢʦʜʝʨʞʘʪʝʣʴ, 

ʚ ʠʥʪʝʨʚʘʣʝ 200ī400 ɺʪ. ʇʨʦʮʝʩʩ ʦʩʫʱʝʩʪʚʣʷʣʩʷ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ 

ʥʘʢʣʘʜʥʦʡ ʤʘʩʢʠ, ʧʨʝʜʩʪʘʚʣʷʶʱʝʡ ʩʦʙʦʡ ʧʣʘʩʪʠʥʫ ʤʦʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ 

ʢʨʝʤʥʠʷ ʪʦʣʠɦʥʦʡ 380 ʤʢʤ ʩʦ ʩʢʚʦʟʥʳʤʠ ʧʝʨʠʦʜʠʯʝʩʢʠʤʠ ʢʨʫʛʣʳʤʠ 

ʦʪʚʝʨʩʪʠʷʤʠ ʜʠʘʤʝʪʨʦʤ 75 ʤʢʤ. ʈʘʩʩʪʦʷʥʠʝ ʤʝʞʜʫ ʤʘʩʢʦʡ ʠ ʧʣʝʥʢʦʡ 

ʩʝʣʝʥʠʜʘ ʩʚʠʥʮʘ ʩʦʩʪʘʚʣʷʣʦ ʥʝʩʢʦʣʴʢʦ ʤʠʢʨʦʤʝʪʨʦʚ. ʇʦʩʢʦʣʴʢʫ ʩʢʦʨʦʩʪʴ 

ʨʘʩʧʳʣʝʥʠʷ ʢʨʝʤʥʠʷ ʚ ʘʨʛʦʥʦʚʦʡ ɺʏʀ-ʧʣʘʟʤʝ ʜʣʷ ʠʩʧʦʣʴʟʫʝʤʳʭ ʨʝʞʠʤʦʚ 

ʟʥʘʯʠʪʝʣʴʥʦ ʥʠʞʝ ʩʢʦʨʦʩʪʠ ʨʘʩʧʳʣʝʥʠʷ ʙʠʥʘʨʥʳʭ ʩʦʝʜʠʥʝʥʠʡ PbX, ʪʦ 

ʦʪʢʨʳʚʘʝʤʳʝ ʫʯʘʩʪʢʠ ʧʦʜʣʦʞʢʠ Si ʧʨʘʢʪʠʯʝʩʢʠ ʥʝ ʨʘʩʪʨʘʚʣʠʚʘʣʠʩʴ.  

ʅʦʚʳʤ ʵʬʬʝʢʪʦʤ, ʠʤʝʶʱʠʤ ʤʝʩʪʦ ʧʨʠ ʩʦʟʜʘʥʠʠ ʩʢʚʦʟʥʳʭ 

ʤʠʢʨʦʦʪʚʝʨʩʪʠʡ ʚ ʧʣʝʥʢʘʭ ʩʝʣʝʥʠʜʘ ʩʚʠʥʮʘ ʚ ʜʘʥʥʳʭ ʫʩʣʦʚʠʷʭ, ʩʪʘʣʦ 

ʬʦʨʤʠʨʦʚʘʥʠʝ ʦʜʥʦʤʝʨʥʳʭ ʥʘʥʦʩʪʨʫʢʪʫʨ ʥʘ ʫʯʘʩʪʢʘʭ ʧʣʝʥʢʠ PbSe, 

ʥʘʭʦʜʷʱʠʭʩʷ ʚ ʧʨʦʮʝʩʩʝ ʧʣʘʟʤʝʥʥʦʡ ʦʙʨʘʙʦʪʢʠ ʧʦʜ ʟʘʢʨʳʪʳʤʠ ʤʘʩʢʦʡ 

ʦʙʣʘʩʪʷʤʠ ʚ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦʡ ʙʣʠʟʦʩʪʠ ʦʪ ʨʘʩʧʳʣʷʝʤʳʭ ʫʯʘʩʪʢʦʚ. 

ʊʠʧʠʯʥʳʝ ʠʟʦʙʨʘʞʝʥʠʷ ʪʘʢʠʭ ʥʘʥʦʩʪʨʫʢʪʫʨ ʜʣʷ ʧʣʝʥʢʠ ʩʚʠʥʮʘ ʩ ʠʩʭʦʜʥʦʡ 

ʪʦʣʱʠʥʦʡ 1.7 ʤʢʤ ʧʨʝʜʩʪʘʚʣʝʥʳ ʥʘ ʨʠʩ. 1.3. ɺʳʩʦʪʘ ʥʘʥʦʧʨʦʚʦʣʦʢ 

ʮʠʣʠʥʜʨʠʯʝʩʢʦʡ ʬʦʨʤʳ  ʜʦʩʪʠʛʘʣʘ 1000ī1200 ʥʤ ʧʨʠ ʪʦʣʱʠʥʝ 

75ī125 ʥʤ. ʅʘ ʚʝʨʰʠʥʘʭ ʥʘʥʦʧʨʦʚʦʣʦʢ ʧʨʠʩʫʪʩʪʚʦʚʘʣʠ ʢʚʘʟʠʩʬʝʨʠʯʝʩʢʠʝ 

ʦʛʨʘʥʝʥʥʳʝ ʥʘʥʦʩʪʨʫʢʪʫʨʳ ʜʠʘʤʝʪʨʦʤ 85ī180 ʥʤ. ʇʦʚʝʨʭʥʦʩʪʥʘʷ 

ʧʣʦʪʥʦʩʪʴ ʥʘʥʦʧʨʦʚʦʣʦʢ ʩʦʩʪʘʚʣʷʣʘ (1ī2) Å 10
9
 ʩʤ

ī2
. ʅʘ ʫʯʘʩʪʢʘʭ 

ʧʦʚʝʨʭʥʦʩʪʠ ʧʣʝʥʦʢ PbSe, ʥʘʭʦʜʷʱʠʭʩʷ ʧʦʜ ʥʘʢʣʘʜʥʦʡ ʤʘʩʢʦʡ ʠ 

ʫʜʘʣʝʥʥʳʭ ʦʪ ʦʙʣʘʩʪʠ ʧʣʘʟʤʝʥʥʦʡ ʦʙʨʘʙʦʪʢʠ ʥʘ ʨʘʩʩʪʦʷʥʠʝ ʙʦʣʝʝ 20ī30 

ʥʤ, ʚʤʝʩʪʦ ʬʦʨʤʠʨʦʚʘʥʠʷ ʥʘʥʦʧʨʦʚʦʣʦʢ ʧʨʦʠʩʭʦʜʠʣʦ ʦʙʨʘʟʦʚʘʥʠʝ 

ʩʬʝʨʠʯʝʩʢʠʭ ʥʘʥʦʩʪʨʫʢʪʫʨ ʜʠʘʤʝʪʨʦʤ 38ī78 ʥʤ ʩ ʫʤʝʥʴʰʘʶʱʝʡʩʷ ʧʦ ʤʝʨʝ 

ʫʚʝʣʠʯʝʥʠʷ ʨʘʩʩʪʦʷʥʠʷ ʦʪ ʨʘʩʧʳʣʷʝʤʦʡ ʦʙʣʘʩʪʠ ʧʣʦʪʥʦʩʪʴʶ: 2 Å 10
9
 ʩʤ

ī2
 

ʜʣʷ ʨʘʩʩʪʦʷʥʠʷ 750 ʤʢʤ (ʨʠʩ. 1.4) ʠ 4 Å 10
8
 cm

ī2 
ʜʣʷ 1500 ʤʢʤ. 



 

ʈʠʩ. 1.3. ʉʕʄ-ʠʟʦʙʨʘʞʝʥʠʷ: a ð ʢʨʘʷ ʤʠʢʨʦʦʪʚʝʨʩʪʠʷ ʚ ʧʣʝʥʢʝ 

PbSe/CaF2/Si(111), ʩʬʦʨʤʠʨʦʚʘʥʥʦʛʦ ʤʝʪʦʜʦʤ ʧʣʘʟʤʝʥʥʦʡ ʦʙʨʘʙʦʪʢʠ, b ð 

ʥʘʥʦʧʨʦ ʚʦʣʦʢ (PbSe) ʥʘ ʟʘʢʨʳʪʦʤ ʤʘʩʢʦʡ ʫʯʘʩʪʢʝ ʧʣʝʥʢʠ ʚʙʣʠʟʠ ʢʨʘʷ. 

 

ʃʦʢʘʣʴʥʳʡ ʤʠʢʨʦʘʥʘʣʠʟ ʭʠʤʠʯʝʩʢʦʛʦ ʩʦʩʪʘʚʘ ʠʩʩʣʝʜʫʝʤʳʭ 

ʧʦʚʝʨʭʥʦʩʪʝʡ ʙʳʣ ʧʨʦʚʝʜʝʥ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʧʨʠʩʪʘʚʢʠ 

ʵʥʝʨʛʦʜʠʩʧʝʨʩʠʦʥʥʦʛʦ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʘʥʘʣʠʟʘ (ʕɼʈɸ) INCAx-act (Oxford 

Instruments)[20]. ʉʨʘʚʥʝʥʠʝ ʕɼʈɸ-ʩʧʝʢʪʨʦʚ ʜʣʷ ʠʩʭʦʜʥʳʭ ʫʯʘʩʪʢʦʚ 

ʧʣʝʥʦʯʥʳʭ ʩʪʨʫʢʪʫʨ PbSe/CaF2/Si(111) ʠ ʦʙʣʘʩʪʝʡ PbSe ʩ 

ʥʘʥʦʧʨʦʚʦʣʦʢʘʤʠ ʧʦʢʘʟʘʣʦ ʵʬʬʝʢʪ ʥʝʙʦʣʴʰʦʛʦ ʠʟʤʝʥʝʥʠʷ ʩʦʦʪʥʦʰʝʥʠʷ 

ʤʝʪʘʣʣ-ʭʘʣʴʢʦʛʝʥ ʚ ʩʪʦʨʦʥʫ ʫʚʝʣʠʯʝʥʠʷ ʩʦʜʝʨʞʘʥʠʷ ʩʚʠʥʮʘ ʥʘ 4ī5 at.% ʚ 

ʨʘʤʢʘʭ ʛʣʫʙʠʥʳ ʘʥʘʣʠʟʘ (Ḑ 1 ʤʢʤ) ʜʣʷ ʦʙʣʘʩʪʝʡ ʩʝʣʝʥʠʜʘ ʩʚʠʥʮʘ ʧʦʜ 

ʤʘʩʢʦʡ. ʇʨʠ ʵʪʦʤ ʧʦ ʧʣʦʱʘʜʠ ʫʯʘʩʪʢʦʚ ʧʦʜ ʤʘʩʢʦʡ ʨʘʩʧʨʝʜʝʣʝʥʠʝ 

ʵʣʝʤʝʥʪʦʚ ʙʳʣʦ ʦʜʥʦʨʦʜʥʳʤ. ʌʦʨʤʠʨʫʝʤʳʝ ʦʜʥʦʤʝʨʥʳʝ ʥʘʥʦʦʙʲʝʢʪʳ 



ʷʚʣʷʶʪʩʷ ʢʨʠʩʪʘʣʣʠʯʝʩʢʠʤʠ ʩʪʨʫʢʪʫʨʘʤʠ ʩʝʣʝʥʠʜʘ ʩʚʠʥʮʘ, ʘ ʠʟʙʳʪʦʯʥʳʡ 

ʩʚʠʥʝʮ ʩʦʩʨʝʜʦʪʦʯʝʥ ʚ ʩʬʝʨʠʯʝʩʢʠʭ ʦʙʨʘʟʦʚʘʥʠʷʭ. 

 

ʈʠʩ. 1.4. ʉʕʄ-ʠʟʦʙʨʘʞʝʥʠʝ ʩʬʝʨʠʯʝʩʢʠʭ ʥʘʥʦʩʪʨʫʢʪʫʨ (Pb) ʥʘ 

ʧʦʚʝʨʭʥʦʩʪʠ ʧʣʝʥʢʠ PbSe ʧʦʩʣʝ ʧʣʘʟʤʝʥʥʦʡ ʦʙʨʘʙʦʪʢʠ ʥʘ ʨʘʩʩʪʦʷʥʠʠ 750 

Õm ʦʪ ʢʨʘʷ ʨʘʩʧʳʣʷʝʤʦʡ ʦʙʣʘʩʪʠ.  

 

ʇʨʦʮʝʩʩʳ ʨʘʩʧʳʣʝʥʠʷ ʦʪʢʨʳʪʳʭ ʦʙʣʘʩʪʝʡ ʧʣʝʥʦʢ ʩʦʧʨʦʚʦʞʜʘʶʪʩʷ 

ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʝʤ ʨʘʩʧʳʣʷʝʤʳʭ ʘʪʦʤʦʚ ʧʦʜ ʤʘʩʢʫ ʚ ʦʙʣʘʩʪʠ ʤʠʢʨʦʟʘʟʦʨʘ, 

ʦʩʘʞʜʝʥʠʝʤ ʠʭ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʧʣʝʥʢʠ ʠ ʤʘʩʢʠ. ɼʘʥʥʳʡ ʵʬʬʝʢʪ ʤʦʞʝʪ 

ʠʤʝʪʴ ʤʝʩʪʦ ʧʨʠ ʫʩʣʦʚʠʠ ʚʳʩʦʢʦʡ ʧʣʦʪʥʦʩʪʠ ʧʝʨʝʩʳʱʝʥʥʦʛʦ ʧʘʨʘ, ʯʪʦ 

ʥʘʙʣʶʜʘʝʪʩʷ ʚ ɺʏʀ-ʧʣʘʟʤʝ ʟʘ ʩʯʝʪ ʘʥʦʤʘʣʴʥʦ ʚʳʩʦʢʠʭ ʢʦʵʬʬʠʮʠʝʥʪʦʚ 

ʨʘʩʧʳʣʝʥʠʷ ʙʠʥʘʨʥʳʭ ʩʦʝʜʠʥʝʥʠʡ ʭʘʣʴʢʦʛʝʥʠʜʦʚ ʩʚʠʥʮʘ. ʉʕʄ ʠ ʕɼʈɸ-

ʠʩʩʣʝʜʦʚʘʥʠʷ ʚʥʫʪʨʝʥʥʝʡ ʩʪʦʨʦʥʳ ʥʘʢʣʘʜʥʦʡ ʢʨʝʤʥʠʝʚʦʡ ʤʘʩʢʠ ʧʦʩʣʝ 

ʧʨʦʚʝʜʝʥʠʷ ʧʣʘʟʤʝʥʥʦʡ ʦʙʨʘʙʦʪʢʠ ʧʦʢʘʟʘʣʠ ʚ ʦʙʣʘʩʪʠ ʨʘʜʠʫʩʦʤ ʜʦ 120 

ʤʢʤ ʚʦʢʨʫʛ ʢʦʣʦʜʮʝʚ ʪʨʘʚʣʝʥʠʷ ʥʘʣʠʯʠʝ ʩʣʦʷ ʥʘʥʦʩʪʨʫʢʪʫʨ PbSe 

ʨʘʟʤʝʨʘʤʠ 100ī150 ʥʤ. ɼʣʷ ʵʪʦʛʦ ʩʣʦʷ ʦʪʤʝʯʝʥʦ ʩʦʭʨʘʥʝʥʠʝ ʩʦʦʪʥʦʰʝʥʠʷ 

ʘʪʦʤʦʚ ʤʝʪʘʣʣ-ʭʘʣʴʢʦʛʝʥ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʠʩʭʦʜʥʦʡ ʧʣʝʥʢʦʡ, ʯʪʦ 

ʧʦʜʪʚʝʨʞʜʘʝʪ ʵʬʬʝʢʪ ʩʠʣʴʥʦʛʦ ʧʝʨʝʦʩʘʞʜʝʥʠʷ ʨʘʩʧʳʣʷʝʤʦʛʦ ʤʘʪʝʨʠʘʣʘ ʚ 

ʚʠʜʝ ʦʪʜʝʣʴʥʳʭ ʤʦʣʝʢʫʣ. 



ʂʦʤʧʣʝʢʩ ʧʦʣʫʯʝʥʥʳʭ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ ʫʢʘʟʳʚʘʝʪ ʥʘ ʪʦ, 

ʯʪʦ ʬʦʨʤʠʨʦʚʘʥʠʝ ʥʘʥʦʧʨʦʚʦʣʦʢ ʚ ʧʨʦʮʝʩʩʝ ʧʣʘʟʤʝʥʥʦʡ ʦʙʨʘʙʦʪʢʠ 

ʧʨʦʠʩʭʦʜʠʪ ʚ ʨʝʟʫʣʴʪʘʪʝ ʢʘʪʘʣʠʪʠʯʝʩʢʦʛʦ ʨʦʩʪʘ ʧʦ ʤʝʭʘʥʠʟʤʫ ʇɾʂ. 

ɼʘʥʥʳʡ ʧʨʦʮʝʩʩ ʩʦʩʪʦʠʪ ʚ ʪʦʤ, ʯʪʦ ʢʘʧʣʠ ʤʝʪʘʣʣʘ-ʢʘʪʘʣʠʟʘʪʦʨʘ ʥʘ 

ʧʦʚʝʨʭʥʦʩʪʠ, ʥʘʭʦʜʷʩʴ ʚ ʢʦʥʪʘʢʪʝ ʩ ʧʝʨʝʩʳʱʝʥʥʳʤ ʧʘʨʦʤ ʦʩʘʞʜʘʝʤʦʛʦ 

ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʦʛʦ ʤʘʪʝʨʠʘʣʘ, ʩʣʫʞʘʪ ʟʘʪʨʘʚʢʘʤʠ ʜʣʷ ʘʥʠʟʦʪʨʦʧʥʦʛʦ 

ʨʦʩʪʘ ʥʘʥʦʧʨʦʚʦʣʦʢ [21]. ɺ ʨʘʩʩʤʘʪʨʠʚʘʝʤʦʤ ʩʣʫʯʘʝ ʧʝʨʝʩʳʱʝʥʥʳʡ ʧʘʨ 

ʭʘʣʴʢʦʛʝʥʠʜʦʚ ʩʚʠʥʮʘ ʩʦʟʜʘʝʪʩʷ ʚ ʤʠʢʨʦʟʘʟʦʨʝ ʧʦʜ ʥʘʢʣʘʜʥʦʡ ʤʘʩʢʦʡ ʟʘ 

ʩʯʝʪ ʚʳʩʦʢʦʡ ʩʢʦʨʦʩʪʠ ʨʘʩʧʳʣʝʥʠʷ ʭʘʣʴʢʦʛʝʥʠʜʦʚ ʩʚʠʥʮʘ ʚ ɺʏʀ-ʧʣʘʟʤʝ ʠ 

ʩʠʣʴʥʳʭ ʵʬʬʝʢʪʦʚ ʧʝʨʝʥʦʩʘ ʨʘʩʧʳʣʝʥʥʦʛʦ ʤʘʪʝʨʠʘʣʘ ʚ ʦʙʣʘʩʪʴ 

ʤʠʢʨʦʟʘʟʦʨʘ (ʦʮʝʥʢʠ ʧʦʢʘʟʳʚʘʶʪ, ʯʪʦ ʦʙʲʝʤ ʥʘʥʦʧʨʦʚʦʣʦʢ ʩʦʩʪʘʚʣʷʝʪ ʜʦ 

12% ʦʪ ʦʙʱʝʛʦ ʨʘʩʧʳʣʝʥʥʦʛʦ ʤʘʪʝʨʠʘʣʘ ʧʣʝʥʢʠ). ʇʨʠ ʵʪʦʤ ʨʘʩʧʳʣʝʥʠʝ 

ʩʝʣʝʥʠʜʘ ʩʚʠʥʮʘ ʧʨʦʭʦʜʠʪ ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦ ʚ ʚʠʜʝ ʤʦʣʝʢʫʣ PbSe ʠ ʠʭ 

ʢʦʤʧʣʝʢʩʦʚ, ʘ ʜʦʣʷ ʘʪʦʤʘʨʥʦʛʦ ʩʚʠʥʮʘ ʚ ʨʘʩʧʳʣʝʥʥʦʤ ʤʘʪʝʨʠʘʣʝ ʥʝʚʝʣʠʢʘ 

ʠ ʩʦʩʪʘʚʣʷʝʪ ʥʝʩʢʦʣʴʢʦ at.% . ʇʦʩʢʦʣʴʢʫ ʩʚʠʥʝʮ ʦʙʣʘʜʘʝʪ ʥʠʟʢʦʡ 

ʪʝʤʧʝʨʘʪʫʨʦʡ ʧʣʘʚʣʝʥʠʷ, ʪʦ, ʜʠʬʬʫʥʜʠʨʫʷ ʧʦ ʥʘʛʨʝʪʦʡ ʧʦʚʝʨʭʥʦʩʪʠ ʧʦʜ 

ʤʘʩʢʦʡ, ʦʥ ʢʦʘʣʝʩʮʠʨʫʝʪ ʚ ʢʘʧʣʠ ʥʘʥʦʤʝʪʨʦʚʳʭ ʨʘʟʤʝʨʦʚ, ʯʪʦ 

ʥʘʙʣʶʜʘʣʦʩʴ ʜʣʷ ʵʧʠʪʘʢʩʠʘʣʴʥʳʭ ʤʝʪʦʜʠʢ ʬʦʨʤʠʨʦʚʘʥʠʷ ʥʘʥʦ- ʠ 

ʤʠʢʨʦʩʪʨʫʢʪʫʨ PbX ʚ [22]. ɼʘʣʝʝ ʧʨʠ ʧʝʨʝʦʩʘʞʜʝʥʠʠ ʤʦʣʝʢʫʣ PbX ʠʟ 

ʧʝʨʝʩʳʱʝʥʥʦʛʦ ʧʘʨʘ ʧʨʦʠʩʭʦʜʠʪ ʢʣʘʩʩʠʯʝʩʢʠʡ ʇɾʂ-ʩʠʥʪʝʟ ʦʜʥʦʤʝʨʥʳʭ 

ʥʘʥʦʩʪʨʫʢʪʫʨ PbSe ʧʦʜ ʟʘʪʨʘʚʢʘʤʠ Pb, ʦʩʪʘʶʱʠʤʠʩʷ ʥʘ ʠʭ ʚʝʨʰʠʥʘʭ (ʨʠʩ. 

1.5). ʅʝ ʠʩʢʣʶʯʘʝʪʩʷ ʚʣʠʷʥʠʝ ʬʘʢʪʦʨʘ ʩʠʣʴʥʦʛʦ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ 

ʥʘ ʨʦʩʪ ʥʘʥʦʧʨʦʚʦʣʦʢ.  

ʉʚʠʥʝʮ ʚ ʜʘʥʥʦʤ ʵʢʩʧʝʨʠʤʝʥʪʝ ʠʩʧʦʣʥʷʝʪ ʨʦʣʴ, ʘʥʘʣʦʛʠʯʥʫʶ 

ʩʧʝʮʠʘʣʴʥʦ ʥʘʥʦʩʠʤʳʤ ʥʘ ʧʦʚʝʨʭʥʦʩʪʴ ʤʝʪʘʣʣʘʤ-ʢʘʪʘʣʠʟʘʪʦʨʘʤ ʩ ʥʠʟʢʦʡ 

ʪʝʤʧʝʨʘʪʫʨʦʡ ʧʣʘʚʣʝʥʠʷ (Au, In, Ga, Bi) ʚ ʵʧʠʪʘʢʩʠʘʣʴʥʳʭ ʤʝʪʦʜʠʢʘʭ 

ʬʦʨʤʠʨʦʚʘʥʠʷ ʥʘʥʦʧʨʦʚʦʣʦʢ PbX ʧʦ ʤʝʭʘʥʠʟʤʫ ʇɾʂ [22]. 

ʉʧʝʮʠʬʠʯʝʩʢʠʤ ʵʬʬʝʢʪʦʤ ʷʚʠʣʦʩʴ ʦʙʨʘʟʦʚʘʥʠʝ ʤʘʩʩʠʚʦʚ ʩʬʝʨʠʯʝʩʢʠʭ 

ʩʪʨʫʢʪʫʨ ʢʘʪʘʣʠʟʘʪʦʨʘ (ʩʚʠʥʮʘ) ʩ ʫʤʝʥʴʰʘʶʱʝʡʩʷ ʧʦ ʤʝʨʝ ʫʜʘʣʝʥʠʷ ʦʪ 



ʟʦʥʳ ʨʘʩʧʳʣʝʥʠʷ ʧʣʦʪʥʦʩʪʴʶ. ʕʪʦ ʦʙʲʷʩʥʷʝʪʩʷ ʦʪʩʫʪʩʪʚʠʝʤ ʜʦʩʪʘʪʦʯʥʦʡ 

ʜʣʷ ʨʦʩʪʘ ʥʠʪʝʡ ʢʦʥʮʝʥʪʨʘʮʠʠ ʧʝʨʝʩʳʱʝʥʥʦʛʦ ʧʘʨʘ ʩʝʣʝʥʠʜʘ ʩʚʠʥʮʘ, ʯʪʦ 

ʥʝ ʭʘʨʘʢʪʝʨʥʦ ʜʣʷ ʵʧʠʪʘʢʩʠʘʣʴʥʳʭ ʤʝʪʦʜʦʚ, ʢʦʛʜʘ ʧʣʦʪʥʦʩʪʴ ʧʘʨʘ 

ʜʦʩʪʘʪʦʯʥʦ ʚʝʣʠʢʘ ʠ ʦʜʥʦʨʦʜʥʘ ʧʦ ʧʦʜʣʦʞʢʝ. 

 

 

  ʈʠʩ. 1.5. ʉʭʝʤʘʪʠʯʝʩʢʦʝ ʠʟʦʙʨʘʞʝʥʠʝ ʧʨʦʮʝʩʩʘ ʨʘʩʧʳʣʝʥʠʷ ʚ ʧʣʘʟʤʝ 

ʧʣʝʥʢʠ PbSe, ʩʦʧʨʦʚʦʞʜʘʶʱʝʛʦʩʷ ʬʦʨʤʠʨʦʚʘʥʠʝʤ ʤʘʩʩʠʚʘ ʦʜʥʦʤʝʨʥʳʭ 

ʥʘʥʦʩʪʨʫʢʪʫʨ ʥʘ ʟʘʢʨʳʪʦʡ ʯʘʩʪʠ ʧʣʝʥʢʠ ʚʙʣʠʟʠ ʢʨʘʷ ʪʨʘʚʣʝʥʠʷ ʧʦ 

ʤʝʭʘʥʠʟʤʫ ʇɾʂ: 1 ð ʧʦʪʦʢ ʠʦʥʦʚ Ar+, 2 ð ʧʦʜʣʦʞʢʘ Si, 3 ð ʧʣʝʥʢʘ PbSe, 

4 ð ʥʘʢʣʘʜʥʘʷ ʤʘʩʢʘ Si, 5 ð ʤʠʢʨʦʟʘʟʦʨ, 6 ð ʥʘʥʦʧʨʦʚʦʣʦʢʠ PbSe, 7 ð 

ʢʘʪʘʣʠʟʘʪʦʨ Pb. 

 

ʇʨʦʚʝʜʝʥʥʳʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʦʟʚʦʣʷʶʪ ʩʜʝʣʘʪʴ ʚʳʚʦʜ ʦ ʪʦʤ, ʯʪʦ 

ʣʦʢʘʣʴʥʦʝ ʬʦʨʤʠʨʦʚʘʥʠʝ ʥʘʥʦʧʨʦʚʦʣʦʢ ʩʝʣʝʥʠʜʘ ʩʚʠʥʮʘ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ 

ʧʣʝʥʦʢ PbSe/CaF2/Si(111) ʧʦʜ ʥʘʢʣʘʜʥʦʡ ʤʘʩʢʦʡ ʪʨʘʚʣʝʥʠʷ ʧʨʠ ʦʙʨʘʙʦʪʢʝ 

ʚ ɺʏʀ-ʧʣʘʟʤʝ ʧʨʦʠʩʭʦʜʠʪ ʟʘ ʩʯʝʪ ʧʝʨʝʦʩʘʞʜʝʥʠʷ ʘʢʪʠʚʥʦ ʨʘʩʧʳʣʷʝʤʦʛʦ 

ʤʘʪʝʨʠʘʣʘ ʠ ʨʦʩʪʘ ʩʪʨʫʢʪʫʨ PbSe ʚ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ʤʝʭʘʥʠʟʤʦʤ ʇɾʂ ʥʘ 

ʩʘʤʦʬʦʨʤʠʨʫʶʱʠʭʩ ̫ ʟʘʪʨʘʚʢʘʭ Pb. ʆʩʦʙʝʥʥʦʩʪʠ ʜʘʥʥʦʛʦ ʧʨʦʮʝʩʩʘ 

ʩʚʷʟʘʥʳ ʩ ʦʙʨʘʟʦʚʘʥʠʝʤ ʢʘʪʘʣʠʟʘʪʦʨʘ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ ʘʪʦʤʘʤʠ 

ʨʘʩʧʳʣʷʝʤʦʛʦ ʤʘʪʝʨʠʘʣʘ (ʩʚʠʥʮʘ), ʦʙʝʩʧʝʯʝʥʠʝʤ ʣʦʢʘʣʴʥʦʡ ʚʳʩʦʢʦʡ 














































































