
 

 

ʤʩ 
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ʉʇʀʉʆʂ ʀʉʇʆʃʅʀʊɽʃɽʁ  

ʊʦʤʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ ʩʠʩʪʝʤ ʫʧʨʘʚʣʝʥʠʷ ʠ ʨʘʜʠʦʵʣʝʢʪʨʦʥʠʢʠ 

ʈʫʢʦʚʦʜʠʪʝʣʴ ʧʨʦʝʢʪʘ, 
ʛʣʘʚʥʳʡ ʥʘʫʯʥʳʡ ʩʦʪʨʫʜʥʠʢ, ʜʦʢʪ. 

ʪʝʭʥ. ʥʘʫʢ 
 

 

ʄʘʣʶʪʠʥ ʅ.ɼ. 

(ʚʚʝʜʝʥʠʝ, ʨʘʟʜʝʣʳ 1-10, 

ʟʘʢʣʶʯʝʥʠʝ)  

ʀʩʧʦʣʥʠʪʝʣʠ:   

ʅʘʯʘʣʴʥʠʢ ʆʄʂ, ʧʘʪʝʥʪʥʳʡ 

ʧʦʚʝʨʝʥʥʳʡ 2008 

 

ɸʨʢʘʪʦʚʘ ʆ.ɽ. 

(ʨʘʟʜʝʣ 8) 

ʄʣ. ʥʘʫʯʥ. ʩʦʪʨ. ʉʂɹ çʉʤʝʥʘè 

ʢʘʥʜ. ʪʝʭʥ. ʥʘʫʢ 

 

ɸʨʪʠʱʝʚ ʉ.ɸ. 

(ʨʘʟʜʝʣ 1, 3) 

ɼʠʨʝʢʪʦʨ ʅʀʀ ʄʕʉ, ʧʨʦʬʝʩ-

ʩʦʨ ʢʘʬ. ʂʉʋʇ ʜʦʢʪ. ʪʝʭʥ. ʥʘʫʢ 

 

ɹʘʙʘʢ ʃ.ɸ. 

(ʨʘʟʜʝʣʳ 1, 2, 3) 

ʅʘʫʯʥʳʡ ʩʦʪʨʫʜʥʠʢ ʃʀʂʉ ʢʘʬ. 

ʂʉʋʇ 

 

ɹʦʚʘ ɸ.ɻ. 

(ʨʘʟʜʝʣ r2, 7) 

 

ʉʪ. ʥʘʫʯ. ʩʦʪʨ. ʉʂɹ çʉʤʝʥʘè 

 

ɹʦʤʙʠʟʦʚ ɸ.ɸ. 

(ʨʘʟʜʝʣ r1-3, 6, 7) 

ʄʣ. ʥʘʫʯʥ. ʩʦʪʨʫʜʥʠʢ ʅʀʀ 

ʉʕʉ, ʢʘʥʜ. ʪʝʭʥ. ʥʘʫʢ 

 

ɽʨʦʬʝʝʚ ɽ.ɺ.  

(ʨʘʟʜʝʣ 1, 3) 

 

ʀʥʞʝʥʝʨ ʅʆʎ çʅʘʥʦʪʝʭʥʦʣʦ-

ʛʠʠè, ʢʘʥʜ. ʪʝʭʥ. ʥʘʫʢ 

 

ʀʰʫʪʢʠʥ ʉ.ɺ. 

(ʨʘʟʜʝʣ 1, 3) 

 

ɼʦʮʝʥʪ ʢʘʬ. ʂʀʇʈ, ʢʘʥʜ. ʪʝʭʥ. 

ʥʘʫʢ 

 

ʂʘʨʘʙʘʥ ɺ.ʅ. 

(ʨʘʟʜʝʣ r3, 9) 
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ʀʥʞʝʥʝʨ ʅʆʎ çʅʘʥʦʪʝʭʥʦʣʦ-

ʛʠʠè 

 

ʂʫʣʠʥʠʯ ʀ.ɺ. 

(ʨʘʟʜʝʣ r1, 3 

 

ʃʘʙʦʨʘʥʪ  

 

ʄʘʣʶʪʠʥ ɻ.ɸ. 

(ʨʘʟʜʝʣ 9) 

 

ʀʥʞʝʥʝʨ ʅʀʀ ʉʊ, ʢʘʬ. ʈʕʊʕʄ  

 

ʆʣʠʩʦʚʝʮ ɸ.ʖ. 

(ʨʘʟʜʝʣ 3, 4) 

 

ʉʪʘʨʰʠʡ ʥʘʫʯʥ. ʩʦʪʨʫʜʥʠʢ 

ʅʆʎ çʅʆʅʃʊè, ʢʘʥʜ. ʬʠʟ.-ʤʘʪ. 

ʥʘʫʢ  

 

ʇʝʨʠʥ ɸ.ʉ. 

(ʨʘʟʜʝʣ 3) 

ʇʨʦʬʝʩʩʦʨ ʢʘʬ. ʂʉʋʇ, ʜʦʢʪ. 

ʪʝʭʥ. ʥʘʫʢ 

 

ʉʳʯʝʚ ɸ.ʅ. 

(ʨʘʟʜʝʣ 4) 

 

ʄʣʘʜʰʠʡ ʥʘʫʯʥ. ʩʦʪʨʫʜʥʠʢ 

ʅʀʀ ʉʕʉ 

 

ʊʨʝʥʢʘʣʴ ɽ.ʀ. 

(ʨʘʟʜʝʣ 3) 

 

ɿʘʚʝʜʫʶʱʠʡ ʢʘʬʝʜʨʦʡ ʈʕʊʕʄ 

ʜʦʢʪ. ʪʝʭʥ. ʥʘʫʢ 

 

ʊʫʝʚ ɺ.ʀ. 

(ʨʘʟʜʝʣ r1, 3, 4, 10) 

ʀʥʞʝʥʝʨ ʃʀʂʉ ʢʘʬ. ʂʉʋʇ  

 

ʌʝʜʦʨʦʚ ɽ. 

(ʨʘʟʜʝʣ 3) 

 

ɼʦʮʝʥʪ ʢʘʬ. ʂʉʋʇ, ʢʘʥʜ. ʪʝʭʥ. 

ʥʘʫʢ 

 

ʐʝʝʨʤʘʥ ʌ.ʀ. 

(ʨʘʟʜʝʣ r1-4) 
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ɼʠʨʝʢʪʦʨ ʅʆʎ "ʅʘʥʦʪʝʭʥʦʣʦ-

ʛʠʠ", ʢʘʥʜ. ʪʝʭʥ. ʥʘʫʢ 

 

ʐʝʩʪʝʨʠʢʦʚ ɽ.ɺ. 

(ʨʘʟʜʝʣʳ 1- 4, 6) 

ɺʝʜʫʱʠʡ ʠʥʞʝʥʝʨ 

 

ʖʨʯʝʥʢʦʚʘ ɽ.ɸ 

(ʨʘʟʜʝʣ 5) 

 

ʅʦʨʤʦʢʦʥʪʨʦʣʝʨ  

ʐʪʝʥʠʥʘ ʃ.ʉ. 

(ʚʩʝ ʨʘʟʜʝʣʳ) 
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ʈɽʌɽʈɸʊ 

ʆʪʯʝʪ 325 ʩ., 175 ʨʠʩ., 20 ʪʘʙʣ., 206 ʠʩʪʦʯʥʠʢʦʚ, 1 ʧʨʠʣʦʞʝʥʠʝ 

ʊɽʍʅʆʃʆɻʀʗ ʄʀʂʈʆ- ʀ ʆʇʊʆʕʃɽʂʊʈʆʅʅʓʍ ʀʅʊɽɻʈɸʃʔʅʓʍ ʉʍɽʄ, ʇʈʆɽʂ-

ʊʀʈʆɺɸʅʀɽ, ʀɿʄɽʈɽʅʀɽ ʉɺʏ ʋʉʊʈʆʁʉʊɺ ʀ ʄʀʂʈʆʉʍɽʄ, ɸɼɼʀʊʀɺʅʓɽ 

ʊɽʍʅʆʃʆɻʀʀ, ʀʄʇʋʃʔʉʅʓɽ ʀɿʄɽʈɽʅʀʗ 

ɺ ʦʪʯʝʪʝ ʧʦ ʵʪʘʧʫ 1 ʥʘʰʣʠ ʦʪʨʘʞʝʥʠʝ ʨʝʟʫʣʴʪʘʪʳ ʨʘʙʦʪ, ʚʳʧʦʣʥʝʥʥʳʭ ʩʦʪʨʫʜʥʠʢʘ-

ʤʠ ʊʋʉʋʈ, ʨʘʙʦʪʘʶʱʠʭ ʚ ʪʦʤ ʯʠʩʣʝ ʩ ʧʨʠʤʝʥʝʥʠʝʤ ʦʙʦʨʫʜʦʚʘʥʠ ̫ʎʂʇ çʀʤʧʫʣʴʩè ʠ 

ʦʙʲʝʜʠʥʝʥʥʳʭ ʧʦ ʯʝʪʳʨʝʤ ʥʘʧʨʘʚʣʝʥʠʷʤ ʬʫʥʢʮʠʦʥʠʨʦʚʘʥʠʷ ʎʂʇ: ʪʝʭʥʦʣʦʛʠʯʝʩʢʦʝ ʦʙʝʩ-

ʧʝʯʝʥʠʝ ʨʘʙʦʪ ʚ ʦʙʣʘʩʪʠ ʥʘʥʦ- ʤʠʢʨʦʵʣʝʢʪʨʦʥʠʢʠ ʠ ʨʘʜʠʦʬʦʪʦʥʠʢʠ; ʠʟʤʝʨʝʥʠʷ ʥʘ ʉɺʏ; 

ʘʜʜʠʪʠʚʥʳʝ ʪʝʭʥʦʣʦʛʠʠ; ʠʤʧʫʣʴʩʥʳʝ ʠʟʤʝʨʝʥʠʷ. 

ɺʳʧʦʣʥʝʥʳ ʩʣʝʜʫʶʱʠʝ ʨʘʙʦʪʳ ʧʝʨʚʦʛʦ ʵʪʘʧʘ ʟʘ ʩʯʝʪ ʩʨʝʜʩʪʚ ʛʨʘʥʪʘ: 

1) ʇʦʜʛʦʪʦʚʣʝʥ ʘʥʘʣʠʪʠʯʝʩʢʠʡ ʦʙʟʦʨ ʩʦʚʨʝʤʝʥʥʦʡ ʥʘʫʯʥʦ-ʪʝʭʥʠʯʝʩʢʦʡ, ʥʦʨʤʘʪʠʚ-

ʥʦʡ, ʤʝʪʦʜʠʯʝʩʢʦʡ ʣʠʪʝʨʘʪʫʨʳ, ʟʘʪʨʘʛʠʚʘʶʱʝʡ ʥʘʫʯʥʦ-ʪʝʭʥʠʯʝʩʢʠʝ ʧʨʦʙʣʝʤʳ, ʠʩʩʣʝʜʫʝ-

ʤʳʝ ʚ ʨʘʤʢʘʭ ʪʝʤʘʪʠʢʠ ʨʘʙʦʪʳ, ʚ ʪʦʤ ʯʠʩʣʝ ʦʙʟʦʨ ʥʘʫʯʥʳʭ ʠʥʬʦʨʤʘʮʠʦʥʥʳʭ ʠʩʪʦʯʥʠʢʦʚ; 

2) ʉʦʩʪʘʚʣʝʥ ʧʝʨʝʯʝʥʴ ʦʙʦʨʫʜʦʚʘʥʠʷ ʠ ʧʨʦʚʝʜʝʥ rʟʘʢʫʧʦʯʥʳʝ ʧʨʦʮʝʜʫʨ;r 

3) ʇʨʦʚʝʜʝʥ rʠʩʩʣʝʜʦʚʘʥʠ ̫ʧʦ ʧʣʘʥʫ ʨʘʙʦʪ ʎʂʇ 2019 ʛ.; 

4) ʈʘʟʨʘʙʦʪʘʥʳ ʥʦʚʝr ʤʝʪʦʜʠʢʠ ʠʟʤʝʨʝʥʠʡ; 

5) ʇʦʜʛʦʪʦʚʣʝʥ ʠ ʧʨʦʚʝʜʝʥ ʩʝʤʠʥʘʨ ʧʦ ʠʟʤʝʨʝʥʠʷʤ. 

ʈʘʙʦʪʳ ʧʝʨʚʦʛʦ ʵʪʘʧʘ ʟʘ ʩʯʝʪ ʚʥʝʙʶʜʞʝʪʥʳʭ ʩʨʝʜʩʪʚ: 

6) ʉʦʩʪʘʚʣʝʥ ʧʝʨʝʯʝʥʴ ʚʩʧʦʤʦʛʘʪʝʣʴʥʦʛʦ ʦʙʦʨʫʜʦʚʘʥʠʷ ʠ ʘʢʩʝʩʩʫʘʨʦʚ ʜʣʷ ʬʦʨʤʠ-

ʨʦʚʘʥʠʷ ʨʘʙʦʯʠʭ ʤʝʩʪ ʥʘ ʙʘʟʝ ʟʘʢʫʧʘʝʤʦʛʦ ʥʘʫʯʥʦʛʦ ʦʙʦʨʫʜʦʚʘʥʠʷ ʠ ʚʩʧʦʤʦʛʘʪʝʣʴʥʳʭ ʨʘ-

ʙʦʯʠʭ ʤʝʩʪ ʜʣʷ ʧʨʦʚʝʜʝʥʠʷ ʫʯʝʙʥʳʭ ʤʝʨʦʧʨʠʷʪʠʡ; 

7) ɿʘʢʫʧʣʝʥʦ ʚʩʧʦʤʦʛʘʪʝʣʴʥʦʝ ʦʙʦʨʫʜʦʚʘʥʠʝ, ʘʢʩʝʩʩʫʘʨʳ ʠ ʤʘʪʝʨʠʘʣʳ; 

8) ʈʘʟʨʘʙʦʪʘʥʘ ʪʝʭʥʠʯʝʩʢʘ ̫ʜʦʢʫʤʝʥʪʘʮʠ ̫ʥʘ ʩʪʝʥʜʳ; 

9) ʇʨʦʚʝʜʝʥ r ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʨʘʙʦʪ r ʧʦ ʠʟʤʝʨʝʥʠʶ ʧʘʨʘʤʝʪʨʦʚ ʉɺʏ ʫʩʪ-

ʨʦʡʩʪʚ ʧʦ ʜʦʛʦʚʦʨʘʤ ʩ ʚʥʝʰʥʠʤʠ ʟʘʢʘʟʯʠʢʘʤʠ ʠ ʚʥʫʪʨʝʥʥʠʤʠ ʧʦʪʨʝʙʠʪʝʣʷʤʠ ʫʩʣʫʛ. 

ɺ ʧʨʦʤʝʞʫʪʦʯʥʦʤ ʦʪʯʝʪʝ 10 ʨʘʟʜʝʣʦʚ, ʩʧʠʩʦʢ ʠʩʧʦʣʴʟʦʚʘʥʥʳʭ ʠʩʪʦʯʥʠʢʦʚ, 1 ʧʨʠ-

ʣʦʞʝʥʠʝ. ʄʘʪʝʨʠʘʣʳ, ʧʦʜʪʚʝʨʞʜʘʶʱʠʝ ʚʳʧʦʣʥʝʥʠʝ ʧʦʢʘʟʘʪʝʣʝʡ, ʨʘʟʤʝʱʝʥʳ ʚ ʦʪʯʝʪʥʦʡ 

ʜʦʢʫʤʝʥʪʘʮʠʠ ʥʘ ʩʘʡʪʝ sstp.ru.  
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ʆʇʈɽɼɽʃɽʅʀʗ 

ʈʘʜʠʦʬʦʪʦʥʠʢʘ (microwave photonics) ï ʦʙʲʝʜʠʥʷʶʱʠʡ ʦʙʰʠʨʥʳʡ ʢʦʤʧʣʝʢʩ ʦʙ-

ʣʘʩʪʝʡ ʥʘʫʢʠ ʠ ʪʝʭʥʠʢʠ, ʩʚʷʟʘʥʥʳʭ ʛʣʘʚʥʳʤ ʦʙʨʘʟʦʤ ʩ ʧʨʦʙʣʝʤʘʤʠ ʧʝʨʝʜʘʯʠ, ʧʨʠʸʤʘ ʠ 

ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ ʩʠʛʥʘʣʘ ʩ ʧʦʤʦʱʴʶ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʳʭ ʚʦʣʥ ʉɺʏ ʜʠʘʧʘʟʦʥʘ ʠ ʬʦʪʦʥʥʳʭ 

ʧʨʠʙʦʨʦʚ ʠ ʩʠʩʪʝʤ. 

ʆɹʆɿʅɸʏɽʅʀʗ ʀ ʉʆʂʈɸʑɽʅʀʗ 

ʇʨʠʚʝʜʝʥ ʧʝʨʝʯʝʥʴ ʦʙʦʟʥʘʯʝʥʠʡ ʠ ʩʦʢʨʘʱʝʥʠʡ, ʧʨʠʤʝʥʷʝʤʳʭ ʚ ʜʘʥʥʦʤ ʦʪʯʝʪʝ ʦ 

ʇʅʀʕʈ.  

ʀʉ ï ʠʥʪʝʛʨʘʣʴʥʘʷ ʩʭʝʤʘ 

ʂʐ  ï ʢʦʵʬʬʠʮʠʝʥʪ ʰʫʤʘ  

ʃʏʄ ï ʣʠʥʝʡʥʦ -  ʯʘʩʪʦʪʥʦ ʤʦʜʫʣʠʨʦʚʘʥʥʳʡ (ʩʠʛʥʘʣ)  

ʄʀʉ ï ʤʦʥʦʣʠʪʥʘʷ ʠʥʪʝʛʨʘʣʴʥʘʷ ʩʭʝʤʘ  

ʄʉʊ  ïʤʠʢʨʦʩʠʩʪʝʤʥʘ ̫ʪʝʭʥʠʢʘ 

ʄʕʄʉ  ï ʤʠʢʨʦʵʣʝʢʪʨʦʤʝʭʘʥʠʯʝʩʢʠʝ ʩʠʩʪʝʤʳ 

ʉɺʏ ï ʩʚʝʨʭʚʳʩʦʢʠʝ ʯʘʩʪʦʪʳ  

ʋʅʋ ï ʫʥʠʢʘʣʴʥʘʷ ʥʘʫʯʥʘʷ ʫʩʪʘʥʦʚʢʘ 

ʎʂʇ  ï ʮʝʥʪʨ ʢʦʣʣʝʢʪʠʚʥʦʛʦ ʧʦʣʴʟʦʚʘʥʠʷ 

ʕʂɼ  ï ʵʩʢʠʟʥʘʷ ʢʦʥʩʪʨʫʢʪʦʨʩʢʘʷ ʜʦʢʫʤʝʥʪʘʮʠʷ 

ʕʄ  ï ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʘʷ (ʚʦʣʥʘ) 

ʕʄʉ ï ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʘʷ ʩʦʚʤʝʩʪʠʤʦʩʪʴ 

ʕʆʄ ï ʵʣʝʢʪʨʦʦʧʪʠʯʝʩʢʠʡ ʤʦʜʫʣʷʪʦʨ 

ʕʇɼ ï ʵʩʢʠʟʥʘʷ ʧʨʦʛʨʘʤʤʥʘʷ ʜʦʢʫʤʝʥʪʘʮʠʷ 
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ɺɺɽɼɽʅʀɽ 

ʈʘʟʚʠʪʠʝ ʩʦʚʨʝʤʝʥʥʦʡ ʨʘʜʠʦʵʣʝʢʪʨʦʥʠʢʠ ʧʨʦʠʩʭʦʜʠʪ ʙʳʩʪʨʳʤʠ ʪʝʤʧʘʤʠ ʧʦ ʤʥʦ-

ʛʠʤ ʥʘʧʨʘʚʣʝʥʠʷʤ ʨʘʜʠʦʣʦʢʘʮʠʠ [1], ʪʝʣʝʢʦʤʤʫʥʠʢʘʮʠʡ [2], ʠʟʤʝʨʠʪʝʣʴʥʦʡ ʪʝʭʥʠʢʠ [3], 

ʨʘʜʠʦʬʦʪʦʥʠʢʠ [4], ʥʘʥʦʵʣʝʢʪʨʦʥʠʢʠ [5] ʠ ʜʨ. ɺʝʣʠʢʘ ʨʦʣʴ ʤʝʞʜʠʩʮʠʧʣʠʥʘʨʥʳʭ ʧʦʜʭʦ-

ʜʦʚ, ʦʩʦʙʝʥʥʦ ʚ ʨʘʟʚʠʪʠʠ ʤʝʜʠʮʠʥʩʢʦʡ ʘʧʧʘʨʘʪʫʨʳ ʠ ʝʝ ʧʨʠʤʝʥʝʥʠʷʭ ʥʘ ʧʨʘʢʪʠʢʝ [6]. 

ʉʪʘʣʦ ʛʣʦʙʘʣʴʥʳʤ ʪʨʝʥʜʦʤ ʧʨʠʤʝʥʝʥʠʝ ʮʠʬʨʦʚʳʭ ʤʝʪʦʜʦʚ ʬʦʨʤʠʨʦʚʘʥʠʷ, ʦʙʨʘʙʦʪʢʠ, 

ʭʨʘʥʝʥʠʷ ʠ ʨʘʩʧʦʟʥʘʚʘʥʠʷ ʩʠʛʥʘʣʴʥʳʭ ʩʦʦʙʱʝʥʠʡ [7]. ʀʟ ʧʨʠʚʝʜʝʥʥʳʭ [1-7] ʠ ʤʥʦʛʠʭ 

ʜʨʫʛʠʭ ʠʩʪʦʯʥʠʢʦʚ ʚʠʜʥʦ, ʯʪʦ ʦʙʝʩʧʝʯʝʥʠʝ ʠʟʤʝʨʝʥʠʡ ʩʪʘʣʦ, ʚʦ-ʧʝʨʚʳʭ, ʜʦʩʪʘʪʦʯʥʦ 

ʩʣʦʞʥʳʤ ʚ ʨʝʘʣʠʟʘʮʠʠ ʥʘ ʩʦʚʨʝʤʝʥʥʦʤ ʫʨʦʚʥʝ ʜʦʩʪʠʞʠʤʦʡ ʪʦʯʥʦʩʪʠ ʠ ʜʦʩʪʦʚʝʨʥʦʩʪʠ, ʚʦ-

ʚʪʦʨʳʭ, ʩʪʦʠʤʦʩʪʴ ʦʙʦʨʫʜʦʚʘʥʠʷ ʩʪʦʣʴ ʚʝʣʠʢʘ, ʯʪʦ ʧʨʠʦʙʨʝʪʝʥʠʝ ʪʦʛʦ ʠʣʠ ʠʥʦʛʦ ʧʨʠʙʦʨʘ 

ʦʪʢʣʘʜʳʚʘʝʪʩʷ çʜʦ ʣʫʯʰʠʭ ʚʨʝʤʝʥè. ʇʦʵʪʦʤʫ ʠʜʝʷ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʦʙʦʨʫʜʦʚʘʥʠʷ ʚ ʨʝʞʠʤʝ 

ʢʦʣʣʝʢʪʠʚʥʦʛʦ ʧʦʣʴʟʦʚʘʥʠʷ ʩʪʘʣʘ ʘʢʪʫʘʣʴʥʦʡ ʥʝʩʢʦʣʴʢʦ ʜʝʩʷʪʠʣʝʪʠʡ ʥʘʟʘʜ. ɺ ʢʨʫʧʥʳʭ 

ʥʘʫʯʥʳʭ, ʫʯʝʙʥʳʭ ʠ ʧʨʦʤʳʰʣʝʥʥʳʭ ʮʝʥʪʨʘʭ ʚʧʦʣʥʝ ʝʩʪʝʩʪʚʝʥʥʦ ʥʘʯʘʣʠ ʦʙʨʘʟʦʚʳʚʘʪʴʩʷ 

ʣʘʙʦʨʘʪʦʨʠʠ ʠ ʠʥʳʝ ʧʦʜʨʘʟʜʝʣʝʥʠʷ, ʢʦʥʮʝʥʪʨʠʨʦʚʘʚʰʠʝ ʠʟʤʝʨʠʪʝʣʴʥʦʝ ʦʙʦʨʫʜʦʚʘʥʠʝ ʧʦ 

ʩʚʦʝʡ ʪʝʤʘʪʠʢʝ, ʦʙʩʣʫʞʠʚʘʷ ʧʨʠ ʵʪʦʤ ʚʩʶ ʠʥʬʨʘʩʪʨʫʢʪʫʨʫ ʥʝ ʧʦʩʪʦʷʥʥʦ, ʘ ʧʦ ʤʝʨʝ ʚʦʟ-

ʥʠʢʥʦʚʝʥʠʷ ʧʦʪʨʝʙʥʦʩʪʠ.  

ɺ ʊʋʉʋʈʝ ʎʝʥʪʨ rʢʦʣʣʝʢʪʠʚʥʦʛʦ ʧʦʣʴʟʦʚʘʥʠʷ (ʎʂʇ) ʙʳʣʠ ʦʙʨʘʟʦʚʘʥ rʚ 2006 -

2007 ʛʦʜʘʭ ʚʦ ʚʨʝʤʷ ʚʳʧʦʣʥʝʥʠʷ ʧʨʦʝʢʪʘ çʀʥʥʦʚʘʮʠʦʥʥʘʷ ʦʙʨʘʟʦʚʘʪʝʣʴʥʘʷ ʧʨʦʛʨʘʤʤʳè. 

ʇʝʨʚʳʡ ʎʂʇ ʧʦʣʫʯʠʣ ʥʘʟʚʘʥʠʝ ʎʂʇ çʈʘʜʠʦʯʘʩʪʦʪʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʠ ʠʟʤʝʨʝʥʠʡè. ɽʛʦ 

ʦʩʥʦʚʥʳʝ ʥʘʧʨʘʚʣʝʥʠʷ ʜʝʷʪʝʣʴʥʦʩʪʠ ʙʳʣʠ ʘʥʘʣʠʟ ʠ ʩʠʥʪʝʟ ʰʠʨʦʢʦʧʦʣʦʩʥʳʭ ʫʧʨʘʚʣʷʝʤʳʭ 

ʫʩʪʨʦʡʩʪʚ ʠ ʘʥʪʝʥʥʳʭ ʩʠʩʪʝʤ ʜʣʷ ʨʘʜʠʦʩʚʷʟʠ, ʨʘʜʠʦʣʦʢʘʮʠʠ ʠ ʫʧʨʘʚʣʝʥʠʷ ʩ ʧʦʤʦʱʴʶ ʨʘ-

ʜʠʦʢʘʥʘʣʘ, ʨʘʟʨʘʙʦʪʢʘ ʫʩʪʨʦʡʩʪʚ ʠ ʩʠʩʪʝʤ ʩʚʷʟʠ, ʨʘʜʠʦʫʧʨʘʚʣʝʥʠʷ ʠ ʤʦʥʠʪʦʨʠʥʛʘ. ʀʥʪʝ-

ʨʝʩʥʦ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʚ ʦʩʥʦʚʝ ʫʥʠʢʘʣʴʥʦʩʪʠ ʎʂʇ ʩʪʘʣʘ ʨʘʟʨʘʙʦʪʢʘ ʦʨʠʛʠʥʘʣʴʥʦʛʦ ʧʨʠʙʦʨʘ 

ʈ4-ʀ-01 ʥʘ ʧʨʦʛʨʘʤʤʥʦʡ ʧʣʘʪʬʦʨʤʝ çʀʤʧʫʣʴʩʄè. ʕʪʦʪ ʧʨʠʙʦʨ ʩʪʘʣ ʧʝʨʚʳʤ ʚ ʤʠʨʝ ʚʝʢ-

ʪʦʨʥʳʤ ʘʥʘʣʠʟʘʪʦʨʦʤ ʮʝʧʝʡ, ʨʘʙʦʪʘʶʱʠʤ ʧʨʠ ʠʤʧʫʣʴʩʥʦʤ ʚʦʟʜʝʡʩʪʚʠʠ ʥʘ ʠʟʤʝʨʷʝʤʳʡ 

ʦʙʲʝʢʪ [8-10] ʠ ʩʧʦʩʦʙʥʳʤ ʠʟʤʝʨʷʪʴ ʥʝʣʠʥʝʡʥʳʝ ʠʩʢʘʞʝʥʠʷ ʚʠʜʝʦʠʤʧʫʣʴʩʘ ʧʨʠ ʧʨʦʭʦʞ-

ʜʝʥʠʠ ʝʛʦ ʧʦ ʮʝʧʠ. ʈʘʟʚʠʪʠʝ ʥʘʧʨʘʚʣʝʥʠʷ ʧʦ ʪʝʤʝ ʠʤʧʫʣʴʩʥʳʭ ʠʟʤʝʨʝʥʠʡ ʧʦʣʫʯʠʣʘ ʨʘʟʚʠ-

ʪʠʝ ʚ ʜʦʢʪʦʨʩʢʦʡ ʜʠʩʩʝʨʪʘʮʠʠ ʕ.ɺ. ʉʝʤʝʥʦʚʘ, ʧʨʝʜʩʪʘʚʠʚʰʝʛʦ ʧʣʝʥʘʨʥʳʡ ʜʦʢʣʘʜ ʥʘ 

ʂʨʳʤʩʢʦʡ ʤʝʞʜʫʥʘʨʦʜʥʦʡ ʢʦʥʬʝʨʝʥʮʠʠ ʚ 2019 ʛ. [11]. ʇʦʩʪʝʧʝʥʥʦʝ ʦʙʥʦʚʣʝʥʠʝ ʧʘʨʢʘ 

ʠʟʤʝʨʠʪʝʣʴʥʳʭ ʧʨʠʙʦʨʦʚ ʧʨʦʠʩʭʦʜʠʣʦ ʧʘʨʘʣʣʝʣʴʥʦ ʩ ʥʦʚʳʤʠ ʨʘʟʨʘʙʦʪʢʘʤʠ, ʩʨʝʜʠ ʢʦʪʦ-

ʨʳʭ ʩʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ ʥʝʣʠʥʝʡʥʳʡ ʨʝʬʣʝʢʪʦʤʝʪʨ [12-17]. ɺ ʨʝʟʫʣʴʪʘʪʝ ʦʙʥʦʚʣʝʥʠʷ ʥʘʫʯ-

ʥʦʡ ʥʘʧʨʘʚʣʝʥʥʦʩʪʠ ʩʦʪʨʫʜʥʠʢʦʚ, ʧʨʦʚʦʜʠʚʰʠʭ ʨʘʙʦʪʳ ʚ ʎʂʇ çʈʘʜʠʦʯʘʩʪʦʪʥʳʭ ʠʩʩʣʝʜʦ-

ʚʘʥʠʡ ʠ ʠʟʤʝʨʝʥʠʡè ʩʦʟʨʝʣʘ ʥʝʦʙʭʦʜʠʤʦʩʪʴ ʨʝʬʦʨʤʠʨʦʚʘʥʠʷ ʮʝʥʪʨʘ, ʦʥ ʧʦʣʫʯʠʣ ʚ 2013 ʛ. 

ʥʦʚʦʝ ʥʘʟʚʘʥʠʝ çɸʧʧʘʨʘʪʥʦ-ʧʨʦʛʨʘʤʤʥʳʝ ʩʨʝʜʩʪʚʘ ʠʟʤʝʨʝʥʠʡ ʠ ʢʦʥʪʨʦʣʷ ʧʘʨʘʤʝʪʨʦʚ 
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ʩʚʝʨʭʰʠʨʦʢʦʧʦʣʦʩʥʳʭ ɺʏ- ʠ ʉɺʏ-ʫʩʪʨʦʡʩʪʚ ʠʤʧʫʣʴʩʥʳʤʠ ʤʝʪʦʜʘʤʠè (ʎʂʇ çʀʤʧʫʣʴʩè). 

ɺ 2019 ʛ. ʙʳʣʘ ʩʬʦʨʤʫʣʠʨʦʚʘʥʘ ʪʝʤʘ ʨʘʙʦʪʳ ʎʂʇ ʥʘ ʧʝʨʠʦʜ 2019-2020: "ʊʝʭʥʦʣʦʛʠʠ, ʨʘʟ-

ʨʘʙʦʪʢʘ ʠ ʠʟʤʝʨʝʥʠʷ ʉɺʏ ʤʠʢʨʦ- ʠ ʦʧʪʦʵʣʝʢʪʨʦʥʥʳʭ ʠʥʪʝʛʨʘʣʴʥʳʭ ʩʭʝʤ, ʫʩʪʨʦʡʩʪʚ ʠ ʤʦ-

ʜʫʣʝʡ", ʦʪʚʝʯʘʶʱʘʷ ʢʨʠʪʝʨʠʶ ʦʙʝʩʧʝʯʝʥʠʷ ʨʝʘʣʠʟʘʮʠʠ ʧʨʠʦʨʠʪʝʪʦʚ ʥʘʫʯʥʦ-

ʪʝʭʥʦʣʦʛʠʯʝʩʢʦʛʦ ʨʘʟʚʠʪʠʷ [18].  

ʎʝʣʴ ʨʘʙʦʪʳ ʠ ʧʝʨʝʯʝʥʴ ʨʝʰʘʝʤʳʭ ʟʘʜʘʯ ʧʦ ʧʨʦʝʢʪʫ: 

ï ʨʘʟʚʠʪʠʝ ʠ ʛʣʫʙʦʢʘʷ ʤʦʜʝʨʥʠʟʘʮʠʷ ʪʝʭʥʦʣʦʛʠʯʝʩʢʦʛʦ ʠ ʥʘʫʯʥʦʛʦ ʦʙʦʨʫʜʦʚʘʥʠʷ 

ʜʝʡʩʪʚʫʶʱʝʛʦ ʎʂʇ "ʀʤʧʫʣʴʩ" ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʦ-ʪʝʭʥʦʣʦʛʠʯʝʩʢʦʛʦ ʪʠʧʘ (ʜʘʣʝʝ ï ʎʂʇ) 

ʧʦ ʥʘʧʨʘʚʣʝʥʠʶ "ʊʝʭʥʦʣʦʛʠʠ, ʨʘʟʨʘʙʦʪʢʘ ʠ ʠʟʤʝʨʝʥʠʷ ʉɺʏ ʤʠʢʨʦ- ʠ ʦʧʪʦʵʣʝʢʪʨʦʥʥʳʭ 

ʠʥʪʝʛʨʘʣʴʥʳʭ ʩʭʝʤ, ʫʩʪʨʦʡʩʪʚ ʠ ʤʦʜʫʣʝʡ" ʚ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩʦ ʉʪʨʘʪʝʛʠʝʡ ʥʘʫʯʥʦ-

ʪʝʭʥʦʣʦʛʠʯʝʩʢʦʛʦ ʨʘʟʚʠʪʠʷ ʈʦʩʩʠʡʩʢʦʡ ʌʝʜʝʨʘʮʠʠ, ʚ ʪʦʤ ʯʠʩʣʝ ʚ ʢʦʦʧʝʨʘʮʠʠ ʩ ʚʝʜʫʱʠʤʠ 

ʦʪʝʯʝʩʪʚʝʥʥʳʤʠ ʠ ʤʠʨʦʚʳʤʠ ʥʘʫʯʥʳʤʠ ʮʝʥʪʨʘʤʠ, ʦʨʛʘʥʠʟʘʮʠʷʤʠ ʠ ʧʨʝʜʧʨʠʷʪʠʷʤʠ; 

ï ʨʘʩʰʠʨʝʥʠʝ ʧʝʨʝʯʥʷ ʠ ʢʦʤʧʣʝʢʩʥʦʩʪʠ ʦʢʘʟʳʚʘʝʤʳʭ ʫʩʣʫʛ, ʘ ʪʘʢʞʝ ʢʨʫʛʘ ʧʦʣʴʟʦ-

ʚʘʪʝʣʝʡ ʜʣʷ ʦʙʝʩʧʝʯʝʥʠʷ ʤʘʢʩʠʤʘʣʴʥʦʡ ʟʘʛʨʫʟʢʠ ʦʙʦʨʫʜʦʚʘʥʠʷ ʎʂʇ ʠ ʦʙʝʩʧʝʯʝʥʠʷ ʵʬ-

ʬʝʢʪʠʚʥʦʛʦ ʫʯʘʩʪʠʷ ʚ ʨʝʘʣʠʟʘʮʠʠ ʧʨʠʦʨʠʪʝʪʦʚ ʥʘʫʯʥʦ-ʪʝʭʥʦʣʦʛʠʯʝʩʢʦʛʦ ʨʘʟʚʠʪʠʷ ʈʦʩ-

ʩʠʡʩʢʦʡ ʌʝʜʝʨʘʮʠʠ, ʚʢʣʶʯʘʷ ʫʩʣʫʛʠ ʧʦ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʤ ʨʘʙʦʪʘʤ, ʙʳʩʪʨʦʤʫ ʧʨʦʪʦʪʠʧʠ-

ʨʦʚʘʥʠʶ, ʧʨʦʝʢʪʠʨʦʚʘʥʠʶ ʠ ʠʟʤʝʨʝʥʠʷʤ ʠʟʜʝʣʠʡ ʢʨʝʤʥʠʝʚʦʡ ʠ ɸ3ɺ5 ʉɺʏ ʤʠʢʨʦʵʣʝʢ-

ʪʨʦʥʠʢʠ ʠ ʨʘʜʠʦʬʦʪʦʥʠʢʠ, ʘ ʪʘʢʞʝ ʧʦ ʧʨʦʜʚʠʞʝʥʠʶ ʘʜʜʠʪʠʚʥʳʭ ʪʝʭʥʦʣʦʛʠʡ ʠʟʛʦʪʦʚʣʝʥʠʷ 

ʉɺʏ ʢʦʤʧʦʥʝʥʪʦʚ ʠ ʫʟʣʦʚ; 

ï ʦʙʝʩʧʝʯʝʥʠʝ ʚʥʝʜʨʝʥʠʷ ʫʧʨʦʱʝʥʥʦʡ ʤʦʜʝʣʠ ʜʦʩʪʫʧʘ ʠ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʦʙʦʨʫʜʦʚʘ-

ʥʠʷ ʎʂʇ ʥʘʫʯʥʳʤʠ ʠ ʦʙʨʘʟʦʚʘʪʝʣʴʥʳʤʠ ʦʨʛʘʥʠʟʘʮʠʷʤʠ ʚʥʝ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʠʭ ʚʝʜʦʤʩʪ-

ʚʝʥʥʦʡ ʧʨʠʥʘʜʣʝʞʥʦʩʪʠ ʠ ʬʦʨʤʳ ʩʦʙʩʪʚʝʥʥʦʩʪʠ; 

ï ʨʘʟʚʠʪʠʝ ʢʦʤʧʝʪʝʥʮʠʡ ʩʦʪʨʫʜʥʠʢʦʚ ʎʂʇ ʠ ʟʘʠʥʪʝʨʝʩʦʚʘʥʥʳʭ ʦʨʛʘʥʠʟʘʮʠʡ ʧʫʪʝʤ 

ʦʙʫʯʝʥʠʷ ʩʪʫʜʝʥʪʦʚ, ʤʘʛʠʩʪʨʘʥʪʦʚ ʠ ʘʩʧʠʨʘʥʪʦʚ, ʧʨʦʚʝʜʝʥʠʷ ʦʙʨʘʟʦʚʘʪʝʣʴʥʳʭ ʧʨʦʛʨʘʤʤ 

ʧʝʨʝʧʦʜʛʦʪʦʚʢʠ, ʩʪʘʞʠʨʦʚʦʢ ʠ ʩʝʤʠʥʘʨʦʚ ʜʣʷ ʦʪʝʯʝʩʪʚʝʥʥʳʭ ʩʧʝʮʠʘʣʠʩʪʦʚ ʚ ʦʙʣʘʩʪʠ ʪʝʭ-

ʥʦʣʦʛʠʡ, ʨʘʟʨʘʙʦʪʢʠ ʠ ʠʟʤʝʨʝʥʠʡ ʉɺʏ ʤʠʢʨʦ- ʠ ʦʧʪʦʵʣʝʢʪʨʦʥʥʳʭ ʠʥʪʝʛʨʘʣʴʥʳʭ ʩʭʝʤ 

(ʀʉ), ʫʩʪʨʦʡʩʪʚ ʠ ʤʦʜʫʣʝʡ. 

ʆʪʜʝʣʴʥʦʡ ʚʘʞʥʦʡ ʟʘʜʘʯʝʡ ʷʚʣʷʝʪʩʷ ʧʨʝʜʦʩʪʘʚʣʝʥʠʝ ʫʩʣʫʛ, ʩʦʚʨʝʤʝʥʥʦʛʦ ʦʙʦʨʫʜʦ-

ʚʘʥʠʷ, ʪʝʭʥʦʣʦʛʠʯʝʩʢʦʛʦ, ʤʝʪʦʜʠʯʝʩʢʦʛʦ, ʤʝʪʨʦʣʦʛʠʯʝʩʢʦʛʦ ʠ ʢʘʜʨʦʚʦʛʦ ʦʙʝʩʧʝʯʝʥʠʷ ʥʦ-

ʚʳʤ ʣʘʙʦʨʘʪʦʨʠʷʤ ʚ ʧʝʨʠʦʜ ʠʭ ʥʘʯʘʣʴʥʦʛʦ ʨʘʟʚʠʪʠʷ ʠ ʚ ʧʦʩʣʝʜʫʶʱʝʤ, ʘ ʪʘʢʞʝ ʠʤʝʶʱʠʤ-

ʩʷ ʚ ʛ. ʊʦʤʩʢʝ ʜʠʟʘʡʥ-ʮʝʥʪʨʘʤ ʧʦ ʨʘʟʨʘʙʦʪʢʝ ʠʟʜʝʣʠʡ ʉɺʏ ʤʠʢʨʦʵʣʝʢʪʨʦʥʠʢʠ, ʨʘʜʠʦʵʣʝʢ-

ʪʨʦʥʥʳʭ ʠ ʪʝʣʝʢʦʤʤʫʥʠʢʘʮʠʦʥʥʳʭ ʩʠʩʪʝʤ, ʚʢʣʶʯʘʷ ɼʠʟʘʡʥ-ʮʝʥʪʨ "ʄʠʢʨʦʵʣʝʢʪʨʦʥʥʳʝ 

ʩʠʩʪʝʤʳ" ʅʀʀ ʤʠʢʨʦʵʣʝʢʪʨʦʥʥʳʭ ʩʠʩʪʝʤ ʊʋʉʋʈ, ʜʠʟʘʡʥ-ʮʝʥʪʨʳ ʦʨʛʘʥʠʟʘʮʠʡ ɸʆ ʅʀ-

ʀʇʇ, ɸʆ "ʅʇʌ ʄʠʢʨʘʥ", ʆʆʆ "ʃʕʄɿ-ʊ", ʆʆʆ "50ʦʤ ʊʝʭʥʦʣʦʜʞʠ" ʠ ʜʨ. ʕʪʠʤ ʧʦʜʛʦ-
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ʪʘʚʣʠʚʘʶʪʩʷ ʫʩʣʦʚʠʷ ʜʣʷ ʩʦʟʜʘʥʠʷ ʚ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ʧʨʦʝʢʪʦʤ ʉʪʨʘʪʝʛʠʠ ʨʘʟʚʠʪʠʷ ʵʣʝʢ-

ʪʨʦʥʥʦʡ ʧʨʦʤʳʰʣʝʥʥʦʩʪʠ ʈʌ ʥʘ ʧʝʨʠʦʜ ʜʦ 2030 ʛ. (ʉʪʨʘʪʝʛʠʷ-2030) ʚ ʉʠʙʠʨʩʢʦʤ ʨʝʛʠʦʥʝ 

(ʚʦʟʤʦʞʥʦ, ʚ ʛ. ʊʦʤʩʢʝ ʠ ʚ ʪʦʤ ʯʠʩʣʝ ʥʘ ʙʘʟʝ ʊʋʉʋʈ) ʮʝʥʪʨʘ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʭ ʢʦʤʧʝʪʝʥ-

ʮʠʡ, ʨʝʛʠʦʥʘʣʴʥʦʛʦ ʜʠʟʘʡʥ-ʮʝʥʪʨʘ ʠ ʧʨʦʝʢʪʥʳʭ ʢʦʤʘʥʜ, ʩʠʩʪʝʤʳ ʧʦʜʛʦʪʦʚʢʠ ʢʘʜʨʦʚ ʪʝʭ-

ʥʦʣʦʛʦʚ ʠ ʧʨʦʝʢʪʠʨʦʚʱʠʢʦʚ ʚ ʦʙʣʘʩʪʠ ʉɺʏ ʤʠʢʨʦʵʣʝʢʪʨʦʥʠʢʠ. 

ɺ ʥʘʩʪʦʷʱʝʤ ʧʨʦʤʝʞʫʪʦʯʥʦʤ ʦʪʯʝʪʝ ʦʪʨʘʞʝʥʳ ʚʦʧʨʦʩʳ, ʨʝʰʝʥʠʝ ʢʦʪʦʨʳʭ ʥʘʤʝʯʝ-

ʥʦ ʪʝʭʥʠʯʝʩʢʠʤ ʟʘʜʘʥʠʝʤ ʠ ʧʣʘʥʦʤ-ʛʨʘʬʠʢʦʤ ʧʦ ʉʦʛʣʘʰʝʥʠʶ ˉ 075-15-2019-1644 ʦʪ 

08.11.2019 ʛ. 
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1 ɸʥʘʣʠʪʠʯʝʩʢʠʡ ʦʙʟʦʨ ʩʦʚʨʝʤʝʥʥʦʡ ʥʘʫʯʥʦ- ʪʝʭʥʠʯʝʩʢʦʡ, ʥʦʨʤʘʪʠʚʥʦʡ, ʤʝ-

ʪʦʜʠʯʝʩʢʦʡ ʣʠʪʝʨʘʪʫʨʳ, ʟʘʪʨʘʛʠʚʘʶʱʝʡ ʥʘʫʯʥʦ-ʪʝʭʥʠʯʝʩʢʠʝ ʧʨʦʙʣʝʤʳ, ʠʩ-

ʩʣʝʜʫʝʤʳʝ ʚ ʨʘʤʢʘʭ ʪʝʤʘʪʠʢʠ ʨʘʙʦʪʳ, ʚ ʪʦʤ ʯʠʩʣʝ ʦʙʟʦʨ ʥʘʫʯʥʳʭ 

ʠʥʬʦʨʤʘʮʠʦʥʥʳʭ ʠʩʪʦʯʥʠʢʦʚ 

ʅʘʩʪʦʷʱʠʡ ʨʘʟʜʝʣ ʧʦʜʛʦʪʦʚʣʝʥ ʚ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ʧ.1.1 ʧʣʘʥʘ-ʛʨʘʬʠʢʘ ʚʳʧʦʣʥʝʥʠʷ 

ʨʘʙʦʪ ʧʦ ʧʨʦʝʢʪʫ. ɸʥʘʣʠʪʠʯʝʩʢʠʡ ʦʙʟʦʨ ʙʳʣ ʧʦʜʯʠʥʝʥ ʮʝʣʠ ʧʨʦʚʝʩʪʠ ʘʥʘʣʠʟ ʘʢʪʫʘʣʴʥʦʩʪʠ 

ʥʘʠʙʦʣʝʝ ʚʘʞʥʳʭ ʜʣʷ ʎʂʇ çʀʤʧʫʣʴʩè ʠ ʩʚʷʟʘʥʥʳʭ ʩ ʥʠʤ ʦʨʛʘʥʠʟʘʮʠʡ ʥʘʧʨʘʚʣʝʥʠʡ ʠʩ-

ʩʣʝʜʦʚʘʥʠʡ ʠ ʧʨʘʢʪʠʯʝʩʢʦʡ ʜʝʷʪʝʣʴʥʦʩʪʠ. ʂʦʥʢʨʝʪʥʳʝ ʪʝʭʥʠʯʝʩʢʠʝ ʟʘʜʘʯʠ ʜʣʷ ʜʦʩʪʠʞʝ-

ʥʠʷ ʧʦʩʪʘʚʣʝʥʥʳʭ ʮʝʣʝʡ ʚʢʣʶʯʘʶʪ:  

ʘ) ʨʘʟʨʘʙʦʪʢʫ ʪʝʭʥʦʣʦʛʠʡ ʠ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʭ ʦʧʝʨʘʮʠʡ ʠʟʛʦʪʦʚʣʝʥʠʷ ʠ ʙʳʩʪʨʦʛʦ 

ʧʨʦʪʦʪʠʧʠʨʦʚʘʥʠʷ ʉɺʏ ʧʨʠʙʦʨʦʚ ʠ ʀʉ, ʨʘʜʠʦʬʦʪʦʥʥʳʭ ʢʦʤʧʦʥʝʥʪʦʚ ʠ ʀʉ ʥʘ ʦʩʥʦʚʝ ʤʘ-

ʪʝʨʠʘʣʦʚ Si ʂʄʆʇ, ʂʅʀ, SiGe ɹʠʂʄʆʇ ʠ ɸ3ɺ5 ʩ ʥʦʨʤʘʤʠ ʦʪ 250-180 ʥʤ ʜʦ 65-45 ʥʤ; 

ʤʠʢʨʦʵʣʝʢʪʨʦʤʝʭʘʥʠʯʝʩʢʠʭ ʩʠʩʪʝʤ (ʄʕʄʉ) ʥʘ ʦʩʥʦʚʝ ʢʨʝʤʥʠʷ, ɸ3ɺ5 (InP, GaAs); 

ʙ) ʩʠʥʪʝʟ ʤʘʪʝʨʠʘʣʦʚ ʠ ʨʘʟʨʘʙʦʪʢʫ ʘʜʜʠʪʠʚʥʦʡ ʪʝʭʥʦʣʦʛʠʠ ʠʟʛʦʪʦʚʣʝʥʠʷ ʧʣʘʥʘʨ-

ʥʳʭ ʠ ʦʙʲʝʤʥʳʭ ʉɺʏ ʵʣʝʤʝʥʪʦʚ ʠ ʫʩʪʨʦʡʩʪʚ ʥʘ ʦʩʥʦʚʝ 3D-ʧʝʯʘʪʠ; 

ʚ) ʨʘʟʨʘʙʦʪʢʫ, ʤʦʜʝʣʠʨʦʚʘʥʠʝ, ʧʨʦʝʢʪʠʨʦʚʘʥʠʝ ʠ ʠʟʤʝʨʝʥʠʝ ʉɺʏ ʫʩʪʨʦʡʩʪʚ, ʀʉ, 

ʩʠʩʪʝʤ ʥʘ ʢʨʠʩʪʘʣʣʝ ʠ ʤʦʜʫʣʝʡ, ʄʕʄʉ, ʨʘʜʠʦʬʦʪʦʥʥʳʭ ʢʦʤʧʦʥʝʥʪʦʚ ʠ ʀʉ; 

ʛ) ʧʦʩʪʨʦʝʥʠʝ ʤʦʜʝʣʝʡ, ʩʦʟʜʘʥʠʝ ʙʠʙʣʠʦʪʝʢ ʵʣʝʤʝʥʪʦʚ ʜʣʷ ʦʪʝʯʝʩʪʚʝʥʥʳʭ ʪʝʭʥʦʣʦ-

ʛʠʡ ʠʟʛʦʪʦʚʣʝʥʠʷ ʉɺʏ ʠ ʨʘʜʠʦʬʦʪʦʥʥʳʭ ʀʉ ʥʘ ʦʩʥʦʚʝ ʤʘʪʝʨʠʘʣʦʚ Si ʂʄʆʇ, ʂʅʀ, SiGe 

ɹʠʂʄʆʇ ʠ ɸ3ɺ5; 

ʈʘʟʚʠʪʠʝ ʠ ʨʘʩʰʠʨʝʥʠʝ ʢʦʤʧʣʝʢʩʘ ʦʢʘʟʳʚʘʝʤʳʭ ʚ ʎʂʇ ʫʩʣʫʛ, ʦʙʝʩʧʝʯʝʥʠʝ ʮʝʣʦʛʦ 

ʨʷʜʘ ʥʦʚʳʭ ʫʩʣʫʛ ʥʘʧʨʘʚʣʝʥʦ, ʚ ʢʦʥʝʯʥʦʤ ʩʯʝʪʝ, ʥʘ ʠʩʩʣʝʜʦʚʘʥʠʝ ʠ ʩʦʟʜʘʥʠʝ ʧʝʨʩʧʝʢʪʠʚ-

ʥʳʭ ʪʝʭʥʦʣʦʛʠʡ, ʧʨʦʠʟʚʦʜʩʪʚʦ ʥʘ ʨʦʩʩʠʡʩʢʠʭ ʧʨʝʜʧʨʠʷʪʠʷʭ ʠʟʜʝʣʠʡ ʤʠʢʨʦʵʣʝʢʪʨʦʥʠʢʠ 

ʜʣʷ ʩʫʱʝʩʪʚʫʶʱʠʭ ʨʳʥʢʦʚ, ʘ ʪʘʢʞʝ "ʨʳʥʢʦʚ ʙʫʜʫʱʝʛʦ" (ʘʚʪʦʤʘʪʠʟʠʨʦʚʘʥʥʳʡ ʪʨʘʥʩʧʦʨʪ 

ʠ ʜʚʠʞʫʱʘʷʩʷ ʨʦʙʦʪʦʪʝʭʥʠʢʘ, ʘʚʪʦʤʦʙʠʣʴʥʘʷ ʵʣʝʢʪʨʦʥʠʢʘ, ʧʝʨʩʦʥʘʣʴʥʘʷ ʠ ʪʝʣʝʤʝʜʠʮʠʥʘ, 

ʪʝʭʥʦʣʦʛʠʠ ʙʝʩʧʨʦʚʦʜʥʦʡ ʩʚʷʟʠ 5G, ʀʥʪʝʨʥʝʪ ʚʝʱʝʡ ï ʧʨʦʤʳʰʣʝʥʥʳʡ ʠ ʜʣʷ ʧʦʪʨʝʙʠʪʝʣʴ-

ʩʢʦʛʦ ʨʳʥʢʘ, ʚʳʩʦʢʦʩʢʦʨʦʩʪʥʳʝ ʩʠʩʪʝʤʳ ʧʝʨʝʜʘʯʠ ʜʘʥʥʳʭ ʠ ʜʨ.). 

ʇʨʦʝʢʪ ʥʘʧʨʘʚʣʝʥ ʥʘ ʨʝʘʣʠʟʘʮʠʶ ʩʣʝʜʫʶʱʠʭ ʧʨʠʦʨʠʪʝʪʦʚ ʉʪʨʘʪʝʛʠʠ ʥʘʫʯʥʦ-

ʪʝʭʥʦʣʦʛʠʯʝʩʢʦʛʦ ʨʘʟʚʠʪʠʷ ʈʌ (ʋʢʘʟ ʇʨʝʟʠʜʝʥʪʘ ʈʦʩʩʠʡʩʢʦʡ ʌʝʜʝʨʘʮʠʠ ʦʪ 1 ʜʝʢʘʙʨʷ 

2016 ʛ. ˉ642): 

ï ʧʝʨʝʭʦʜ ʢ ʧʝʨʝʜʦʚʳʤ ʮʠʬʨʦʚʳʤ, ʠʥʪʝʣʣʝʢʪʫʘʣʴʥʳʤ ʧʨʦʠʟʚʦʜʩʪʚʝʥʥʳʤ ʪʝʭʥʦʣʦ-

ʛʠʷʤ, ʨʦʙʦʪʠʟʠʨʦʚʘʥʥʳʤ ʩʠʩʪʝʤʘʤ, ʥʦʚʳʤ ʤʘʪʝʨʠʘʣʘʤ ʠ ʩʧʦʩʦʙʘʤ ʢʦʥʩʪʨʫʠʨʦʚʘʥʠʷ, ʩʦʟ-
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ʜʘʥʠʝ ʩʠʩʪʝʤ ʦʙʨʘʙʦʪʢʠ ʙʦʣʴʰʠʭ ʦʙʲʝʤʦʚ ʜʘʥʥʳʭ, ʤʘʰʠʥʥʦʛʦ ʦʙʫʯʝʥʠʷ ʠ ʠʩʢʫʩʩʪʚʝʥʥʦʛʦ 

ʠʥʪʝʣʣʝʢʪʘ; 

ï ʩʚʷʟʘʥʥʦʩʪʴ ʪʝʨʨʠʪʦʨʠʠ ʈʦʩʩʠʡʩʢʦʡ ʌʝʜʝʨʘʮʠʠ ʟʘ ʩʯʝʪ ʩʦʟʜʘʥʠʷ ʠʥʪʝʣʣʝʢʪʫʘʣʴ-

ʥʳʭ ʪʨʘʥʩʧʦʨʪʥʳʭ ʠ ʪʝʣʝʢʦʤʤʫʥʠʢʘʮʠʦʥʥʳʭ ʩʠʩʪʝʤ, ʘ ʪʘʢʞʝ ʟʘʥʷʪʠʷ ʠ ʫʜʝʨʞʘʥʠʷ ʣʠʜʝʨ-

ʩʢʠʭ ʧʦʟʠʮʠʡ ʚ ʩʦʟʜʘʥʠʠ ʤʝʞʜʫʥʘʨʦʜʥʳʭ ʪʨʘʥʩʧʦʨʪʥʦ-ʣʦʛʠʩʪʠʯʝʩʢʠʭ ʩʠʩʪʝʤ, ʦʩʚʦʝʥʠʠ ʠ 

ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʢʦʩʤʠʯʝʩʢʦʛʦ ʠ ʚʦʟʜʫʰʥʦʛʦ ʧʨʦʩʪʨʘʥʩʪʚʘ, ʄʠʨʦʚʦʛʦ ʦʢʝʘʥʘ, ɸʨʢʪʠʢʠ ʠ 

ɸʥʪʘʨʢʪʠʢʠ. 

ɸʥʘʣʠʪʠʯʝʩʢʠʡ ʦʙʟʦʨ ʣʠʪʝʨʘʪʫʨʳ ʦʪʨʘʞʘʝʪ ʪʝʭʥʦʣʦʛʠʠ ʠ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʝ ʦʧʝʨʘ-

ʮʠʠ ʠʟʛʦʪʦʚʣʝʥʠʷ ʠ ʧʨʦʪʦʪʠʧʠʨʦʚʘʥʠʷ ʉɺʏ ʧʨʠʙʦʨʦʚ ʠ ʠʥʪʝʛʨʘʣʴʥʳʭ ʩʭʝʤ (ʀʉ): ʨʘʜʠʦ-

ʬʦʪʦʥʥʳʭ ʢʦʤʧʦʥʝʥʪʦʚ ʠ ʀʉ ʥʘ ʦʩʥʦʚʝ ɸ3ɺ5 ʩ ʥʦʨʤʘʤʠ (ʜʣʠʥʘ ʟʘʪʚʦʨʘ ʪʨʘʥʟʠʩʪʦʨʘ) ʦʪ 

250-180 ʥʤ ʜʦ 65-45 ʥʤ; ʤʠʢʨʦʵʣʝʢʪʨʦʤʝʭʘʥʠʯʝʩʢʠʭ ʩʠʩʪʝʤ (ʄʕʄʉ) ʥʘ ʦʩʥʦʚʝ ʢʨʝʤʥʠʷ, 

ɸ3ɺ5 (InP, GaAs). 

ʇʨʝʜʩʪʘʚʣʝʥʥʳʝ ʚ ʜʘʥʥʦʤ ʨʘʟʜʝʣʝ ʤʘʪʝʨʠʘʣʳ ʧʦʜʛʦʪʦʚʣʝʥʳ ʟʘ ʩʯʝʪ ʩʨʝʜʩʪʚ ʛʨʘʥʪʘ 

ʧʦ ʉʦʛʣʘʰʝʥʠʶ. ʀʭ ʩʦʜʝʨʞʘʥʠʝ ʙʳʣʦ ʦʙʫʩʣʦʚʣʝʥʦ ʩʪʨʝʤʣʝʥʠʝʤ ʢʦʣʣʝʢʪʠʚʘ ʎʂʇ ʚʳʡʪʠ 

ʥʘ ʥʦʚʳʡ ʫʨʦʚʝʥʴ ʚ ʦʙʣʘʩʪʠ ʧʨʦʝʢʪʠʨʦʚʘʥʠʷ ʠʟʜʝʣʠʡ ʤʠʢʨʦʵʣʝʢʪʨʦʥʠʢʠ, ʦʩʚʦʝʥʠʷ ʥʦʚʳʭ 

ʜʣʷ ʎʂʇ ʪʝʭʥʦʣʦʛʠʡ, ʤʝʪʦʜʦʚ ʠʟʤʝʨʝʥʠʷ ʠʭ ʧʘʨʘʤʝʪʨʦʚ ʩ ʧʨʠʤʝʥʝʥʠʝʤ ʚʥʦʚʴ ʟʘʢʫʧʘʝʤʦ-

ʛʦ ʠ ʠʤʝʚʰʝʛʦʩʷ ʨʘʥʝʝ ʦʙʦʨʫʜʦʚʘʥʠʷ. ʆʙʟʦʨ ʧʨʝʜʥʘʟʥʘʯʝʥ ʜʣʷ ʩʦʪʨʫʜʥʠʢʦʚ ʊʋʉʋʈʘ ʠ 

ʜʨʫʛʠʭ ʦʨʛʘʥʠʟʘʮʠʡ, ʟʘʠʥʪʝʨʝʩʦʚʘʥʥʳʭ ʚ ʩʦʪʨʫʜʥʠʯʝʩʪʚʝ ʩ ʎʂʇ. ʆʥ ʜʘʝʪ ʚʦʟʤʦʞʥʦʩʪʴ 

ʦʟʥʘʢʦʤʠʪʴʩʷ ʩ ʩʦʩʪʦʷʥʠʝʤ ʨʘʩʩʤʘʪʨʠʚʘʝʤʳʭ ʪʝʤ ʚ ʤʠʨʝ ʠ ʈʦʩʩʠʠ ʠ ʪʝʤ ʩʘʤʳʤ ʩʦʢʨʘʪʠʪʴ 

ʚʨʝʤʷ ʚʭʦʞʜʝʥʠʷ ʚ ʨʝʰʝʥʠʝ ʚʦʟʥʠʢʘʶʱʠʭ ʟʘʜʘʯ. ɺ ʢʘʢʦʤ-ʪʦ ʩʤʳʩʣʝ ʵʪʦ ʤʝʪʦʜʠʯʝʩʢʠʡ 

ʤʘʪʝʨʠʘʣ ʜʣʷ ʜʝʷʪʝʣʴʥʦʩʪʠ ʎʂʇ. 

1.1 ʈʘʜʠʦʬʦʪʦʥʥʳʝ ʢʦʤʧʦʥʝʥʪ r

ʊʋʉʋʈʦʤ ʥʘ ʙʘʟʝ ʥʘʫʯʥʦ-ʦʙʨʘʟʦʚʘʪʝʣʴʥʦʛʦ ʮʝʥʪʨʘ çʅʘʥʦʪʝʭʥʦʣʦʛʠʠè ʠ ʎʂʇ 

çʀʤʧʫʣʴʩè ʚ 2017 ʛ. ʢʦʣʣʝʢʪʠʚʘʤʠ ʢʘʬʝʜʨʳ çʌʠʟʠʯʝʩʢʘʷ ʵʣʝʢʪʨʦʥʠʢʘè ʠ ʅʀʀ çʄʠʢʨʦ-

ʵʣʝʢʪʨʦʥʥʳʭ ʩʠʩʪʝʤè ʙʳʣʠ ʥʘʯʘʪʳ ʠʩʩʣʝʜʦʚʘʥʠʷ ʠ ʨʘʟʨʘʙʦʪʢʠ ʨʘʜʠʦʬʦʪʦʥʥʳʭ ʫʩʪʨʦʡʩʪʚ. 

ʊʝʭʥʦʣʦʛʠʯʝʩʢʦʝ ʦʙʝʩʧʝʯʝʥʠʝ ʠ ʧʨʦʚʝʜʝʥʠʝ ʠʟʤʝʨʝʥʠʡ ʚ ʧʨʦʮʝʩʩʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ 

ʨʘʙʦʪ ʧʦʪʨʝʙʦʚʘʣʠ ʧʨʦʚʝʩʪʠ ʦʙʟʦʨ ʤʝʪʦʜʦʚ, ʢʦʥʩʪʨʫʢʮʠʡ ʠ ʪʝʭʥʦʣʦʛʠʡ ʨʘʜʠʦʬʦʪʦʥʥʳʭ 

ʢʦʤʧʦʥʝʥʪ. ɺ ʟʥʘʯʠʪʝʣʴʥʦʡ ʩʪʝʧʝʥʠ ʵʪʦʤʫ ʩʧʦʩʦʙʩʪʚʦʚʘʣʠ ʚʥʫʪʨʝʥʥʠʝ ʧʦʣʴʟʦʚʘʪʝʣʠ ʎʂʇ, 

ʧʨʠʩʪʫʧʠʚʰʠʝ ʢ ʦʩʚʦʝʥʠʶ ʥʦʚʦʛʦ ʜʣʷ ʥʘʫʯʥʳʭ ʢʦʣʣʝʢʪʠʚʦʚ ʥʘʧʨʘʚʣʝʥʠʷ. ʉ ʠʩʧʦʣʴʟʦʚʘ-

ʥʠʝʤ ʦʙʦʨʫʜʦʚʘʥʠʷ ʎʂʇ çʀʤʧʫʣʴʩè ʚʳʧʦʣʥʷʣʠʩʴ ʩʣʝʜʫʶʱʠʝ ʅʀʈ ʧʦ ʪʝʤʘʪʠʢʝ ʜʘʥʥʦʛʦ 

ʧʦʜʨʘʟʜʝʣʘ:  

ʀʩʩʣʝʜʦʚʘʥʠʝ ʤʝʪʦʜʦʚ ʧʦʩʪʨʦʝʥʠʷ ʨʘʜʠʦʬʦʪʦʥʥʳʭ ʩʠʩʪʝʤ ʧʝʨʝʜʘʯʠ ʠʥʬʦʨʤʘʮʠʠ ʠ 

ʛʝʥʝʨʘʮʠʠ ʩʠʛʥʘʣʦʚ ʥʘ ʦʩʥʦʚʝ ʧʝʨʩʧʝʢʪʠʚʥʦʡ ʵʣʝʤʝʥʪʥʦʡ ʙʘʟʳ ʜʣʷ ʤʝʞʚʠʜʦʚʳʭ ʢʦʤʧʣʝʢ-



17 

 

ʩʦʚ ʣʦʢʘʮʠʠ, ʥʘʚʠʛʘʮʠʠ ʠ ʩʚʷʟʠ ʩ ʤʥʦʛʦʢʘʥʘʣʴʥʳʤʠ ʬʘʟʠʨʦʚʘʥʥʳʤʠ ʘʥʪʝʥʥʳʤʠ ʨʝʰʝʪʢʘ-

ʤʠ (ʭʦʟʜʦʛʦʚʦʨ 29/17, ʟʘʢʘʟʯʠʢ ʆʆʆ ʃʕʄɿ-ʊ); 

ʀʟʤʝʨʝʥʠʝ ʧʘʨʘʤʝʪʨʦʚ ʨʘʜʠʦʬʦʪʦʥʥʦʛʦ ʠʥʪʝʛʨʘʣʴʥʦʛʦ ʧʨʠʝʤʥʠʢʘ, ʚʢʣʶʯʘʷ ʧʘʨʘ-

ʤʝʪʨʳ ʨʘʩʩʝʷʥʠʷ ʠ ʢʦʵʬʬʠʮʠʝʥʪ ʦʧʪʠʯʝʩʢʦʛʦ ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ (ʭʦʟʜʦʛʦʚʦʨ 27/19, ʟʘʢʘʟʯʠʢ 

ʆʆʆ çʊʋʉʋʈ-ʵʣʝʢʪʨʦʥʠʢʘè); 

ʉʦʟʜʘʥʠʝ ʦʪʝʯʝʩʪʚʝʥʥʳʭ ʵʣʝʢʪʨʦʦʧʪʠʯʝʩʢʠʭ ʤʦʜʫʣʷʪʦʨʦʚ ʥʘ ʦʩʥʦʚʝ ʢʚʘʥʪʦʚʦʨʘʟ-

ʤʝʨʥʦʛʦ ʵʬʬʝʢʪʘ ʐʪʘʨʢʘ ʜʣʷ ʚʳʩʦʢʦʩʢʦʨʦʩʪʥʳʭ 400 ɻʙʠʪ/ʩ ʚʦʣʦʢʦʥʥʦ-ʦʧʪʠʯʝʩʢʠʭ ʩʠʩʪʝʤ 

ʧʝʨʝʜʘʯʠ ʠʥʬʦʨʤʘʮʠʠ (ʩʦʛʣʘʰʝʥʠʝ ˉ 14.577.21.0281, ʟʘʢʘʟʯʠʢ ʄʠʥʦʙʨʥʘʫʢʠ ʈʌ).  

ɼʘʥʥʳʡ ʧʦʜʨʘʟʜʝʣ ï ʨʝʟʫʣʴʪʘʪ ʘʥʘʣʠʟʘ ʩʦʩʪʦʷʥʠʷ ʠ ʧʝʨʩʧʝʢʪʠʚ ʨʘʜʠʦʬʦʪʦʥʠʢʠ ʩ 

ʧʨʦʝʢʮʠʝʡ ʥʘ ʚʦʟʤʦʞʥʦʩʪʠ ʎʂʇ çʀʤʧʫʣʴʩè ʚ ʥʘʩʪʦʷʱʝʤ ʩʦʩʪʦʷʥʠʠ ʠ ʚ ʙʣʠʞʘʡʰʝʝ ʙʫ-

ʜʫʱʝʝ. 

ʇʦʩʣʝʜʥʠʝ ʜʝʩʷʪʠʣʝʪʠʷ ʚ ʩʬʝʨʝ ʩʚʝʨʭʰʠʨʦʢʦʧʦʣʦʩʥʳʭ ʩʠʩʪʝʤ ʧʝʨʝʜʘʯʠ ʜʘʥʥʳʭ 

ʥʘʙʣʶʜʘʝʪʩʷ ʧʨʦʮʝʩʩ ʟʘʤʝʱʝʥʠʷ çʵʣʝʢʪʨʦʥʥʳʭè ʩʠʩʪʝʤ ʥʘ çʬʦʪʦʥʥʳʝè. ʉʚʷʟʘʥʦ ʵʪʦ, ʚ 

ʧʝʨʚʫʶ ʦʯʝʨʝʜʴ, ʩ ʠʥʦʡ ʬʠʟʠʯʝʩʢʦʡ ʧʨʠʨʦʜʦʡ ʬʦʪʦʥʘ. ʆʪʩʫʪʩʪʚʠʝ ʟʘʨʷʜʘ ʠ ʤʘʩʩʳ ʥʘʜʝʣʷ-

ʝʪ ʝʛʦ ʩʚʦʡʩʪʚʘʤʠ, ʥʝʚʦʟʤʦʞʥʳʤʠ ʜʣʷ ʵʣʝʢʪʨʦʥʘ. ɺ ʨʝʟʫʣʴʪʘʪʝ ʬʦʪʦʥʥʳʝ ʩʠʩʪʝʤʳ (ʚ 

ʩʨʘʚʥʝʥʠʠ ʩ çʵʣʝʢʪʨʦʥʥʳʤʠè) ʥʝ ʧʦʜʚʝʨʞʝʥʳ ʚʥʝʰʥʠʤ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʳʤ ʧʦʣʷʤ, ʦʙʣʘ-

ʜʘʶʪ ʛʦʨʘʟʜʦ ʙʦʣʴʰʝʡ ʜʘʣʴʥʦʩʪʴʶ ʧʝʨʝʜʘʯʠ ʠ ʰʠʨʠʥʦʡ ʧʦʣʦʩʳ ʧʨʦʧʫʩʢʘʥʠʷ ʩʠʛʥʘʣʘ. 

ʕʪʠ, ʠ ʤʥʦʛʠʝ ʜʨʫʛʠʝ ʧʨʝʠʤʫʱʝʩʪʚʘ, ʫʞʝ ʨʝʘʣʠʟʦʚʘʥʥʳʝ ʥʘ ʙʘʟʝ ʬʦʪʦʥʠʢʠ ʚ ʩʬʝʨʝ 

ʪʝʣʝʢʦʤʤʫʥʠʢʘʮʠʡ, ʜʘʶʪ ʧʨʘʚʦ ʛʦʚʦʨʠʪ ɹʦ ʚʦʟʥʠʢʥʦʚʝʥʠʠ ʥʦʚʦʛʦ ʥʘʧʨʘʚʣʝʥʠʷ ï ʨʘʜʠʦʬʦ-

ʪʦʥʠʢʠ, ʚʦʟʥʠʢʰʝʡ ʠʟ ʩʣʠʷʥʠʷ ʨʘʜʠʦʵʣʝʢʪʨʦʥʠʢʠ, ʠʥʪʝʛʨʘʣʴʥʦʡ ʠ ʚʦʣʥʦʚʦʡ ʦʧʪʠʢʠ, ʉɺʏ 

ʦʧʪʦʵʣʝʢʪʨʦʥʠʢʠ ʠ ʨʷʜʘ ʜʨʫʛʠʭ ʦʪʨʘʩʣʝʡ ʥʘʫʢʠ ʠ ʧʨʦʤʳʰʣʝʥʥʦʛʦ ʧʨʦʠʟʚʦʜʩʪʚʘ. 

ɼʨʫʛʠʤʠ ʩʣʦʚʘʤʠ, ʧʦʜ ʨʘʜʠʦʬʦʪʦʥʠʢʦʡ (microwave photonics) ʧʦʥʠʤʘʝʪʩʷ ʦʙʲʝʜʠ-

ʥʷʶʱʠʡ ʦʙʰʠʨʥʳʡ ʢʦʤʧʣʝʢʩ ʦʙʣʘʩʪʝʡ ʥʘʫʢʠ ʠ ʪʝʭʥʠʢʠ, ʩʚʷʟʘʥʥʳʭ ʛʣʘʚʥʳʤ ʦʙʨʘʟʦʤ ʩ 

ʧʨʦʙʣʝʤʘʤʠ ʧʝʨʝʜʘʯʠ, ʧʨʠʸʤʘ ʠ ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ ʩʠʛʥʘʣʘ ʩ ʧʦʤʦʱʴʶ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʳʭ 

ʚʦʣʥ ʉɺʏ ʜʠʘʧʘʟʦʥʘ ʠ ʬʦʪʦʥʥʳʭ ʧʨʠʙʦʨʦʚ ʠ ʩʠʩʪʝʤ. 

1.1.1 ʆʧʪʠʯʝʩʢʠʝ ʵʬʬʝʢʪʳ ʚ ʧʦʣʫʧʨʦʚʦʜʥʠʢʘʭ 

1.1.1.1 ʕʬʬʝʢʪ ʌʨʘʥʮʘ-ʂʝʣʜʳʰʘ 

ɺʣʠʷʥʠʝ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ ʥʘ ʢʨʘʡ ʬʫʥʜʘʤʝʥʪʘʣʴʥʦʛʦ ʧʦʛʣʦʱʝʥʠʷ ʧʦʣʫʧʨʦʚʦʜ-

ʥʠʢʘ ʚʧʝʨʚʳʝ ʙʳʣʦ ʨʘʩʩʤʦʪʨʝʥʦ ʃ.ɺ. ʂʝʣʜʳʰʝʤ ʠ ɺ. ʌʨʘʥʮʝʤ ʥʝʟʘʚʠʩʠʤʦ ʜʨʫʛ ʦʪ ʜʨʫʛʘ ʚ 

50-ʭ ʛʦʜʘʭ ʧʨʦʰʣʦʛʦ ʚʝʢʘ [19-21]. ʗʚʣʝʥʠʝ ʙʳʣʦ ʥʘʟʚʘʥʦ ʚ ʯʝʩʪʴ ʫʯʝʥʳʭ, ʦʙʥʘʨʫʞʠʚʰʠʭ 

ʝʛʦ ï ʵʬʬʝʢʪ ʌʨʘʥʮʘ-ʂʝʣʜʳʰʘ. 

ɼʘʥʥʳʡ ʵʬʬʝʢʪ ʦʙʫʩʣʦʚʣʝʥ ʠʩʢʨʠʚʣʝʥʠʝʤ ʵʥʝʨʛʝʪʠʯʝʩʢʠʭ ʟʦʥ ʤʦʥʦʢʨʠʩʪʘʣʣʠʯʝ-

ʩʢʦʛʦ ʧʦʣʫʧʨʦʚʦʜʥʠʢʘ ʚ ʧʨʠʩʫʪʩʪʚʠʠ ʚʥʝʰʥʝʛʦ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ. ʇʨʠ ʦʪʩʫʪʩʪʚʠʠ 

https://tusur.ru/ru/nauka-i-innovatsii/ftsp-issledovaniya-i-razrabotki#collapseContent-2
https://tusur.ru/ru/nauka-i-innovatsii/ftsp-issledovaniya-i-razrabotki#collapseContent-2
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ʚʥʝʰʥʝʛʦ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ ʬʦʪʦʥ ʩ ʵʥʝʨʛʠʝʡ hɜ > Eg (Eg ï ʰʠʨʠʥʘ ʟʘʧʨʝʱʝʥʥʦʡ ʟʦʥʳ 

ʧʦʣʫʧʨʦʚʦʜʥʠʢʘ) ʤʦʞʝʪ ʧʦʛʣʦʪʠʪʴʩʷ ʵʣʝʢʪʨʦʥʦʤ ʚʘʣʝʥʪʥʦʡ ʟʦʥʳ, ʯʪʦ ʧʨʠʚʝʜʝʪ ʢ ʧʝʨʝʭʦ-

ʜʫ ʵʪʦʛʦ ʵʣʝʢʪʨʦʥʘ ʚ ʟʦʥʫ ʧʨʦʚʦʜʠʤʦʩʪʠ ʠ ʦʙʨʘʟʦʚʘʥʠʶ ʵʣʝʢʪʨʦʥʥʦ-ʜʳʨʦʯʥʦʡ ʧʘʨʳ. ʊʘ-

ʢʦʡ ʧʨʦʮʝʩʩ ʧʨʠʚʦʜʠʪ ʢ ʧʦʷʚʣʝʥʠʶ ʬʫʥʜʘʤʝʥʪʘʣʴʥʦʡ ʧʦʣʦʩʳ ʧʦʛʣʦʱʝʥʠʷ ʥʘ ʩʧʝʢʪʨʝ ʧʦ-

ʛʣʦʱʝʥʠʷ ʧʦʣʫʧʨʦʚʦʜʥʠʢʘ. ʀʩʢʨʠʚʣʝʥʠʝ ʵʥʝʨʛʝʪʠʯʝʩʢʠʭ ʟʦʥ ʧʦʣʫʧʨʦʚʦʜʥʠʢʘ ʚ ʧʨʠʩʫʪʩʪ-

ʚʠʠ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ ʧʨʠʚʦʜʠʪ ʢ ʪʦʤʫ, ʯʪʦ ʚʦʟʥʠʢʘʝʪ ʚʦʟʤʦʞʥʦʩʪʴ ʤʝʞʟʦʥʥʳʭ ʧʝʨʝ-

ʭʦʜʦʚ ʧʨʠ ʧʦʛʣʦʱʝʥʠʠ ʬʦʪʦʥʦʚ ʩ ʵʥʝʨʛʠʝʡ hɜ < Eg (ʨʠʩʫʥʦʢ 1.1). 

ʕʬʬʝʢʪ ʌʨʘʥʮʘ-ʂʝʣʜʳʰʘ ʩʚʷʟʘʥ ʩ ʧʨʦʮʝʩʩʦʤ ʪʫʥʥʝʣʠʨʦʚʘʥʠʷ ʚʦʟʙʫʞʜʝʥʥʦʛʦ 

ʵʣʝʢʪʨʦʥʘ ʤʝʞʜʫ ʩʦʩʪʦʷʥʠʷʤʠ ʚʘʣʝʥʪʥʦʡ ʟʦʥʳ ʠ ʟʦʥʳ ʧʨʦʚʦʜʠʤʦʩʪʠ ʯʝʨʝʟ ʪʨʝʫʛʦʣʴʥʳʡ 

ʧʦʪʝʥʮʠʘʣʴʥʳʡ ʙʘʨʴʝʨ, ʚʦʟʥʠʢʘʶʱʠʡ ʧʨʠ ʥʘʢʣʦʥʝ ʵʥʝʨʛʝʪʠʯʝʩʢʠʭ ʟʦʥ ʚ ʧʨʠʩʫʪʩʪʚʠʠ 

ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ. 

 

ʈʠʩʫʥʦʢ 1.1 ï ʄʝʞʟʦʥʥʳʝ ʦʧʪʠʯʝʩʢʠʝ ʧʝʨʝʭʦʜʳ ʚ ʧʦʣʫʧʨʦʚʦʜʥʠʢʝ ʚ ʦʪʩʫʪʩʪʚʠʝ (ɽ = 0) ʠ 

ʧʨʠ ʥʘʣʠʯʠʠ (ɽ Í 0) ʚʥʝʰʥʝʛʦ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ 

 

ʅʘ ʨʠʩʫʥʢʝ 2.2 ʧʦʢʘʟʘʥ ʩʧʝʢʪʨ ʧʦʛʣʦʱʝʥʠʷ ʧʦʣʫʧʨʦʚʦʜʥʠʢʘ ʚʙʣʠʟʠ ʢʨʘʷ ʬʫʥʜʘ-

ʤʝʥʪʘʣʴʥʦʡ ʧʦʣʦʩʳ ʧʦʛʣʦʱʝʥʠʷ ʚ ʦʪʩʫʪʩʪʚʠʝ ʠ ʧʨʠ ʥʘʣʠʯʠʠ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ. ʀʟ ʨʠ-

ʩʫʥʢʘ ʚʠʜʥʦ, ʯʪʦ ʜʣʷ ʬʠʢʩʠʨʦʚʘʥʥʦʡ ʵʥʝʨʛʠʠ ʬʦʪʦʥʘ hɜ0 (hɜ0 < Eg) ʫʚʝʣʠʯʝʥʠʝ ʵʣʝʢʪʨʠʯʝ-

ʩʢʦʛʦ ʧʦʣʷ ʧʨʠʚʦʜʠʪ ʢ ʫʚʝʣʠʯʝʥʠʶ ʧʦʛʣʦʱʝʥʠʷ. 

 

ʈʠʩʫʥʦʢ 1.2 ï ʉʜʚʠʛ ʬʫʥʜʘʤʝʥʪʘʣʴʥʦʡ ʧʦʣʦʩʳ ʧʦʛʣʦʱʝʥʠʷ ʚ ʨʝʟʫʣʴʪʘʪʝ ʵʬʬʝʢʪʘ ʌʨʘʥʮʘ-

ʂʝʣʜʳʰʘ ʚ ʧʦʣʫʧʨʦʚʦʜʥʠʢʝ 
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ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʵʣʝʢʪʨʦʦʧʪʠʯʝʩʢʠʡ ʵʬʬʝʢʪ ʌʨʘʥʮʘ-ʂʝʣʜʳʰʘ ʧʨʠʚʦʜʠʪ ʢ ʘʤʧʣʠ-

ʪʫʜʥʦʡ ʤʦʜʫʣʷʮʠʠ ʠʟʣʫʯʝʥʠʷ. ɼʘʥʥʳʡ ʵʬʬʝʢʪ ʷʚʣʷʝʪʩʷ ʧʨʘʢʪʠʯʝʩʢʠ ʙʝʟʳʥʝʨʮʠʦʥʥʳʤ, 

ʯʪʦ ʧʦʟʚʦʣʷʝʪ ʠʩʧʦʣʴʟʦʚʘʪʴ ʝʛʦ ʚ ʙʳʩʪʨʦʜʝʡʩʪʚʫʶʱʠʭ ʦʧʪʠʯʝʩʢʠʭ ʧʝʨʝʢʣʶʯʘʪʝʣʷʭ. ɺʨʝ-

ʤʝʥʘ ʧʝʨʝʢʣʶʯʝʥʠʷ ʦʧʪʠʯʝʩʢʦʛʦ ʩʠʛʥʘʣʘ ʚ ʪʘʢʠʭ ʫʩʪʨʦʡʩʪʚʘʭ ʦʧʨʝʜʝʣʷʶʪʩʷ, ʚ ʦʩʥʦʚʥʦʤ, 

ʙʳʩʪʨʦʜʝʡʩʪʚʠʝʤ ʫʧʨʘʚʣʷʶʱʝʡ ʵʣʝʢʪʨʦʥʠʢʠ ʠ ʤʦʛʫʪ ʩʦʩʪʘʚʣʷʪʴ 10
-10

 ʩ. ɼʣʷ ʦʙʝʩʧʝʯʝʥʠʷ 

ʩʠʣʴʥʦʡ ʤʦʜʫʣʷʮʠʠ ʦʧʪʠʯʝʩʢʦʛʦ ʩʠʛʥʘʣʘ ʥʘʧʨʷʞʝʥʥʦʩʪʴ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ ʚ ʧʦʣʫʧʨʦ-

ʚʦʜʥʠʢʝ ʜʦʣʞʥʘ ʜʦʩʪʠʛʘʪʴ 10
5
 ɺ/ʩʤ. ʆʜʥʘʢʦ, ʚ ʧʣʘʥʘʨʥʳʭ ʚʦʣʥʦʚʦʜʘʭ, ʙʣʘʛʦʜʘʨʷ ʠʭ ʤʘʣʦʡ 

ʪʦʣʱʠʥʝ, ʫʧʨʘʚʣʷʶʱʝʝ ʥʘʧʨʷʞʝʥʠʝ ʤʦʞʝʪ ʩʦʩʪʘʚʣʷʪʴ ʚʩʝʛʦ 5-10 ɺ. ʆʩʥʦʚʥʳʤ ʥʝʜʦʩʪʘʪ-

ʢʦʤ ʦʧʪʠʯʝʩʢʠʭ ʧʝʨʝʢʣʶʯʘʪʝʣʝʡ ʥʘ ʦʩʥʦʚʝ ʵʬʬʝʢʪʘ ʌʨʘʥʮʘ-ʂʝʣʜʳʰʘ ʷʚʣʷʝʪʩʷ ʫʟʢʘʷ 

ʩʧʝʢʪʨʘʣʴʥʘʷ ʦʙʣʘʩʪʴ ʠʭ ʬʫʥʢʮʠʦʥʠʨʦʚʘʥʠʷ ï ʚʙʣʠʟʠ ʢʨʘʷ ʬʫʥʜʘʤʝʥʪʘʣʴʥʦʡ ʧʦʣʦʩʳ ʧʦ-

ʛʣʦʱʝʥʠʷ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʦʛʦ ʤʘʪʝʨʠʘʣʘ. 

1.1.1.2 ʈʘʩʧʨʦʩʪʨʘʥʝʥʠʝ ʩʚʝʪʘ ʚ ʜʚʫʣʫʯʝʧʨʝʣʦʤʣʷʶʱʠʭ ʢʨʠʩʪʘʣʣʘʭ ʠ ʣʠʥʝʡʥʳʡ ʵʣʝʢʪʨʦʦʧ-

ʪʠʯʝʩʢʠʡ ʵʬʬʝʢʪ 

ɺ ʥʝʢʦʪʦʨʳʭ ʠʟʦʪʨʦʧʥʳʭ ʩʨʝʜʘʭ, ʥʘʧʨʠʤʝʨ, ʚ ʞʠʜʢʦʩʪʷʭ ʚ ʧʨʠʩʫʪʩʪʚʠʠ ʚʥʝʰʥʝʛʦ 

ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ ʚʦʟʥʠʢʘʝʪ ʢʚʘʜʨʘʪʠʯʥʳʡ ʵʣʝʢʪʨʦʦʧʪʠʯʝʩʢʠʡ ʵʬʬʝʢʪ (ʵʬʬʝʢʪ ʂʝʨʨʘ). 

ɼʘʥʥʳʡ ʵʬʬʝʢʪ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʪʦʤ, ʯʪʦ ʧʦʜ ʜʝʡʩʪʚʠʝʤ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ ʠʩʭʦʜʥʦ ʦʧʪʠ-

ʯʝʩʢʠ ʠʟʦʪʨʦʧʥʘʷ ʩʨʝʜʘ ʩʪʘʥʦʚʠʪʩʷ ʘʥʠʟʦʪʨʦʧʥʦʡ ʠ ʜʚʫʣʫʯʝʧʨʝʣʦʤʣʷʶʱʝʡ. ʇʨʠ ʵʪʦʤ, ʧʦʜ 

ʜʝʡʩʪʚʠʝʤ ʧʦʣʷ ʠʟʤʝʥʷʝʪʩʷ ʠʩʭʦʜʥʳʡ ʧʦʢʘʟʘʪʝʣʴ ʧʨʝʣʦʤʣʝʥʠʷ ʩʨʝʜʳ. ɿʘʢʦʥ ʂʝʨʨʘ ʜʣʷ 

ʧʦʢʘʟʘʪʝʣʷ ʧʨʝʣʦʤʣʝʥʠʷ ʩʨʝʜʳ ʠʤʝʝʪ ʩʣʝʜʫʶʱʠʡ ʚʠʜ: 

 

ʛʜʝ n1 ʠ n2 ï ʧʦʢʘʟʘʪʝʣʠ ʧʨʝʣʦʤʣʝʥʠʷ ʜʣʷ ʣʠʥʝʡʥʦ ʧʦʣʷʨʠʟʦʚʘʥʥʦʛʦ ʩʚʝʪʘ, ʨʘʩʧʨʦʩʪʨʘ-

ʥʷʶʱʝʛʦʩʷ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ ʧʘʨʘʣʣʝʣʴʥʦ ʠ ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦ ʚʝʢʪʦʨʫ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ 

ɽ; B ï ʧʦʩʪʦʷʥʥʘʷ ʂʝʨʨʘ, ʟʘʚʠʩʷʱʘʷ ʦʪ ʤʘʪʝʨʠʘʣʘ, ʜʣʠʥʳ ʚʦʣʥʳ ʠʟʣʫʯʝʥʠʷ ʠ ʪʝʤʧʝʨʘʪʫʨʳ. 

ʕʬʬʝʢʪ ʂʝʨʨʘ ʚʦʟʥʠʢʘʝʪ ʚ ʩʨʝʜʘʭ, ʩʦʩʪʦʷʱʠʭ ʠʟ ʧʦʣʷʨʥʳʭ ʤʦʣʝʢʫʣ, ʪʦ ʝʩʪʴ ʤʦʣʝʢʫʣ, 

ʠʤʝʶʱʠʭ ʦʪʣʠʯʥʳʡ ʦʪ ʥʫʣʷ ʜʠʧʦʣʴʥʳʡ ʤʦʤʝʥʪ d. 

ɺ ʧʨʠʩʫʪʩʪʚʠʠ ʚʥʝʰʥʝʛʦ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ ʧʦʣʷʨʥʘʷ ʤʦʣʝʢʫʣʘ ʦʨʠʝʥʪʠʨʫʝʪʩʷ 

ʪʘʢ, ʯʪʦʙʳ ʝʝ ʵʥʝʨʛʠʷ ʚ ʧʦʣʝ ʙʳʣʘ ʤʠʥʠʤʘʣʴʥʦʡ. ɼʝʡʩʪʚʠʝ ʚʥʝʰʥʝʛʦ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ 

ɽ ʥʘ ʤʦʣʝʢʫʣʫ ʩ ʜʠʧʦʣʴʥʳʤ ʤʦʤʝʥʪʦʤ d ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʚʦʟʥʠʢʥʦʚʝʥʠʠ ʧʘʨʳ ʩʠʣ ʩ ʤʦʤʝʥ-

ʪʦʤ M=(dĬE), ʧʦʚʦʨʘʯʠʚʘʶʱʠʭ ʜʠʧʦʣʴ ʪʘʢ, ʯʪʦʙʳ ʦʨʠʝʥʪʠʨʦʚʘʪʴ ʝʛʦ ʚʜʦʣʴ ʧʦʣʷ (dƐE). 

ʊʠʧʠʯʥʦʝ ʚʨʝʤʷ ʦʨʠʝʥʪʘʮʠʠ ʤʦʣʝʢʫʣ ʠʤʝʝʪ ʚʝʣʠʯʠʥʫ ʧʦʨʷʜʢʘ 1 ʥʩ. ɺʦʟʥʠʢʥʦʚʝʥʠʝ ʚ ʩʨʝ-

ʜʝ ʬʠʢʩʠʨʦʚʘʥʥʦʡ ʦʨʠʝʥʪʘʮʠʠ ʤʦʣʝʢʫʣ ʧʨʠʚʦʜʠʪ ʢ ʧʦʷʚʣʝʥʠʶ ʘʥʠʟʦʪʨʦʧʠʠ ʠ ʜʚʫʣʫʯʝ-

ʧʨʝʣʦʤʣʝʥʠʷ ʠ ʩʦʧʨʦʚʦʞʜʘʝʪʩʷ ʠʟʤʝʥʝʥʠʝʤ ʧʦʢʘʟʘʪʝʣʷ ʧʨʝʣʦʤʣʝʥʠʷ. ɼʘʥʥʳʡ ʵʬʬʝʢʪ ʟʘ-
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ʚʠʩʠʪ ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ, ʪʘʢ ʢʘʢ ʪʝʧʣʦʚʦʝ ʜʚʠʞʝʥʠʝ ʤʦʣʝʢʫʣ ʩʪʨʝʤʠʪʩʷ ʨʘʟʦʨʠʝʥʪʠʨʦʚʘʪʴ 

ʤʦʣʝʢʫʣʳ. 

ʊʘʢ ʢʘʢ ʨʝʟʫʣʴʪʘʪʦʤ ʵʬʬʝʢʪʘ ʂʝʨʨʘ ʷʚʣʷʝʪʩʷ ʥʘʚʝʜʝʥʥʦʝ ʜʚʫʣʫʯʝʧʨʝʣʦʤʣʝʥʠʝ, ʪʦ 

ʜʘʥʥʳʡ ʵʬʬʝʢʪ, ʢʘʢ ʠ ʣʠʥʝʡʥʳʡ ʵʣʝʢʪʨʦʦʧʪʠʯʝʩʢʠʡ ʵʬʬʝʢʪ, ʤʦʞʝʪ ʙʳʪʴ ʠʩʧʦʣʴʟʦʚʘʥ ʜʣʷ 

ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʡ, ʧʦʣʷʨʠʟʘʮʠʦʥʥʦʡ, ʬʘʟʦʚʦʡ ʠ ʘʤʧʣʠʪʫʜʥʦʡ ʤʦʜʫʣʷʮʠʠ ʠʟʣʫʯʝʥʠʷ. ʆʜ-

ʥʘʢʦ, ʢʘʢ ʧʨʘʚʠʣʦ, ʦʥ ʠʩʧʦʣʴʟʫʝʪʩʷ ʣʠʰʴ ʜʣʷ ʘʤʧʣʠʪʫʜʥʦʡ ʤʦʜʫʣʷʮʠʠ. ɺ ʵʪʦʤ ʩʣʫʯʘʝ ʢʶ-

ʚʝʪʘ ʩ ʧʦʣʷʨʥʦʡ ʞʠʜʢʦʩʪʴʶ ʧʦʤʝʱʘʝʪʩʷ ʚ ʧʦʧʝʨʝʯʥʦʝ ʵʣʝʢʪʨʠʯʝʩʢʦʝ ʧʦʣʝ ʤʝʞʜʫ ʩʢʨʝ-

ʱʝʥʥʳʤʠ ʧʦʣʷʨʠʟʘʪʦʨʘʤʠ (ʷʯʝʡʢʘ ʂʝʨʨʘ). ʇʦʚʦʨʦʪ ʧʣʦʩʢʦʩʪʠ ʧʦʣʷʨʠʟʘʮʠʠ ʧʦʜ ʜʝʡʩʪʚʠʝʤ 

ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ ʧʨʠʚʦʜʠʪ ʢ ʤʦʜʫʣʷʮʠʠ ʢʦʵʬʬʠʮʠʝʥʪʘ ʧʨʦʧʫʩʢʘʥʠʷ ʪʘʢʦʛʦ ʦʧʪʠʯʝ-

ʩʢʦʛʦ ʫʩʪʨʦʡʩʪʚʘ. 

ʆʩʥʦʚʥʳʤ ʥʝʜʦʩʪʘʪʢʦʤ ʢʚʘʜʨʘʪʠʯʥʦʛʦ ʵʣʝʢʪʨʦʦʧʪʠʯʝʩʢʦʛʦ ʵʬʬʝʢʪʘ ʷʚʣʷʝʪʩʷ ʥʝʦʙ-

ʭʦʜʠʤʦʩʪʴ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʚʳʩʦʢʦʛʦ ʫʧʨʘʚʣʷʶʱʝʛʦ ʥʘʧʨʷʞʝʥʠʷ ï ʜʦ 20 ʢɺ. ɺ ʥʘʩʪʦʷʱʝʝ 

ʚʨʝʤʷ, ʢʚʘʜʨʘʪʠʯʥʳʡ ʵʣʝʢʪʨʦʦʧʪʠʯʝʩʢʠʡ ʵʬʬʝʢʪ ʂʝʨʨʘ ʠʩʧʦʣʴʟʫʝʪʩʷ ʨʝʜʢʦ. ʆʜʥʘʢʦ, ʚ 

ʩʠʣʴʥʦʤ ʩʚʝʪʦʚʦʤ ʧʦʣʝ ʚʦʟʥʠʢʘʝʪ ʦʧʪʠʯʝʩʢʠʡ ʠʣʠ ʵʣʝʢʪʨʦʥʥʳʡ ʵʬʬʝʢʪ ʂʝʨʨʘ, ʦʙʣʘʜʘʶ-

ʱʠʡ ʙʳʩʪʨʦʜʝʡʩʪʚʠʝʤ ʜʦ 10
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 ʩ. ɼʘʥʥʳʡ ʵʬʬʝʢʪ ʠ ʝʛʦ ʨʘʟʥʦʚʠʜʥʦʩʪʠ ʰʠʨʦʢʦ ʠʩʧʦʣʴʟʫ-

ʪʁʩʷ ʧʨʠ ʩʦʟʜʘʥʠʠ ʙʳʩʪʨʦʜʝʡʩʪʚʫʶʱʠʭ ʦʧʪʠʯʝʩʢʠʭ ʧʝʨʝʢʣʶʯʘʪʝʣʝʡ, ʦʜʥʘʢʦ, ʜʣʷ ʝʛʦ ʚʦʟ-

ʥʠʢʥʦʚʝʥʠʷ ʪʨʝʙʫʝʪʩʷ ʚʳʩʦʢʘʷ ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʠʟʣʫʯʝʥʠʷ. ʆʧʪʠʯʝʩʢʠʡ ʵʬʬʝʢʪ ʂʝʨʨʘ ʦʪʥʦ-

ʩʠʪʩʷ ʢ ʥʝʣʠʥʝʡʥʦ-ʦʧʪʠʯʝʩʢʠʤ ʧʨʦʮʝʩʩʘʤ. 

ʅʘʠʙʦʣʝʝ ʯʘʩʪʦ ʜʣʷ ʫʧʨʘʚʣʝʥʠʷ ʠʟʣʫʯʝʥʠʝʤ ʚ ʫʩʪʨʦʡʩʪʚʘʭ ʚʦʣʦʢʦʥʥʦʡ ʠ ʠʥʪʝ-

ʛʨʘʣʴʥʦʡ ʦʧʪʠʢʠ ʠʩʧʦʣʴʟʫʝʪʩʷ ʣʠʥʝʡʥʳʡ ʵʣʝʢʪʨʦʦʧʪʠʯʝʩʢʠʡ ʵʬʬʝʢʪ (ʵʬʬʝʢʪ ʇʦʢʢʝʣʴʩʘ). 

ɼʘʥʥʳʡ ʵʬʬʝʢʪ ʥʘʙʣʶʜʘʝʪʩʷ ʚ ʘʥʠʟʦʪʨʦʧʥʳʭ ʩʨʝʜʘʭ, ʚ ʯʘʩʪʥʦʩʪʠ, ʚ ʤʦʥʦʢʨʠʩʪʘʣʣʘʭ. 

ɺʥʝʰʥʝʝ ʵʣʝʢʪʨʠʯʝʩʢʦʝ ʧʦʣʝ, ʧʨʠʣʦʞʝʥʥʦʝ ʢ ʘʥʠʟʦʪʨʦʧʥʦʡ ʩʨʝʜʝ, ʧʨʠʚʦʜʠʪ ʢ ʠʟ-

ʤʝʥʝʥʠʶ ʦʧʪʠʯʝʩʢʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʵʪʦʡ ʩʨʝʜʳ ï ʩʦʟʜʘʝʪ ʥʘʚʝʜʝʥʥʫʶ ʘʥʠʟʦʪʨʦʧʠʶ. ɺ 

ʩʣʫʯʘʝ ʣʠʥʝʡʥʦʛʦ ʵʣʝʢʪʨʦʦʧʪʠʯʝʩʢʦʛʦ ʵʬʬʝʢʪʘ ʠʟʤʝʥʝʥʠʷ ʧʦʢʘʟʘʪʝʣʝʡ ʧʨʝʣʦʤʣʝʥʠʷ ʧʨʦ-

ʧʦʨʮʠʦʥʘʣʴʥʳ ʧʨʠʣʦʞʝʥʥʦʤʫ ʵʣʝʢʪʨʠʯʝʩʢʦʤʫ ʧʦʣʶ. ʇʨʠʢʣʘʜʳʚʘʷ ʵʣʝʢʪʨʠʯʝʩʢʦʝ ʥʘʧʨʷ-

ʞʝʥʠʝ ʥʘ ʵʣʝʢʪʨʦʜ, ʤʦʞʥʦ ʨʝʛʫʣʠʨʦʚʘʪʴ ʧʦʢʘʟʘʪʝʣʴ ʧʨʝʣʦʤʣʝʥʠʷ ʚʦʣʥʦʚʦʜʘ. ʕʪʦ ʧʨʦʠʩ-

ʭʦʜʠʪ ʟʘ ʩʯʝʪ ʣʠʥʝʡʥʦʛʦ ʵʣʝʢʪʨʦʦʧʪʠʯʝʩʢʦʛʦ ʵʬʬʝʢʪʘ ʇʦʢʢʝʣʴʩʘ, ʢʦʪʦʨʳʡ, ʢʘʢ ʠʟʚʝʩʪʥʦ, 

ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʠʟʤʝʥʝʥʠʠ ʧʦʢʘʟʘʪʝʣʷ ʧʨʝʣʦʤʣʝʥʠʷ ʧʨʦʧʦʨʮʠʦʥʘʣʴʥʦ ʥʘʧʨʷʞʝʥʥʦʩʪʠ ʧʨʠ-

ʣʦʞʝʥʥʦʛʦ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ. ʅʘʧʨʷʞʝʥʠʝ U, ʧʨʠʣʦʞʝʥʥʦʝ ʢ ʵʣʝʢʪʨʦʜʘʤ, ʩʦʟʜʘʝʪ ʵʣʝʢ-

ʪʨʠʯʝʩʢʦʝ ʧʦʣʝ, ʥʘʧʨʷʞʝʥʥʦʩʪʴ ʢʦʪʦʨʦʛʦ ʨʘʚʥʘ: 

,
U

E
L
=

 

ʛʜʝ L ï ʨʘʩʩʪʦʷʥʠʝ ʤʝʞʜʫ ʵʣʝʢʪʨʦʜʘʤʠ. 

ʕʬʬʝʢʪʠʚʥʳʡ ʧʦʢʘʟʘʪʝʣʴ ʧʨʝʣʦʤʣʝʥʠʷ ʚʦʣʥʦʚʦʜʘ ʟʘʧʠʩʳʚʘʝʪʩʷ ʚ ʚʠʜʝ [22]: 
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ʛʜʝ n0 ï ʧʦʢʘʟʘʪʝʣʴ ʧʨʝʣʦʤʣʝʥʠʷ ʥʝʚʦʟʙʫʞʜʝʥʥʦʡ ʩʨʝʜʳ; r ï ʵʣʝʢʪʨʦʦʧʪʠʯʝʩʢʠʡ ʢʦʵʬʬʠ-

ʮʠʝʥʪ. 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʧʨʠʣʦʞʠʚ ʥʘʧʨʷʞʝʥʠʝ U ʢ ʵʣʝʢʪʨʦʜʘʤ, ʩ ʧʦʤʦʱʴʶ ʵʣʝʢʪʨʦʦʧʪʠʯʝ-

ʩʢʦʛʦ ʵʬʬʝʢʪʘ ʤʦʞʥʦ ʫʧʨʘʚʣʷʪʴ ʧʦʩʪʦʷʥʥʦʡ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ. ʉʣʝʜʫʝʪ ʠʤʝʪʴ ʚʚʠʜʫ, ʯʪʦ 

ʧʦʣʦʞʠʪʝʣʴʥʦʝ ʣʠʙʦ ʦʪʨʠʮʘʪʝʣʴʥʦʝ ʫʧʨʘʚʣʷʶʱʝʝ ʥʘʧʨʷʞʝʥʠʝ ʧʨʠʚʦʜʠʪ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, 

ʢ ʫʚʝʣʠʯʝʥʠʶ ʣʠʙʦ ʫʤʝʥʴʰʝʥʠʶ ʢʦʵʬʬʠʮʠʝʥʪʘ ʠʟʤʝʥʝʥʠʷ ʧʦʢʘʟʘʪʝʣʷ ʧʨʝʣʦʤʣʝʥʠʷ. 

ʃʠʥʝʡʥʳʡ ʵʣʝʢʪʨʦʦʧʪʠʯʝʩʢʠʡ ʵʬʬʝʢʪ ʧʦʟʚʦʣʷʝʪ ʦʩʫʱʝʩʪʚʣʷʪʴ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʫʶ, 

ʧʦʣʷʨʠʟʘʮʠʦʥʥʫʶ, ʬʘʟʦʚʫʶ ʠ ʘʤʧʣʠʪʫʜʥʫʶ ʤʦʜʫʣʷʮʠʶ ʠʟʣʫʯʝʥʠʷ. ʆʥ ʦʙʣʘʜʘʝʪ ʚʳʩʦʢʠʤ 

ʙʳʩʪʨʦʜʝʡʩʪʚʠʝʤ, ʢʦʪʦʨʦʝ ʦʛʨʘʥʠʯʠʚʘʝʪʩʷ, ʚ ʦʩʥʦʚʥʦʤ, ʙʳʩʪʨʦʜʝʡʩʪʚʠʝʤ ʵʣʝʢʪʨʦʥʥʳʭ 

ʫʩʪʨʦʡʩʪʚ, ʬʦʨʤʠʨʫʶʱʠʭ ʫʧʨʘʚʣʷʶʱʠʡ ʵʣʝʢʪʨʠʯʝʩʢʠʡ ʩʠʛʥʘʣ. ʇʨʠ ʨʘʟʤʝʱʝʥʠʠ ʵʣʝʢʪʨʦ-

ʦʧʪʠʯʝʩʢʦʛʦ ʢʨʠʩʪʘʣʣʘ ʚ ʦʙʲʝʤʥʦʤ ʉɺʏ ʨʝʟʦʥʘʪʦʨʝ ʠʣʠ ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʧʦʣʦʩʢʦʚʦʡ 

ʩʭʝʤʳ ʫʧʨʘʚʣʝʥʠʷ (ʩʠʛʥʘʣ ʤʦʜʫʣʷʮʠʠ ʚ ʚʠʜʝ ʙʝʛʫʱʝʡ ʚʦʣʥʳ) ʤʦʞʝʪ ʙʳʪʴ ʨʝʘʣʠʟʦʚʘʥʘ 

ʯʘʩʪʦʪʘ ʤʦʜʫʣʷʮʠʠ ʠʟʣʫʯʝʥʠʷ ʜʦ 10 ɻɻʮ.  

ʆʩʥʦʚʥʳʤ ʥʝʜʦʩʪʘʪʢʦʤ ʵʣʝʢʪʨʦʦʧʪʠʯʝʩʢʠʭ ʢʨʠʩʪʘʣʣʦʚ ʷʚʣʷʝʪʩʷ ʚʳʩʦʢʦʝ ʫʧʨʘʚ-

ʣʷʶʱʝʝ ʵʣʝʢʪʨʠʯʝʩʢʦʝ ʥʘʧʨʷʞʝʥʠʝ. ɺ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʪʠʧʘ ʢʨʠʩʪʘʣʣʘ ʠ ʠʩʧʦʣʴʟʫʝʤʦʛʦ 

ʵʬʬʝʢʪʘ, ʫʧʨʘʚʣʷʶʱʝʝ ʥʘʧʨʷʞʝʥʠʝ ʤʦʞʝʪ ʩʦʩʪʘʚʣʷʪʴ 1-15 ʢɺ. ɺ ʪʦʞʝ ʚʨʝʤʷ, ʧʨʠ ʠʩʧʦʣʴ-

ʟʦʚʘʥʠʠ ʣʠʥʝʡʥʦʛʦ ʵʣʝʢʪʨʦʦʧʪʠʯʝʩʢʦʛʦ ʵʬʬʝʢʪʘ ʚ ʫʩʪʨʦʡʩʪʚʘʭ ʠʥʪʝʛʨʘʣʴʥʦʡ ʦʧʪʠʢʠ, ʙʣʘ-

ʛʦʜʘʨʷ ʤʘʣʦʡ ʪʦʣʱʠʥʝ ʧʣʘʥʘʨʥʳʭ ʚʦʣʥʦʚʦʜʦʚ, ʫʧʨʘʚʣʷʶʱʠʝ ʥʘʧʨʷʞʝʥʠʷ ʤʦʛʫʪ ʙʳʪʴ 

ʫʤʝʥʴʰʝʥʳ ʜʦ ʝʜʠʥʠʮ-ʜʝʩʷʪʢʦʚ ʚʦʣʴʪ. ʕʣʝʢʪʨʦʦʧʪʠʯʝʩʢʠʝ ʵʬʬʝʢʪʳ ʚ ʢʨʠʩʪʘʣʣʘʭ ʠʩʧʦʣʴ-

ʟʫʶʪ ʜʣʷ ʩʦʟʜʘʥʠʷ ʤʦʜʫʣʷʪʦʨʦʚ ʜʦʙʨʦʪʥʦʩʪʠ ʣʘʟʝʨʥʳʭ ʨʝʟʦʥʘʪʦʨʦʚ. 

1.1.1.3 ʂʚʘʥʪʦʚʦ-ʨʘʟʤʝʨʥʳʡ ʵʬʬʝʢʪ ʐʪʘʨʢʘ 

ɺ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʭ ʥʘʥʦʩʪʨʫʢʪʫʨʘʭ ʥʘʙʣʶʜʘʝʪʩʷ ʝʱʝ ʦʜʠʥ ʵʣʝʢʪʨʦʦʧʪʠʯʝʩʢʠʡ 

ʵʬʬʝʢʪ, ʩʦʧʨʦʚʦʞʜʘʶʱʠʡʩʷ ʫʚʝʣʠʯʝʥʠʝʤ ʢʦʵʬʬʠʮʠʝʥʪʘ ʧʦʛʣʦʱʝʥʠʷ ï ʢʚʘʥʪʦʚʦ-

ʨʘʟʤʝʨʥʳʡ ʵʬʬʝʢʪ ʐʪʘʨʢʘ. ʂʚʘʥʪʦʚʦ-ʨʘʟʤʝʨʥʳʝ ʵʬʬʝʢʪʳ ʚʦʟʥʠʢʘʶʪ ʧʨʠ ʨʘʟʤʝʨʘʭ ʢʨʠ-

ʩʪʘʣʣʘ ʧʦʣʫʧʨʦʚʦʜʥʠʢʘ ʥʝ ʧʨʝʚʳʰʘʶʱʠʭ ʙʦʨʦʚʩʢʦʛʦ ʨʘʜʠʫʩʘ ʵʢʩʠʪʦʥʘ: 

 

ʛʜʝ m ï ʤʘʩʩʘ ʵʢʩʠʪʦʥʘ; Ů ï ʜʠʵʣʝʢʪʨʠʯʝʩʢʘʷ ʧʨʦʥʠʮʘʝʤʦʩʪʴ; n = 1, 2, 3... 

ɼʣʷ ʙʦʣʴʰʠʥʩʪʚʘ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚ ʚʝʣʠʯʠʥʘ ʙʦʨʦʚʩʢʦʛʦ ʨʘʜʠʫʩʘ ʵʢʩʠʪʦʥʘ ʣʝʞʠʪ 

ʚ ʠʥʪʝʨʚʘʣʝ 1-10 ʥʤ. ʇʨʠ ʪʘʢʠʭ ʨʘʟʤʝʨʘʭ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʭ ʢʨʠʩʪʘʣʣʦʚ ʚ ʥʠʭ ʚʦʟʥʠʢʘʝʪ 
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ʜʦʧʦʣʥʠʪʝʣʴʥʦʝ ʨʘʩʱʝʧʣʝʥʠʝ ʵʥʝʨʛʝʪʠʯʝʩʢʠʭ ʫʨʦʚʥʝʡ, ʫʚʝʣʠʯʝʥʠʝ ʰʠʨʠʥʳ ʟʘʧʨʝʱʝʥʥʦʡ 

ʟʦʥʳ, ʘ ʪʘʢʞʝ çʛʦʣʫʙʦʡè ʩʧʝʢʪʨʘʣʴʥʳʡ ʩʜʚʠʛ ʵʢʩʠʪʦʥʥʳʭ ʧʦʣʦʩ ʧʦʛʣʦʱʝʥʠʷ. ɼʘʥʥʳʝ ʵʬ-

ʬʝʢʪʳ ʰʠʨʦʢʦ ʠʩʧʦʣʴʟʫʶʪʩʷ ʚ ʦʧʪʠʯʝʩʢʠʭ ʫʩʪʨʦʡʩʪʚʘʭ ʥʘ ʦʩʥʦʚʝ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʭ ʥʘ-

ʥʦʩʪʨʫʢʪʫʨ ʩ ʢʚʘʥʪʦʚʳʤʠ ʷʤʘʤʠ. ɼʚʫʤʝʨʥʘʷ ʢʚʘʥʪʦʚʘʷ ʷʤʘ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʩʣʦʡ ʤʦ-

ʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ ʧʦʣʫʧʨʦʚʦʜʥʠʢʘ ʩ ʪʦʣʱʠʥʦʡ, ʥʝ ʧʨʝʚʳʰʘʶʱʝʡ ʙʦʨʦʚʩʢʠʡ ʨʘʜʠʫʩ 

ʵʢʩʠʪʦʥʘ, ʩ ʜʚʫʭ ʩʪʦʨʦʥ ʦʢʨʫʞʝʥʥʳʡ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʤʠ ʩʣʦʷʤʠ ʩ ʙʦʣʴʰʝʡ ʰʠʨʠʥʦʡ 

ʟʘʧʨʝʱʝʥʥʦʡ ʟʦʥʳ. ɺ ʵʥʝʨʛʝʪʠʯʝʩʢʦʤ ʩʤʳʩʣʝ ʪʘʢʘʷ ʩʪʨʫʢʪʫʨʘ ʷʚʣʷʝʪʩʷ ʧʦʪʝʥʮʠʘʣʴʥʦʡ 

ʷʤʦʡ ʜʣʷ ʵʣʝʢʪʨʦʥʦʚ, ʥʘʭʦʜʷʱʠʭʩʷ ʚ ʮʝʥʪʨʘʣʴʥʦʤ ʩʣʦʝ. ʇʨʠ ʤʘʣʦʡ ʪʦʣʱʠʥʝ ʮʝʥʪʨʘʣʴʥʦʛʦ 

ʩʣʦʷ ʜʚʠʞʝʥʠʝ ʵʣʝʢʪʨʦʥʦʚ ʚ ʪʘʢʦʡ ʧʦʪʝʥʮʠʘʣʴʥʦʡ ʷʤʝ ʩʪʘʥʦʚʠʪʩʷ ʢʚʘʥʪʦʚʘʥʥʳʤ ʚ ʥʘ-

ʧʨʘʚʣʝʥʠʠ ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦʤ ʩʣʦʶ, ʘ ʨʘʟʨʝʰʝʥʥʳʝ ʵʥʝʨʛʝʪʠʯʝʩʢʠʝ ʫʨʦʚʥʠ, ʩʦʦʪʚʝʪʩʪ-

ʚʫʶʱʠʝ ʜʚʠʞʝʥʠʶ ʚ ʵʪʦʤ ʥʘʧʨʘʚʣʝʥʠʠ ï ʜʠʩʢʨʝʪʥʳʤʠ. 

ɺʥʝʰʥʝʝ ʵʣʝʢʪʨʠʯʝʩʢʦʝ ʧʦʣʝ, ʧʨʠʣʦʞʝʥʥʦʝ ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦ ʪʘʢʦʤʫ ʩʣʦʶ, ʧʨʠ-

ʚʦʜʠʪ ʢ ʩʤʝʱʝʥʠʶ ʵʥʝʨʛʝʪʠʯʝʩʢʠʭ ʫʨʦʚʥʝʡ ʚ ʢʚʘʥʪʦʚʦʡ ʷʤʝ (ʨʠʩʫʥʦʢ 1.3), ʯʪʦ ʩʦʦʪʚʝʪʩʪ-

ʚʫʝʪ ʫʤʝʥʴʰʝʥʠʶ ʵʬʬʝʢʪʠʚʥʦʡ ʰʠʨʠʥʳ ʟʘʧʨʝʱʝʥʥʦʡ ʟʦʥʳ (ʢʚʘʥʪʦʚʦ-ʨʘʟʤʝʨʥʳʡ ʵʬʬʝʢʪ 

ʐʪʘʨʢʘ). 

 

ʈʠʩʫʥʦʢ 1.3 ï ʀʟʤʝʥʝʥʠʝ ʵʬʬʝʢʪʠʚʥʦʡ ʰʠʨʠʥʳ ʟʘʧʨʝʱʝʥʥʦʡ ʟʦʥʳ ʢʚʘʥʪʦʚʦʡ ʷʤʳ ʧʦʜ 

ʜʝʡʩʪʚʠʝʤ ʚʥʝʰʥʝʛʦ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʢʚʘʥʪʦʚʦ-ʨʘʟʤʝʨʥʳʡ ʵʬʬʝʢʪ ʐʪʘʨʢʘ ʚ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʭ ʢʚʘʥ-

ʪʦʚʳʭ ʷʤʘʭ ʧʦʟʚʦʣʷʝʪ ʦʩʫʱʝʩʪʚʣʷʪʴ ʘʤʧʣʠʪʫʜʥʫʶ ʤʦʜʫʣʷʮʠʶ ʠʟʣʫʯʝʥʠʷ. ɼʘʥʥʳʡ ʵʬʬʝʢʪ, 

ʢʘʢ ʠ ʵʬʬʝʢʪ ʌʨʘʥʮʘ-ʂʝʣʜʳʰʘ, ʷʚʣʷʝʪʩʷ ʙʝʟʳʥʝʨʮʠʦʥʥʳʤ, ʧʦʵʪʦʤʫ ʦʥ ʤʦʞʝʪ ʠʩʧʦʣʴʟʦ-

ʚʘʪʴʩʷ ʚ ʙʳʩʪʨʦʜʝʡʩʪʚʫʶʱʠʭ ʦʧʪʠʯʝʩʢʠʭ ʧʝʨʝʢʣʶʯʘʪʝʣʷʭ ʩ ʚʨʝʤʝʥʘʤʠ ʧʝʨʝʢʣʶʯʝʥʠʷ ʜʦ 
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 ʩ. ɺʳʩʦʢʘʷ ʢʨʫʪʠʟʥʘ ʢʨʘʷ ʧʦʣʦʩʳ ʧʦʛʣʦʱʝʥʠʷ ʢʚʘʥʪʦʚʦʡ ʷʤʳ ʧʦʟʚʦʣʷʝʪ ʧʦʣʫʯʠʪʴ 

ʚʳʩʦʢʠʡ ʢʦʵʬʬʠʮʠʝʥʪ ʤʦʜʫʣʷʮʠʠ ʠʟʣʫʯʝʥʠʷ ʧʨʠ ʤʘʣʳʭ ʫʧʨʘʚʣʷʶʱʠʭ ʥʘʧʨʷʞʝʥʠʷ. ʇʨʠ 
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ʠʟʛʦʪʦʚʣʝʥʠʠ ʧʝʨʝʢʣʶʯʘʪʝʣʷ ʚ ʚʠʜʝ ʧʣʘʥʘʨʥʦʛʦ ʚʦʣʥʦʚʦʜʘ, ʫʧʨʘʚʣʷʶʱʝʝ ʥʘʧʨʷʞʝʥʠʝ 

ʤʦʞʝʪ ʩʦʩʪʘʚʣʷʪʴ ʝʜʠʥʠʮʳ ʚʦʣʴʪ.  

ɼʦʩʪʦʠʥʩʪʚʦʤ ʵʣʝʢʪʨʦʦʧʪʠʯʝʩʢʦʛʦ ʵʬʬʝʢʪʘ ʚ ʢʚʘʥʪʦʚʳʭ ʷʤʘʭ, ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ 

ʵʬʬʝʢʪʦʤ ʌʨʘʥʮʘ-ʂʝʣʜʳʰʘ, ʷʚʣʷʝʪʩʷ ʚʦʟʤʦʞʥʦʩʪʴ ʚʘʨʴʠʨʦʚʘʥʠʷ ʨʘʙʦʯʝʡ ʩʧʝʢʪʨʘʣʴʥʦʡ 

ʦʙʣʘʩʪʠ ʚ ʰʠʨʦʢʠʭ ʧʨʝʜʝʣʘʭ, ʧʫʪʝʤ ʠʟʤʝʥʝʥʠʷ ʰʠʨʠʥʳ ʢʚʘʥʪʦʚʦʡ ʷʤʳ.  

ʅʘʠʙʦʣʝʝ ʯʘʩʪʦ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʝ ʩʪʨʫʢʪʫʨʳ ʩ ʢʚʘʥʪʦʚʳʤʠ ʷʤʘʤʠ ʠʟʛʦʪʘʚʣʠ-

ʚʘʶʪʩʷ ʥʘ ʦʩʥʦʚʝ ʵʧʠʪʘʢʩʠʘʣʴʥʳʭ ʩʣʦʝʚ GaAs ʠ ʪʨʦʡʥʳʭ ʩʦʝʜʠʥʝʥʠʡ ʪʠʧʘ GaAlxAs, 

GaInxAs, ʘ ʪʘʢʞʝ ʥʘ ʦʩʥʦʚʝ ZnSe ʠ ʪʨʦʡʥʳʭ ʩʦʝʜʠʥʝʥʠʡ ZnSxSe. ʀʟʤʝʥʝʥʠʝ ʩʪʝʭʠʦʤʝʪʨʠʠ 

ʩʦʝʜʠʥʝʥʠʡ ʧʦʟʚʦʣʷʝʪ ʠʟʤʝʥʷʪʴ ʛʣʫʙʠʥʫ ʢʚʘʥʪʦʚʦʡ ʷʤʳ. 

1.1.1.4 ʆʧʪʠʯʝʩʢʠʝ ʵʬʬʝʢʪʳ ʚ ʧʦʣʫʧʨʦʚʦʜʥʠʢʘʭ ʧʨʠ ʠʥʞʝʢʮʠʠ ʵʣʝʢʪʨʦʥʦʚ 

ɼʣʷ ʤʦʜʫʣʷʮʠʠ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʡ ʚʦʣʥʳ ʚ ʦʧʪʠʯʝʩʢʦʤ ʚʦʣʥʦʚʦʜʝ ʤʦʞʝʪ ʙʳʪʴ ʠʩ-

ʧʦʣʴʟʦʚʘʥʘ ʠ ʟʘʚʠʩʠʤʦʩʪʴ ʦʧʪʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʤʘʪʝʨʠʘʣʘ ʚʦʣʥʦʚʦʜʘ ʦʪ ʢʦʥʮʝʥʪʨʘʮʠʠ ʩʚʦ-

ʙʦʜʥʳʭ ʥʦʩʠʪʝʣʝʡ ʟʘʨʷʜʘ, ʥʘʧʨʠʤʝʨ, ʵʣʝʢʪʨʦʥʦʚ ʟʦʥʳ ʧʨʦʚʦʜʠʤʦʩʪʠ. ɼʣʷ ʵʪʠʭ ʮʝʣʝʡ, ʢʘʢ 

ʧʨʘʚʠʣʦ, ʠʩʧʦʣʴʟʫʶʪʩʷ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʝ ʤʘʪʝʨʠʘʣʳ ï Si, GaAs, InP ʠ ʜʨʫʛʠʝ. ʉʚʦʙʦʜ-

ʥʳʝ ʥʦʩʠʪʝʣʠ ʟʘʨʷʜʘ ʚ ʧʦʣʫʧʨʦʚʦʜʥʠʢʝ ʩʧʦʩʦʙʥʳ ʧʦʛʣʦʱʘʪʴ ʠʟʣʫʯʝʥʠʝ, ʘ ʠʟʤʝʥʝʥʠʝ ʠʭ 

ʢʦʥʮʝʥʪʨʘʮʠʠ ʧʨʠʚʦʜʠʪ ʢ ʠʟʤʝʥʝʥʠʶ ʧʦʢʘʟʘʪʝʣʷ ʧʨʝʣʦʤʣʝʥʠʷ ʧʦʣʫʧʨʦʚʦʜʥʠʢʘ. 

ʂʦʵʬʬʠʮʠʝʥʪ ʧʦʛʣʦʱʝʥʠʷ ʧʦʣʫʧʨʦʚʦʜʥʠʢʘ Ŭʝ(ɚ), ʩʚʷʟʘʥʥʳʡ ʩ ʧʦʛʣʦʱʝʥʠʝʤ ʠʟʣʫ-

ʯʝʥʠʷ ʩʚʦʙʦʜʥʳʤʠ ʵʣʝʢʪʨʦʥʘʤʠ ʦʧʠʩʳʚʘʝʪʩʷ ʚʳʨʘʞʝʥʠʝʤ: 

Ŭʝ(ɚ) = ů(ɚ) N , 

ʛʜʝ ů(ɚ) ï ʩʝʯʝʥʠʝ ʧʦʛʣʦʱʝʥʠʷ ʠʟʣʫʯʝʥʠʷ ʩʚʦʙʦʜʥʳʤ ʵʣʝʢʪʨʦʥʦʤ (ʷʚʣʷʝʪʩʷ ʬʫʥʢʮʠʝʡ 

ʜʣʠʥʳ ʚʦʣʥʳ); N ï ʢʦʥʮʝʥʪʨʘʮʠʷ ʩʚʦʙʦʜʥʳʭ ʵʣʝʢʪʨʦʥʦʚ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʧʨʠ ʫʚʝʣʠʯʝʥʠʠ 

ʢʦʥʮʝʥʪʨʘʮʠʠ ʵʣʝʢʪʨʦʥʦʚ ʧʨʦʠʩʭʦʜʠʪ ʫʚʝʣʠʯʝʥʠʝ ʢʦʵʬʬʠʮʠʝʥʪʘ ʧʦʛʣʦʱʝʥʠʷ ʧʦʣʫʧʨʦ-

ʚʦʜʥʠʢʘ. ɺʝʣʠʯʠʥʘ ʩʝʯʝʥʠʷ ʧʦʛʣʦʱʝʥʠʷ ʠʟʣʫʯʝʥʠʷ ʩʚʦʙʦʜʥʳʤ ʵʣʝʢʪʨʦʥʦʤ ʜʣʷ ʙʣʠʞʥʝʛʦ 

ʀʂ ʜʠʘʧʘʟʦʥʘ (ɚ = 0,8-2,0 ʤʢʤ) ʦʯʝʥʴ ʤʘʣʘ. ʇʦʵʪʦʤʫ ʵʬʬʝʢʪʳ, ʩʚʷʟʘʥʥʳʝ ʩ ʧʦʛʣʦʱʝʥʠʝʤ 

ʩʚʦʙʦʜʥʳʤʠ ʵʣʝʢʪʨʦʥʘʤʠ ʧʨʦʷʚʣʷʶʪʩʷ ʣʠʰʴ ʧʨʠ ʦʯʝʥʴ ʚʳʩʦʢʠʭ ʢʦʥʮʝʥʪʨʘʮʠʷʭ ʵʣʝʢʪʨʦ-

ʥʦʚ N = 10
18

-10
19
ʩʤ

-3
 . 

ɿʘʚʠʩʠʤʦʩʪʴ ʧʦʢʘʟʘʪʝʣʷ ʧʨʝʣʦʤʣʝʥʠʷ ʧʦʣʫʧʨʦʚʦʜʥʠʢʘ ʦʪ ʢʦʥʮʝʥʪʨʘʮʠʠ ʩʚʦʙʦʜʥʳʭ 

ʵʣʝʢʪʨʦʥʦʚ ʟʘʜʘʝʪʩʷ ʩʦʦʪʥʦʰʝʥʠʝʤ:            

, 

ʛʜʝ n0 ï ʧʦʢʘʟʘʪʝʣʴ ʧʨʝʣʦʤʣʝʥʠʷ ʧʦʣʫʧʨʦʚʦʜʥʠʢʘ ʩ ʥʫʣʝʚʦʡ ʢʦʥʮʝʥʪʨʘʮʠʝʡ ʩʚʦʙʦʜʥʳʭ 

ʵʣʝʢʪʨʦʥʦʚ; e ï ʟʘʨʷʜ ʵʣʝʢʪʨʦʥʘ; m*  - ʵʬʬʝʢʪʠʚʥʘʷ ʤʘʩʩʘ ʵʣʝʢʪʨʦʥʘ; Ů ïʜʠʵʣʝʢʪʨʠʯʝʩʢʘʷ 

ʧʨʦʥʠʮʘʝʤʦʩʪʴ ʚʘʢʫʫʤʘ; ɤ ï ʢʨʫʛʦʚʘʷ ʯʘʩʪʦʪʘ ʠʟʣʫʯʝʥʠʷ.   
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ʀʟ ʧʨʠʚʝʜʝʥʥʦʛʦ ʩʦʦʪʥʦʰʝʥʠʷ ʚʠʜʥʦ, ʯʪʦ ʫʚʝʣʠʯʝʥʠʝ ʢʦʥʮʝʥʪʨʘʮʠʠ ʩʚʦʙʦʜʥʳʭ 

ʵʣʝʢʪʨʦʥʦʚ N ʧʨʠʚʦʜʠʪ ʢ ʫʤʝʥʴʰʝʥʠʶ ʧʦʢʘʟʘʪʝʣʷ ʧʨʝʣʦʤʣʝʥʠʷ ʧʦʣʫʧʨʦʚʦʜʥʠʢʘ. 

ʋʚʝʣʠʯʠʪʴ ʢʦʥʮʝʥʪʨʘʮʠʶ ʩʚʦʙʦʜʥʳʭ ʵʣʝʢʪʨʦʥʦʚ ʚ ʧʦʣʫʧʨʦʚʦʜʥʠʢʝ ʤʦʞʥʦ ʥʝ-

ʩʢʦʣʴʢʠʤʠ ʩʧʦʩʦʙʘʤʠ. ʅʘʧʨʠʤʝʨ, ʩ ʧʦʤʦʱʴʶ ʬʦʪʦʛʝʥʝʨʘʮʠʠ ʵʣʝʢʪʨʦʥʦʚ ʧʨʠ ʦʩʚʝʱʝʥʠʠ 

ʧʦʣʫʧʨʦʚʦʜʥʠʢʘ ʩʚʝʪʦʤ ʩ ʵʥʝʨʛʠʝʡ ʬʦʪʦʥʦʚ ʙʦʣʴʰʝʡ ʟʘʧʨʝʱʝʥʥʦʡ ʟʦʥʳ ʧʦʣʫʧʨʦʚʦʜʥʠʢʘ.  

ɺʪʦʨʦʡ ʩʧʦʩʦʙ ï ʣʘʚʠʥʥʦʝ ʨʘʟʤʥʦʞʝʥʠʝ ʵʣʝʢʪʨʦʥʦʚ ʚ ʧʦʣʫʧʨʦʚʦʜʥʠʢʝ ʚ ʩʠʣʴʥʦʤ 

ʵʣʝʢʪʨʠʯʝʩʢʦʤ ʧʦʣʝ. ɼʘʥʥʳʡ ʵʬʬʝʢʪ ʧʨʦʠʩʭʦʜʠʪ ʧʨʠ ʥʘʧʨʷʞʝʥʥʦʩʪʠ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ 

ʙʦʣʴʰʝ 20 ʢɺ/ʩʤ ʠ ʚʳʟʚʘʥ ʧʨʦʮʝʩʩʘʤʠ ʫʜʘʨʥʦʡ ʠʦʥʠʟʘʮʠʠ ï ʧʝʨʝʜʘʯʠ ʵʥʝʨʛʠʠ ʩʚʷʟʘʥʥʳʤ 

ʵʣʝʢʪʨʦʥʘʤ ʦʪ ʩʚʦʙʦʜʥʳʭ ʵʣʝʢʪʨʦʥʦʚ, ʫʩʢʦʨʝʥʥʳʭ ʵʣʝʢʪʨʠʯʝʩʢʠʤ ʧʦʣʝʤ.  

ʅʘʢʦʥʝʮ, ʢʦʥʮʝʥʪʨʘʮʠʷ ʵʣʝʢʪʨʦʥʦʚ ʚ ʦʛʨʘʥʠʯʝʥʥʦʡ ʦʙʣʘʩʪʠ ʧʦʣʫʧʨʦʚʦʜʥʠʢʘ ʤʦʞʝʪ 

ʙʳʪʴ ʫʚʝʣʠʯʝʥʘ ʧʫʪʝʤ ʠʥʞʝʢʮʠʠ ʵʣʝʢʪʨʦʥʦʚ ʠʟ ʦʙʣʘʩʪʠ, ʛʜʝ ʠʭ ʢʦʥʮʝʥʪʨʘʮʠʷ ʚʳʩʦʢʘ.  

ʈʘʩʩʤʦʪʨʠʤ ʧʦʩʣʝʜʥʠʡ ʵʬʬʝʢʪ ʙʦʣʝʝ ʧʦʜʨʦʙʥʦ. ʂʘʢ ʧʨʘʚʠʣʦ, ʜʣʷ ʦʩʫʱʝʩʪʚʣʝʥʠʷ 

ʠʥʞʝʢʮʠʠ ʵʣʝʢʪʨʦʥʦʚ ʠʩʧʦʣʴʟʫʶʪʩʷ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʝ ʩʪʨʫʢʪʫʨʳ ʩ p-n ʧʝʨʝʭʦʜʦʤ (ʨʠ-

ʩʫʥʦʢ 1.4). 

 

ʈʠʩʫʥʦʢ 1.4 ï ʀʥʞʝʢʮʠʷ ʵʣʝʢʪʨʦʥʦʚ ʚ p-n ʧʝʨʝʭʦʜ ʚ ʧʨʠʩʫʪʩʪʚʠʠ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ 

 

ɺ ʦʪʩʫʪʩʪʚʠʝ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ (E = 0) ʦʙʣʘʩʪʴ p-n ʧʝʨʝʭʦʜʘ ʦʙʝʜʥʝʥʘ ʩʚʦʙʦʜ-

ʥʳʤʠ ʥʦʩʠʪʝʣʷʤʠ ʟʘʨʷʜʘ (N = 10
13

-10
15
ʩʤ

-3
). ʇʨʠ ʧʨʠʣʦʞʝʥʠʠ ʧʦʣʷ ʚ ʧʨʷʤʦʤ ʥʘʧʨʘʚʣʝʥʠʠ 

(E Í 0) ʧʨʦʠʩʭʦʜʠʪ ʜʠʬʬʫʟʠʷ ʵʣʝʢʪʨʦʥʦʚ ʠʟ ʦʙʣʘʩʪʠ n-ʪʠʧʘ ʚ ʦʙʣʘʩʪʴ p-n ʧʝʨʝʭʦʜʘ. ʇʨʠ 

ʵʪʦʤ ʢʦʥʮʝʥʪʨʘʮʠʷ ʵʣʝʢʪʨʦʥʦʚ ʚ p-n ʧʝʨʝʭʦʜʝ ʤʦʞʝʪ ʫʚʝʣʠʯʠʚʘʪʴʩʷ ʜʦ 10
17
ʩʤ

-3
. ʀʟʤʝʥʝ-

ʥʠʝ ʧʦʢʘʟʘʪʝʣʷ ʧʨʝʣʦʤʣʝʥʠʷ ʧʨʠ ʵʪʦʤ ʩʦʩʪʘʚʣʷʝʪ 10
-4

-10
-5
. ʕʪʦ ʤʘʣʘʷ ʚʝʣʠʯʠʥʘ, ʦʜʥʘʢʦ, ʝʝ 

ʦʢʘʟʳʚʘʝʪʩʷ ʜʦʩʪʘʪʦʯʥʦ ʜʣʷ ʦʩʫʱʝʩʪʚʣʝʥʠʷ ʬʘʟʦʚʦʡ ʤʦʜʫʣʷʮʠʠ ʠʟʣʫʯʝʥʠʷ, ʘ ʧʨʠ ʨʘʟʤʝ-

ʱʝʥʠʠ p-n ʧʝʨʝʭʦʜʘ ʚ ʠʥʪʝʨʬʝʨʦʤʝʪʨʝ ï ʠ ʜʣʷ ʘʤʧʣʠʪʫʜʥʦʡ ʤʦʜʫʣʷʮʠʠ. ɼʦʩʪʦʠʥʩʪʚʦʤ 

ʤʦʜʫʣʷʪʦʨʦʚ ʩ ʠʥʞʝʢʮʠʝʡ ʥʦʩʠʪʝʣʝʡ ʟʘʨʷʜʘ ʷʚʣʷʝʪʩʷ ʤʘʣʦʝ ʫʧʨʘʚʣʷʶʱʝʝ ʥʘʧʨʷʞʝʥʠʝ 

(1-5 ɺ) ʠ ʦʪʥʦʩʠʪʝʣʴʥʦ ʚʳʩʦʢʦʝ ʙʳʩʪʨʦʜʝʡʩʪʚʠʝ 10
-9
ï 10

-7
ʩ [5-6]. 
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1.1.2 ʂʦʥʩʪʨʫʢʮʠʠ ʦʧʪʠʯʝʩʢʠʭ ʚʦʣʥʦʚʦʜʦʚ ʥʘ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʭ ʩʪʨʫʢʪʫʨʘʭ 

ɼʣʷ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʦʧʪʠʯʝʩʢʦʛʦ ʩʠʛʥʘʣʘ ʚ ʧʦʣʫʧʨʦʚʦʜʥʠʢʘʭ ʩʫʱʝʩʪʚʫʶʪ ʨʘʟʣʠʯ-

ʥʳʝ ʚʠʜʳ ʦʧʪʠʯʝʩʢʠʭ ʚʦʣʥʦʚʦʜʦʚ. ʂʘʢ ʠ ʪʨʘʜʠʮʠʦʥʥʦʝ ʦʧʪʠʯʝʩʢʦʝ ʚʦʣʦʢʥʦ, ʧʦʣʫʧʨʦʚʦʜ-

ʥʠʢʦʚʳʝ ʦʧʪʠʯʝʩʢʠʝ ʚʦʣʥʦʚʦʜʳ ʨʘʙʦʪʘʶʪ ʥʘ ʵʬʬʝʢʪʝ ʧʦʣʥʦʛʦ ʚʥʫʪʨʝʥʥʝʛʦ ʦʪʨʘʞʝʥʠʷ, ʯʪʦ 

ʜʦʩʪʠʛʘʝʪʩʷ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʤʘʪʝʨʠʘʣʦʚ ʩ ʨʘʟʣʠʯʥʳʤʠ ʧʦʢʘʟʘʪʝʣʷʤʠ ʧʨʝʣʦʤʣʝʥʠʷ.  

ʅʘ ʨʠʩʫʥʢʝ 1.5 ʧʨʝʜʩʪʘʚʣʝʥʳ ʨʘʟʣʠʯʥʳʝ ʪʠʧʳ ʦʧʪʠʯʝʩʢʠʭ ʚʦʣʥʦʚʦʜʦʚ [25]. 

 

ʈʠʩʫʥʦʢ 1.5 ï ʊʠʧʳ ʦʧʪʠʯʝʩʢʠʭ ʚʦʣʥʦʚʦʜʦʚ: 1 ï ʭʨʝʙʪʦʚʳʡ; 2 ï ʧʦʛʨʫʞʝʥʦ-ʭʨʝʙʪʦʚʳʡ; 3 ï 

ʛʨʝʙʝʥʯʘʪʳʡ; 4 ï ʧʦʛʨʫʞʝʥʦ-ʛʨʝʙʝʥʯʘʪʳʡ; 5 ï ʧʝʨʝʚʝʨʥʫʪʦ-ʛʨʝʙʝʥʯʘʪʳʡ; 6 ï ʧʦʣʦʩʢʦʚʳʡ; 

7 ï ʜʠʬʬʫʟʠʦʥʥʳʡ 

 

ʇʫʪʝʤ ʢʦʥʩʪʨʫʠʨʦʚʘʥʠʷ ʧʨʦʬʠʣʷ ʘʢʪʠʚʥʦʡ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʦʡ ʦʙʣʘʩʪʠ ʨʘʜʠʦʬʦ-

ʪʦʥʥʳʭ ʧʨʠʙʦʨʦʚ ʜʦʩʪʠʛʘʝʪʩʷ ʟʘʜʘʥʥʦʝ ʩʝʯʝʥʠʝ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʦʧʪʠʯʝʩʢʦʡ ʚʦʣʥʳ (ʨʠ-

ʩʫʥʦʢ 1.6) [26], ʜʣʷ ʜʦʩʪʠʞʝʥʠʷ ʪʨʝʙʫʝʤʳʭ ʩʚʦʡʩʪʚ ʧʨʠʙʦʨʦʚ, ʧʨʦʬʠʣʴ ʚʦʣʥʦʚʦʜʘ ʤʦʞʝʪ 

ʙʳʪʴ ʥʝʦʙʳʯʥʦʡ ʬʦʨʤʳ (ʨʠʩʫʥʦʢ 2.7) [27]. 



26 

 

 

ʈʠʩʫʥʦʢ 1.6 ï ʉʭʝʤʘʪʠʯʥʦʝ ʠʟʦʙʨʘʞʝʥʠʝ ʟʘʚʠʩʠʤʦʩʪʠ ʩʝʯʝʥʠʷ ʦʧʪʠʯʝʩʢʦʡ ʚʦʣʥʳ ʦʪ ʧʨʦ-

ʬʠʣʷ ʚʦʣʥʦʚʦʜʘ 

 

 

ʈʠʩʫʥʦʢ 1.7 ï ʀʟʦʙʨʘʞʝʥʠʝ ʧʨʦʬʠʣʷ ʚʦʣʥʦʚʦʜʘ 

 

ɼʣʷ ʢʘʞʜʦʡ ʪʝʭʥʦʣʦʛʠʯʝʩʢʦʡ ʨʘʜʠʦʬʦʪʦʥʥʦʡ ʧʣʘʪʬʦʨʤʳ ʩʚʦʡʩʪʚʝʥʥʦ ʠʩʧʦʣʴʟʦʚʘ-

ʥʠʝ ʦʧʨʝʜʝʣʝʥʥʳʭ ʚʘʨʠʘʥʪʦʚ ʚʦʣʥʦʚʦʜʦʚ: ʜʣʷ ʢʨʝʤʥʠʝʚʦʡ ʬʦʪʦʥʠʢʠ ï ʧʦʣʦʩʢʦʚʳʡ, ʜʣʷ 

ʧʦʣʠʤʝʨʥʦʡ ï ʛʨʝʙʝʥʯʘʪʳʡ, ʜʣʷ LiNbO3 ï ʜʠʬʬʫʟʠʦʥʥʳʡ [28].  

ɼʣʷ ʨʘʜʠʦʬʦʪʦʥʠʢʠ ʥʘ ʦʩʥʦʚʝ ʬʦʩʬʠʜʘ ʠʥʜʠʷ, ʩ ʪʦʯʢʠ ʟʨʝʥʠʷ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʭ ʠ 

ʢʦʥʩʪʨʫʢʮʠʦʥʥʳʭ ʨʝʰʝʥʠʡ, ʥʘʠʙʦʣʝʝ ʧʦʜʭʦʜʷʱʠʝ ʢ ʠʩʧʦʣʴʟʦʚʘʥʠʶ ʛʨʝʙʝʥʯʘʪʳʡ ʠ ʭʨʝʙ-

ʪʦʚʳʡ ʚʦʣʥʦʚʦʜʳ ʚ ʨʘʟʣʠʯʥʳʭ ʢʦʥʬʠʛʫʨʘʮʠʷʭ. ɺ ʮʝʣʦʤ, ʜʣʷ ʙʘʟʦʚʳʭ ʛʝʪʝʨʦʩʪʨʫʢʪʫʨ ʦʧ-

ʪʠʯʝʩʢʠʝ ʚʦʣʥʦʚʦʜʳ ʤʦʞʥʦ ʨʘʟʜʝʣʠʪʴ ʥʘ ʪʨʠ ʦʩʥʦʚʥʳʭ ʪʠʧʘ ʧʦ ʛʣʫʙʠʥʝ ʪʨʘʚʣʝʥʠʷ ʩ ʫʯʝ-

ʪʦʤ ʪʦʛʦ ʥʘ ʢʘʢʦʤ ʩʣʦʝ ʪʨʘʚʣʝʥʠʝ ʙʳʣʦ ʦʩʪʘʥʦʚʣʝʥʦ:  
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- ʥʝʛʣʫʙʦʢʦ ʧʦʪʨʘʚʣʝʥʥʳʝ ï ʘʢʪʠʚʥʳʡ ʩʣʦʡ ʦʩʪʘʝʪʩʷ ʟʘʢʨʳʪʳʤ ʥʝʙʦʣʴʰʠʤ ʢʦʣʠʯʝ-

ʩʪʚʦʤ ʢʦʥʪʘʢʪʥʦʛʦ ʩʣʦʷ (shallow etch);  

- ʩʨʝʜʥʝ ʧʦʪʨʘʚʣʝʥʥʳʝ ï ʘʢʪʠʚʥʳʡ ʩʣʦʡ ʦʩʪʘʝʪʩʷ ʟʘʢʨʳʪʳʤ ʥʝʙʦʣʴʰʠʤ ʢʦʣʠʯʝʩʪ-

ʚʦʤ core-ʩʣʦʷ (median etch);  

- ʛʣʫʙʦʢʦ ʧʦʪʨʘʚʣʝʥʥʳʝ ï ʘʢʪʠʚʥʳʡ ʩʣʦʡ ʧʦʣʥʦʩʪʴʶ ʦʛʨʘʥʠʯʝʥ ʩʬʦʨʤʠʨʦʚʘʥʥʳʤ 

ʚʳʩʦʢʠʤ ʩʪʦʣʙʠʢʦʤ ʚʦʣʥʦʚʦʜʘ (deep etch).  

ʂʘʞʜʳʡ ʠʟ ʵʪʠʭ ʪʠʧʦʚ ʚʦʣʥʦʚʦʜʦʚ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠ ʤʦʞʝʪ ʙʳʪʴ ʧʦʣʫʯʝʥ ʥʘ ʦʜʥʦʡ 

ʨʘʜʠʦʬʦʪʦʥʥʦʡ ʤʠʢʨʦʩʭʝʤʝ ʠ ʚ ʩʠʣʫ ʨʘʟʣʠʯʠʷ ʧʘʨʘʤʝʪʨʦʚ ʤʦʞʝʪ ʧʨʠʤʝʥʷʪʴʩʷ ʚ ʨʘʟʣʠʯ-

ʥʳʭ ʬʫʥʢʮʠʦʥʘʣʴʥʳʭ ʯʘʩʪʷʭ ʤʠʢʨʦʩʭʝʤʳ, ʪʝʤ ʩʘʤʳʤ ʦʙʝʩʧʝʯʠʚʘʷ ʦʧʪʠʤʠʟʘʮʠʶ ʧʨʠʙʦʨʘ 

ʚ ʮʝʣʦʤ [29].  

ʅʘ ʨʠʩʫʥʢʝ 1.8 ʧʨʠʚʝʜʝʥʦ ʠʟʦʙʨʘʞʝʥʠʝ ʚʩʝʭ ʪʨʝʭ ʪʠʧʦʚ ʦʧʪʠʯʝʩʢʠʭ ʚʦʣʥʦʚʦʜʦʚ ʠ 

ʩʦʦʪʚʝʪʩʪʚʝʥʥʳʝ ʚʠʜʳ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʩʚʝʪʦʚʦʡ ʚʦʣʥʳ ʚ ʩʝʯʝʥʠʠ ʚʦʣʥʦʚʦʜʘ.  

 

ʈʠʩʫʥʦʢ 1.8 ï ʀʟʦʙʨʘʞʝʥʠʝ ʦʩʥʦʚʥʳʭ ʚʠʜʦʚ InP ʦʧʪʠʯʝʩʢʠʭ ʚʦʣʥʦʚʦʜʦʚ 

 

ʇʨʠʚʝʜʝʥʥʳʝ ʥʘ ʨʠʩʫʥʢʝ 1.8 ʚʦʣʥʦʚʦʜʳ ʷʚʣʷʶʪʩʷ ʪʠʧʠʯʥʳʤʠ ʢʦʥʩʪʨʫʢʮʠʦʥʥʳʤʠ 

ʵʣʝʤʝʥʪʘʤʠ ʨʘʜʠʦʬʦʪʦʥʥʳʭ ʠʟʜʝʣʠʡ ʠ ʜʦʩʪʫʧʥʳ ʜʣʷ ʠʟʛʦʪʦʚʣʝʥʠʷ ʥʘ ʙʦʣʴʰʠʥʩʪʚʝ ʬʘʙ-

ʨʠʢ-ʧʨʦʠʟʚʦʜʠʪʝʣʝʡ ʨʘʜʠʦʬʦʪʦʥʥʳʭ ʤʠʢʨʦʩʭʝʤ ʥʘ ʦʩʥʦʚʝ ʬʦʩʬʠʜʘ ʠʥʜʠʷ, ʨʘʙʦʪʘʶʱʠʭ ʥʘ 

ʟʘʢʘʟ (ʚ ʨʝʞʠʤʝ foundry) [30]. 
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1.1.3 ɺʣʠʷʥʠʝ ʉɺʏ ʚʦʣʥʦʚʦʜʦʚ ʥʘ ʦʧʪʠʯʝʩʢʠʝ ʚʦʣʥʦʚʦʜʳ 

1.1.3.1 ʆʩʥʦʚʥʳʝ ʪʠʧʳ ʢʦʥʩʪʨʫʢʮʠʡ ʉɺʏ ʚʦʣʥʦʚʦʜʦʚ 

ʇʦʜ ʉɺʏ ʚʦʣʥʦʚʦʜʘʤʠ ʚ ʢʦʥʪʝʢʩʪʝ ʕʆʄ ʧʦʥʠʤʘʶʪʩʷ ʧʣʘʥʘʨʥʳʝ ʣʠʥʠʠ ʵʣʝʢʪʨʦʧʝ-

ʨʝʜʘʯ, ʧʦʜʚʦʜʷʱʠʝ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʳʝ ʚʦʣʥʳ ʢ ʤʦʜʫʣʷʪʦʨʫ. ʅʘ ʨʠʩʫʥʢʝ 1.9 ʠʟʦʙʨʘʞʝʥ 

ʧʨʠʤʝʨ ʢʦʥʩʪʨʫʢʮʠʠ ʕʆʄ [31]. 

 

ʈʠʩʫʥʦʢ 1.9 ï ʇʨʠʤʝʨ ʢʦʥʩʪʨʫʢʮʠʠ ʕʆʄ: 1 ï ʜʠʵʣʝʢʪʨʠʯʝʩʢʘʷ ʧʦʜʣʦʞʢʘ;  2 ï ʦʧʪʠʯʝʩʢʠʡ 

ʚʦʣʥʦʚʦʜ; 3 ï ʬʘʟʦʚʘʷ ʨʝʰⱪʪʢʘ ɹʨʵʛʛʘ;  

4,5 ï ʵʣʝʢʪʨʦʜʳ ʠ ʧʦʜʚʦʜʷʱʠʝ ʣʠʥʠʠ ʧʝʨʝʜʘʯ (ʉɺʏ ʚʦʣʥʦʚʦʜʳ) 

 

ʉʫʱʝʩʪʚʫʝʪ ʤʥʦʞʝʩʪʚʦ ʪʠʧʦʚ ʢʦʥʩʪʨʫʢʮʠʡ ʉɺʏ ʚʦʣʥʦʚʦʜʦʚ ʚ ʩʦʩʪʘʚʝ ʕʆʄ. ɺʘʨʠ-

ʘʥʪʘʤʠ ʢʦʥʩʪʨʫʢʮʠʠ ʉɺʏ ʚʦʣʥʦʚʦʜʘ ʚ ʩʦʩʪʘʚʝ ʕʆʄ ʙʫʜʫʪ ʷʚʣʷʪʴʩʷ ʪʘʢʠʝ ʣʠʥʠʠ ʧʝʨʝʜʘʯ, 

ʢʘʢ ʦʜʠʥʦʯʥʘʷ ʧʦʣʦʩʢʦʚʘʷ ʣʠʥʠʷ, ʢʦʧʣʘʥʘʨʥʘʷ ʣʠʥʠʷ ʠ ʩʚʷʟʘʥʥʳʝ ʧʦʣʦʩʢʦʚʳʝ ʣʠʥʠʠ. 

ʉʪʨʫʢʪʫʨʘ ʕʆʄ, ʠʩʧʦʣʴʟʫʶʱʘʷ ʚ ʢʦʥʩʪʨʫʢʮʠʠ ʉɺʏ ʚʦʣʥʦʚʦʜ ʥʘ ʦʩʥʦʚʝ ʦʜʠʥʦʯʥʦʡ ʧʦ-

ʣʦʩʢʦʚʦʡ ʣʠʥʠʠ, ʧʨʝʜʩʪʘʚʣʝʥʘ ʥʘ ʨʠʩʫʥʢʝ 1.10.  

 

ʈʠʩʫʥʦʢ 1.10 ï ʇʨʠʤʝʨ ʧʨʦʩʪʝʡʰʝʡ ʢʦʥʩʪʨʫʢʮʠʠ ʕʆʄ: 1 ï ʩʠʛʥʘʣʴʥʳʡ ʵʣʝʢʪʨʦʜ; 2 ï ʟʘ-

ʟʝʤʣʸʥʥʳʡ ʵʣʝʢʪʨʦʜ; 3 ï ʦʧʪʠʯʝʩʢʠʡ ʚʦʣʥʦʚʦʜ. 
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ʇʦʜʦʙʥʘʷ ʢʦʥʩʪʨʫʢʮʠʷ ʨʘʩʩʤʦʪʨʝʥʘ ʚ [32] (ʨʠʩʫʥʦʢ 1.11). ʆʩʥʦʚʥʳʤʠ ʥʝʜʦʩʪʘʪʢʘʤʠ ʧʦ-

ʜʦʙʥʳʭ ʢʦʥʩʪʨʫʢʮʠʡ ʤʦʞʥʦ ʩʯʠʪʘʪʴ ʩʣʦʞʥʦʩʪʴ ʧʦʜʚʦʜʘ ʉɺʏ ʩʠʛʥʘʣʘ ʠ ʩʦʛʣʘʩʦʚʘʥʠʝ ʉɺʏ 

ʠ ʦʧʪʠʯʝʩʢʠʭ ʵʣʝʤʝʥʪʦʚ ʕʆʄ. 

 

 

ʈʠʩʫʥʦʢ 1.11 ï ʇʨʠʤʝʨ ʢʦʥʩʪʨʫʢʮʠʠ ʕʆʄ 

 

ʇʨʠʤʝʨ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʢʦʧʣʘʥʘʨʥʦʡ ʣʠʥʠʠ ʚ ʩʦʩʪʘʚʝ ʕʆʄ ʧʨʝʜʩʪʘʚʣʝʥ ʥʘ ʨʠʩʫʥʢʝ 

1.12 [33], ʛʜʝ ʪʝʤʥʦ-ʩʝʨʳʤ ʮʚʝʪʦʤ ʧʦʢʘʟʘʥʘ ʢʦʧʣʘʥʘʨʥʘʷ ʣʠʥʠʷ ʧʝʨʝʜʘʯʠ, ʘ ʩʚʝʪʣʦ-ʩʝʨʳʤ 

ï ʦʧʪʠʯʝʩʢʠʝ ʚʦʣʥʦʚʦʜʳ. 

 

ʈʠʩʫʥʦʢ 1.12 ï ʕʆʄ ʥʘ ʦʩʥʦʚʝ ʢʦʧʣʘʥʘʨʥʦʡ ʣʠʥʠʠ ʧʝʨʝʜʘʯʠ: ʘ ï ʚʠʜ ʩʚʝʨʭʫ; ʙ ï

 ʧʦʧʝʨʝʯʥʦʝ ʩʝʯʝʥʠʝ 

 

ʇʦʜʦʙʥʳʝ ʉɺʏ ʚʦʣʥʦʚʦʜʳ ʠʤʝʶʪ ʪʘʢʠʝ ʞʝ ʥʝʜʦʩʪʘʪʢʠ, ʯʪʦ ʠ ʦʜʠʥʦʯʥʘʷ ʧʦʣʦʩʢʦ-

ʚʘʷ ʣʠʥʠʷ. ʃʠʰʝʥʳ ʜʘʥʥʳʭ ʥʝʜʦʩʪʘʪʢʦʚ ʕʆʄ ʥʘ ʦʩʥʦʚʝ ʩʚʷʟʘʥʥʳʭ ʣʠʥʠʡ ʧʝʨʝʜʘʯʠ (ʨʠ-

ʩʫʥʦʢ 1.13).  
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ʈʠʩʫʥʦʢ 1.13 ï ʉʚʷʟʘʥʥʳʝ ʣʠʥʠʠ ʧʝʨʝʜʘʯ 

 

ʅʘ ʨʠʩʫʥʢʝ 1.14 ʧʨʝʜʩʪʘʚʣʝʥ ʧʨʠʤʝʨ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʩʚʷʟʘʥʥʳʭ ʣʠʥʠʡ ʧʝʨʝʜʘʯʠ ʚ 

ʩʦʩʪʘʚʝ ʕʆʄ [34]. 

ʅʘ ʧʦʜʦʙʥʳʭ ʣʠʥʠʷʭ ʩʠʛʥʘʣ ʦʙʳʯʥʦ ʚʦʟʙʫʞʜʘʝʪʩʷ ʣʠʙʦ ʚ ʬʘʟʝ, ʣʠʙʦ ʚ ʧʨʦʪʠʚʦʬʘʟʝ. 

ʇʨʠ ʵʪʦʤ ʥʘ ʦʜʠʥ ʠʟ ʢʦʥʮʦʚ ʢʘʞʜʦʡ ʠʟ ʣʠʥʠʡ ʧʦʜʢʣʶʯʘʝʪʩʷ ʩʦʛʣʘʩʦʚʘʥʥʘʷ ʥʘʛʨʫʟʢʘ. 

 

 

ʈʠʩʫʥʦʢ 1.14ï ʇʨʠʤʝʨ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʩʚʷʟʘʥʥʳʭ ʣʠʥʠʡ ʚ ʩʦʩʪʘʚʝ ʕʆʄ:   

d ï ʪʦʣʱʠʥʘ ʙʫʬʝʨʥʦʛʦ ʩʣʦʷ; h ï ʨʘʩʩʪʦʷʥʠʝ ʤʝʞʜʫ ʩʚʷʟʘʥʥʳʤʠ ʣʠʥʠʷʤʠ;  

s ï ʨʘʩʩʪʦʷʥʠʝ ʤʝʞʜʫ ʦʧʪʠʯʝʩʢʠʤʠ ʚʦʣʥʦʚʦʜʘʤʠ 

 

1.1.3.2 ʆʩʦʙʝʥʥʦʩʪʠ ʤʝʪʦʜʦʚ ʩʦʛʣʘʩʦʚʘʥʠʷ ʉɺʏ ʠ ʦʧʪʠʯʝʩʢʠʭ ʵʣʝʤʝʥʪʦʚ ʕʆʄ ʠ ʠʭ 

ʚʣʠʷʥʠʝ ʥʘ ʧʘʨʘʤʝʪʨʳ ʕʆʄ 

ʈʘʙʦʯʘʷ ʧʦʣʦʩʘ ʯʘʩʪʦʪ ï ʦʜʥʘ ʠʟ ʚʘʞʥʝʡʰʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʕʆʄ, ʢʦʪʦʨʘʷ ʦʧʨʝʜʝ-

ʣʷʝʪ ʝʛʦ ʢʘʯʝʩʪʚʦ ʠ ʜʠʘʧʘʟʦʥ ʧʨʠʤʝʥʠʤʦʩʪʠ.  

ʄʘʢʩʠʤʘʣʴʥʘʷ ʨʘʙʦʯʘʷ ʯʘʩʪʦʪʘ ʕʆʄ ʦʧʨʝʜʝʣʷʝʪʩʷ ʢʘʢ ʯʘʩʪʦʪʘ, ʥʘ ʢʦʪʦʨʦʡ ʛʣʫʙʠʥʘ 

ʤʦʜʫʣʷʮʠʠ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʦʧʪʠʯʝʩʢʦʛʦ ʩʠʛʥʘʣʘ ʩʥʠʞʘʝʪʩʷ ʜʦ 70,7% ʦʪʥʦʩʠʪʝʣʴʥʦ ʦʧʦʨ-

ʥʦʛʦ ʥʠʟʢʦʯʘʩʪʦʪʥʦʛʦ ʫʨʦʚʥʷ, ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ ʩʥʠʞʝʥʠʶ ʤʦʱʥʦʩʪʠ ʉɺʏ ʩʠʛʥʘʣʘ ʚ ʧʨʠʥʠ-

ʤʘʶʱʝʤ ʦʧʪʦʵʣʝʢʪʨʦʥʥʦʤ ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʝ ʥʘ 3 ʜɹʤ.  

ɼʣʷ ʧʦʣʫʯʝʥʠʷ ʵʬʬʝʢʪʘ ʤʦʜʫʣʷʮʠʠ ʚ ʕʆʄ ʥʝʦʙʭʦʜʠʤʦ ʦʙʝʩʧʝʯʠʪʴ ʥʘʣʠʯʠʝ ʙʝʛʫ-

ʱʝʡ ʚʦʣʥʳ ʚ ʉɺʏ ʣʠʥʠʠ, ʵʣʝʢʪʨʠʯʝʩʢʦʝ ʧʦʣʝ ʢʦʪʦʨʦʡ ʥʝʧʨʝʨʳʚʥʦ ʚʦ ʚʨʝʤʝʥʠ ʠ ʧʨʦʩʪʨʘʥ-
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ʩʪʚʝ ʚʦʟʜʝʡʩʪʚʫʝʪ ʥʘ ʤʘʪʝʨʠʘʣ ʦʧʪʠʯʝʩʢʦʛʦ ʢʘʥʘʣʘ ʤʦʜʫʣʷʪʦʨʘ. ʇʨʠ ʩʦʛʣʘʩʦʚʘʥʠʠ ʦʧʪʠʯʝ-

ʩʢʦʛʦ ʠ ʉɺʏ ʢʘʥʘʣʦʚ ʥʘʠʙʦʣʝʝ ʮʝʣʝʩʦʦʙʨʘʟʥʳʤ ʷʚʣʷʝʪʩʷ ʫʧʨʘʚʣʝʥʠʝ ʩʚʦʡʩʪʚʘʤʠ ʉɺʏ ʣʠ-

ʥʠʠ ʧʝʨʝʜʘʯʠ ʚ ʕʆʄ.  

ɼʣʷ ʜʦʩʪʠʞʝʥʠʷ ʤʘʢʩʠʤʘʣʴʥʦʡ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʵʣʝʢʪʨʦʦʧʪʠʯʝʩʢʦʡ ʤʦʜʫʣʷʮʠʠ ʥʝ-

ʦʙʭʦʜʠʤʦ ʩʪʨʝʤʠʪʴʩʷ ʢ ʩʦʙʣʶʜʝʥʠʶ ʩʣʝʜʫʶʱʠʭ ʫʩʣʦʚʠʡ:  

1) ʠʜʝʘʣʴʥʦʤʫ ʩʦʛʣʘʩʦʚʘʥʠʶ ʚʭʦʜʥʦʛʦ ʠ ʚʳʭʦʜʥʦʛʦ ʉɺʏ ʠʤʧʝʜʘʥʩʦʚ ʕʆʄ;  

ʂʘʯʝʩʪʚʦ ʩʦʛʣʘʩʦʚʘʥʠʷ ʚʭʦʜʥʦʛʦ ʉɺʏ ʠʤʧʝʜʘʥʩʘ ʕʆʄ ʚ ʨʘʙʦʯʝʡ ʧʦʣʦʩʝ ʫʩʪʨʦʡʩʪ-

ʚʘ ʦʧʨʝʜʝʣʷʝʪ, ʢʘʢʘʷ ʜʦʣʷ ʤʦʱʥʦʩʪʠ ʉɺʏ ʩʠʛʥʘʣʘ ʧʦʩʪʫʧʘʝʪ ʚ ʕʆʄ ʠ ʫʯʘʩʪʚʫʝʪ ʚ ʤʦʜʫʣʷ-

ʮʠʠ ʩʚʦʡʩʪʚ ʦʧʪʠʯʝʩʢʦʛʦ ʢʘʥʘʣʘ. ʏʝʤ ʢʘʯʝʩʪʚʝʥʥʝʝ ʩʦʛʣʘʩʦʚʘʥʠʝ ʥʘ ʦʧʨʝʜʝʣʝʥʥʦʡ ʯʘʩʪʦ-

ʪʝ, ʪʝʤ ʤʝʥʴʰʝ ʧʦʪʝʨʠ ʤʦʱʥʦʩʪʠ ʥʘ ʦʪʨʘʞʝʥʠʝ ʩʠʛʥʘʣʘ ʠ ʪʝʤ ʚʳʰʝ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʤʦʜʫ-

ʣʷʮʠʠ. ʂʘʯʝʩʪʚʦ ʩʦʛʣʘʩʦʚʘʥʠʷ ʚʳʭʦʜʥʦʛʦ ʉɺʏ ʠʤʧʝʜʘʥʩʘ ʦʧʨʝʜʝʣʷʝʪ ʢʦʵʬʬʠʮʠʝʥʪ ʩʪʦʷ-

ʯʝʡ ʚʦʣʥʳ ʧʦ ʥʘʧʨʷʞʝʥʠʶ ʚʥʫʪʨʠ ʉɺʏ ʪʨʘʢʪʘ ʕʆʄ. ɺʦʟʥʠʢʥʦʚʝʥʠʝ ʩʪʦʷʯʠʭ ʚʦʣʥ ʚʥʫʪʨʠ 

ʕʆʄ ʧʨʠʚʦʜʠʪ ʢ ʩʥʠʞʝʥʠʶ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ ʧʦ ʧʨʠʯʠʥʝ ʠʟʤʝʥʝʥʠʷ ʬʘʟʦ-

ʚʦʡ ʩʢʦʨʦʩʪʠ ʉɺʏ ʩʠʛʥʘʣʘ.  

ʂʘʯʝʩʪʚʦ ʩʦʛʣʘʩʦʚʘʥʠʷ ʚ ʨʘʙʦʯʝʡ ʧʦʣʦʩʝ ʯʘʩʪʦʪ ʜʦʩʪʠʛʘʝʪʩʷ ʧʫʪʝʤ ʨʘʩʯʝʪʘ ʠ ʦʧʪʠ-

ʤʠʟʘʮʠʠ ʉɺʏ ʧʘʨʘʤʝʪʨʦʚ ʣʠʥʠʠ ʧʝʨʝʜʘʯʠ ʚ ʕʆʄ ʠ ʧʝʨʝʭʦʜʦʚ ʩʪʘʥʜʘʨʪʥʳʤʠ ʤʝʪʦʜʘʤʠ, 

ʧʨʠʤʝʥʷʝʤʳʤʠ ʜʣʷ ʘʥʘʣʠʟʘ ʠ ʨʘʩʯʝʪʘ ʣʠʥʠʡ ʧʝʨʝʜʘʯ ʚ ʪʝʭʥʠʢʝ ʉɺʏ. 

2) ʤʠʥʠʤʠʟʘʮʠʠ ʘʢʪʠʚʥʳʭ ʧʦʪʝʨʴ ʚ ʉɺʏ ʣʠʥʠʠ ʕʆʄ;  

ɸʢʪʠʚʥʳʝ ʧʦʪʝʨʠ ʚ ʉɺʏ ʣʠʥʠʠ ʕʆʄ ʧʨʠʚʦʜʷʪ ʢ ʧʦʪʝʨʝ ʯʘʩʪʠ ʤʦʱʥʦʩʪʠ ʉɺʏ ʩʠʛ-

ʥʘʣʘ ʧʨʠ ʝʛʦ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʠ ʦʪ ʚʭʦʜʘ ʢ ʚʳʭʦʜʫ. ʕʪʦ ʧʨʠʚʦʜʠʪ ʢ ʥʘʨʘʩʪʘʶʱʝʤʫ ʧʨʠ ʫʜʘ-

ʣʝʥʠʠ ʦʪ ʉɺʏ ʚʭʦʜʘ ʩʥʠʞʝʥʠʶ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʵʣʝʢʪʨʦʦʧʪʠʯʝʩʢʦʛʦ ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ ʠ ʩʫ-

ʞʝʥʠʶ ʨʘʙʦʯʝʡ ʧʦʣʦʩʳ ʯʘʩʪʦʪ ʕʆʄ. 

ʆʩʥʦʚʥʳʤʠ ʧʨʠʯʠʥʘʤʠ ʘʢʪʠʚʥʳʭ ʧʦʪʝʨʴ ʷʚʣʷʶʪʩʷ: 

ï ʢʦʥʝʯʥʘʷ ʵʣʝʢʪʨʦʧʨʦʚʦʜʥʦʩʪʴ ʤʘʪʝʨʠʘʣʦʚ ʵʣʝʢʪʨʦʜʦʚ ʠ ʩʢʠʥ-ʵʬʬʝʢʪ; 

ï ʛʝʦʤʝʪʨʠʷ ʵʣʝʢʪʨʦʜʦʚ (ʪʦʣʱʠʥʘ ʤʝʪʘʣʣʠʟʘʮʠʠ ʠ ʰʠʨʠʥʘ ʣʠʥʠʠ); 

ï ʪʦʧʦʣʦʛʠʯʝʩʢʠʝ ʦʩʦʙʝʥʥʦʩʪʠ ʉɺʏ ʣʠʥʠʠ; 

ïʩʨʘʚʥʠʪʝʣʴʥʦ ʚʳʩʦʢʦʝ ʵʣʝʢʪʨʠʯʝʩʢʦʝ ʩʦʧʨʦʪʠʚʣʝʥʠʝ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʭ ʦʙʣʘʩʪʝʡ ʢʨʠ-

ʩʪʘʣʣʘ, ʫʯʘʩʪʚʫʶʱʠʭ ʚ ʧʨʦʪʝʢʘʥʠʠ ʉɺʏ ʪʦʢʘ (ʧʦʪʝʨʠ ʚ ʦʤʠʯʝʩʢʠʭ ʢʦʥʪʘʢʪʘʭ ʠ ʣʝʛʠʨʦʚʘʥ-

ʥʳʭ ʦʙʣʘʩʪʷʭ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʦʡ ʩʪʨʫʢʪʫʨʳ). 

3) ʠʜʝʘʣʴʥʦʤʫ ʩʦʛʣʘʩʦʚʘʥʠʶ ʩʢʦʨʦʩʪʝʡ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʦʧʪʠʯʝʩʢʦʛʦ ʠ ʉɺʏ ʩʠʛ-

ʥʘʣʦʚ ʚ ʕʆʄ. 

ɿʘʚʠʩʠʤʦʩʪʴ ʤʝʞʜʫ ʤʘʢʩʠʤʘʣʴʥʦʡ ʨʘʙʦʯʝʡ ʯʘʩʪʦʪʦʡ ʠʜʝʘʣʴʥʦʛʦ ʕʆʄ ʥʘ ʦʩʥʦʚʝ 

ʙʝʛʫʱʝʡ ʚʦʣʥʳ ʠ ʩʦʛʣʘʩʦʚʘʥʠʝʤ ʩʢʦʨʦʩʪʝʡ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʦʧʪʠʯʝʩʢʦʛʦ ʠ ʉɺʏ ʩʠʛʥʘʣʦʚ 

ʚ ʥʝʤ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʩʦʦʪʥʦʰʝʥʠʶ [17]:  
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, 

ʛʜʝ vopt ï ʛʨʫʧʧʦʚʘʷ ʩʢʦʨʦʩʪʴ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʦʧʪʠʯʝʩʢʦʛʦ ʩʠʛʥʘʣʘ; 

vɛ ï ʛʨʫʧʧʦʚʘʷ ʩʢʦʨʦʩʪʴ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʩʠʛʥʘʣʘ; 

l ï ʜʣʠʥʘ ʵʣʝʢʪʨʦʜʦʚ. 

ɼʘʥʥʦʝ ʩʦʦʪʥʦʰʝʥʠʝ ʧʦʢʘʟʳʚʘʝʪ, ʯʪʦ ʤʘʢʩʠʤʘʣʴʥʘʷ ʨʘʙʦʯʘʷ ʯʘʩʪʦʪʘ ʪʝʤ ʙʦʣʴʰʝ, 

ʯʝʤ ʙʣʠʞʝ ʟʥʘʯʝʥʠʷ ʛʨʫʧʧʦʚʳʭ ʩʢʦʨʦʩʪʝʡ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʦʧʪʠʯʝʩʢʦʛʦ ʠ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ 

ʩʠʛʥʘʣʘ. 

ʇʦʷʩʥʝʥʠʝ ʢ ʨʘʩʩʦʛʣʘʩʦʚʘʥʠʶ ʩʢʦʨʦʩʪʝʡ ʦʧʪʠʯʝʩʢʦʛʦ ʠ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʩʠʛʥʘʣʦʚ 

ʧʨʠʚʝʜʝʥʦ ʥʘ ʨʠʩʫʥʢʝ 1.15 [36]. 

 

ʈʠʩʫʥʦʢ 1.15ï ʇʦʷʩʥʝʥʠʝ ʢ ʨʘʩʩʦʛʣʘʩʦʚʘʥʠʶ ʩʢʦʨʦʩʪʝʡ ʦʧʪʠʯʝʩʢʦʛʦ ʠ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ 

ʩʠʛʥʘʣʦʚ ʚ ʵʣʝʢʪʨʦʦʧʪʠʯʝʩʢʦʤ ʤʦʜʫʣʷʪʦʨʝ 

 

ɼʣʷ ʜʦʩʪʠʞʝʥʠʷ ʩʦʛʣʘʩʦʚʘʥʠʷ ʥʝʦʙʭʦʜʠʤʦ ʚʳʯʠʩʣʠʪʴ ʛʨʫʧʧʦʚʫʶ ʩʢʦʨʦʩʪʴ ʦʧʪʠʯʝ-

ʩʢʦʛʦ ʩʠʛʥʘʣʘ, ʥʘʧʨʠʤʝʨ, ʧʫʪʝʤ ʠʟʤʝʨʝʥʠʷ ʛʨʫʧʧʦʚʦʛʦ ʧʦʢʘʟʘʪʝʣʷ ʧʨʝʣʦʤʣʝʥʠʷ. ɿʘʪʝʤ ʥʝ-

ʦʙʭʦʜʠʤʦ ʧʦʜʦʙʨʘʪʴ ʢʦʥʩʪʨʫʢʮʠʶ ʣʠʥʠʠ ʧʝʨʝʜʘʯʠ ʪʘʢʠʤ ʦʙʨʘʟʦʤ, ʯʪʦʙʳ ʝʝ ʵʬʬʝʢʪʠʚʥʘʷ 

ʜʠʵʣʝʢʪʨʠʯʝʩʢʘʷ ʧʨʦʥʠʮʘʝʤʦʩʪʴ ʙʳʣʘ ʥʘʠʙʦʣʝʝ ʙʣʠʟʢʘ ʢ ʦʧʪʠʯʝʩʢʦʤʫ ʛʨʫʧʧʦʚʦʤʫ ʠʥʜʝʢ-

ʩʫ (ʧʦʢʘʟʘʪʝʣʶ ʧʨʝʣʦʤʣʝʥʠʷ). ʉʣʝʜʫʝʪ ʫʯʠʪʳʚʘʪʴ, ʯʪʦ ʵʬʬʝʢʪʠʚʥʘʷ ʜʠʵʣʝʢʪʨʠʯʝʩʢʘʷ ʧʨʦ-

ʥʠʮʘʝʤʦʩʪʴ ʣʠʥʠʠ ʉɺʏ ʥʝ ʷʚʣʷʝʪʩʷ ʧʦʩʪʦʷʥʥʦʡ ʚ ʜʠʘʧʘʟʦʥʝ ʯʘʩʪʦʪ. ɺ ʢʘʯʝʩʪʚʝ ʧʨʠʤʝʨʘ 

ʧʨʠʚʝʜʝʥʳ ʜʘʥʥʳʝ ʥʘ ʨʠʩʫʥʢʝ 1.16. 
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ʈʠʩʫʥʦʢ 1.16ï ʏʘʩʪʦʪʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʵʬʬʝʢʪʠʚʥʦʡ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ ʣʠ-

ʥʠʠ ʉɺʏ ʚ ʕʆʄ 

ɺ ʨʘʙʦʪʝ [36] ʧʨʠʚʝʜʝʥ ʦʜʠʥ ʠʟ ʩʧʦʩʦʙʦʚ, ʧʦʟʚʦʣʷʶʱʠʭ ʫʧʨʘʚʣʷʪʴ ʵʬʬʝʢʪʠʚʥʦʡ 

ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʴʶ ʣʠʥʠʠ ʉɺʏ. ɺ ʜʘʥʥʦʤ ʩʧʦʩʦʙʝ ʠʩʩʣʝʜʦʚʘʥʳ ʩʨʘʚʥʠ-

ʪʝʣʴʥʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʕʆʄ ʩ ʵʣʝʢʪʨʦʜʘʤʠ, ʩʬʦʨʤʠʨʦʚʘʥʥʳʤʠ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ ʥʘ 

ʧʦʜʣʦʞʢʝ ʧʦʣʫʠʟʦʣʠʨʫʶʱʝʛʦ ʬʦʩʬʠʜʘ ʠʥʜʠʷ, ʘ ʪʘʢʞʝ ʕʆʄ ʩ ʵʣʝʢʪʨʦʜʘʤʠ, ʩʬʦʨʤʠʨʦʚʘʥ-

ʥʳʤʠ ʥʘ ʪʘʢʦʡ ʞʝ ʧʦʜʣʦʞʢʝ, ʥʦ ʩ ʧʨʦʤʝʞʫʪʦʯʥʦʛʦ ʩʣʦʷ ʙʝʥʟʦʮʠʢʣʦʙʫʪʝʥʘ (BCB, ʜʠʵʣʝʢ-

ʪʨʠʢ ʩ ʥʠʟʢʦʡ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʴʶ). ʂʦʥʩʪʨʫʢʮʠʠ ʜʘʥʥʳʭ ʉɺʏ ʣʠʥʠʡ 

ʩʭʝʤʘʪʠʯʥʦ ʧʨʠʚʝʜʝʥʳ ʥʘ ʨʠʩʫʥʢʝ 1.17.  

 

ʈʠʩʫʥʦʢ 1.17 ï ʂʦʥʩʪʨʫʢʮʠʠ ʣʠʥʠʡ ʉɺʏ ʩ ʨʘʟʣʠʯʥʦʡ ʵʬʬʝʢʪʠʚʥʦʡ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʨʦ-

ʥʠʮʘʝʤʦʩʪʴʶ 

 

ʈʘʟʣʠʯʠʷ ʚ ʵʬʬʝʢʪʠʚʥʦʡ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ ʧʦʣʫʯʝʥʥʳʭ ʣʠʥʠʡ ʠ ʩʦ-

ʦʪʚʝʪʩʪʚʫʶʱʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʕʆʄ ʧʨʠʚʝʜʝʥʳ ʥʘ ʨʠʩʫʥʢʝ 1.18. 
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ʈʠʩʫʥʦʢ 1.18 ï ʍʘʨʘʢʪʝʨʠʩʪʠʢʠ ʣʠʥʠʡ ʉɺʏ ʩ ʨʘʟʣʠʯʥʦʡ ʢʦʥʩʪʨʫʢʮʠʝʡ ʠ ʕʆʄ 

ʥʘ ʠʭ ʦʩʥʦʚʝ 

1.1.4 ʕʆʄ ʥʘ ʦʩʥʦʚʝ ʨʘʟʣʠʯʥʳʭ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʭ ʤʘʪʝʨʠʘʣʦʚ 

1.1.4.1 ʕʆʄ ʥʘ ʦʩʥʦʚʝ InP   

ʇʨʠ ʘʥʘʣʠʟʝ ʨʘʟʣʠʯʥʳʭ ʵʣʝʢʪʨʦʦʧʪʠʯʝʩʢʠʭ ʤʦʜʫʣʷʪʦʨʦʚ ʦʙʳʯʥʦ ʧʨʦʚʦʜʷʪ ʩʨʘʚʥʝ-

ʥʠʝ ʧʦ ʪʨʝʤ ʦʩʥʦʚʥʳʤ ʧʘʨʘʤʝʪʨʘʤ:  

ï ʥʘʧʨʷʞʝʥʠʝ ʧʦʣʫʚʦʣʥʦʚʦʛʦ ʩʤʝʱʝʥʠʷ Vp;  

ï ʰʠʨʠʥʘ ʧʦʣʦʩʳ ʧʨʦʧʫʩʢʘʥʠʷ F;  

ï ʦʧʪʠʯʝʩʢʠʝ ʧʦʪʝʨʠ I. 

ɺ ʙʦʣʴʰʠʥʩʪʚʝ ʩʣʫʯʘʝʚ ʧʨʠ ʨʘʟʨʘʙʦʪʢʝ ʠʥʪʝʨʬʝʨʦʤʝʪʨʦʚ ʄʘʭʘ-ʎʝʥʜʝʨʘ ʥʘ ʦʩʥʦʚʝ 

InP, ʦʧʪʠʤʠʟʘʮʠʷ ʢʦʥʩʪʨʫʢʮʠʠ ʧʨʦʚʦʜʠʪʩʷ ʧʫʪʝʤ ʠʩʩʣʝʜʦʚʘʥʠʷ ʚʣʠʷʥʠʷ ʵʣʝʤʝʥ-

ʪʦʚ/ʩʦʩʪʘʚʥʳʭ ʯʘʩʪʝʡ ʤʦʜʫʣʷʪʦʨʘ ʥʘ ʵʪʠ ʪʨʠ ʧʘʨʘʤʝʪʨʘ ʩ ʮʝʣʴʶ ʧʦʣʫʯʝʥʠʷ ʢʘʢ ʤʦʞʥʦ 

ʤʝʥʴʰʠʭ ʟʥʘʯʝʥʠʡ Vp ʠ IL, ʘ ʪʘʢʞʝ ʢʘʢ ʤʦʞʥʦ ʙʦʣʴʰʝʡ ʰʠʨʠʥʳ ʧʦʣʦʩʳ ʧʨʦʧʫʩʢʘʥʠʷ. ʆʧ-

ʪʠʤʘʣʴʥʦ ʚʳʙʨʘʥʥʳʝ ʢʦʥʩʪʨʫʢʮʠʠ ʛʝʪʝʨʦʵʧʠʪʘʢʩʠʘʣʴʥʳʭ ʩʪʨʫʢʪʫʨ, ʢʦʥʩʪʨʫʢʮʠʠ ʦʧʪʠʯʝ-

ʩʢʠʭ ʠ ʉɺʏ ʚʦʣʥʦʚʦʜʦʚ, ʤʝʪʦʜʳ ʩʦʛʣʘʩʦʚʘʥʠʷ ʉɺʏ ʠ ʦʧʪʠʯʝʩʢʠʭ ʵʣʝʤʝʥʪʦʚ ʕʆʄ, ʘ ʪʘʢʞʝ 

ʢʦʥʩʪʨʫʢʮʠʠ ʨʘʜʠʦʬʦʪʦʥʥʳʭ ʤʦʜʫʣʝʡ, ʧʦʟʚʦʣʷʶʪ ʜʦʙʠʪʴʩʷ ʦʧʪʠʤʘʣʴʥʳʭ ʟʥʘʯʝʥʠʡ ʥʝ 

ʪʦʣʴʢʦ ʪʨʝʭ ʦʩʥʦʚʥʳʭ, ʥʦ ʠ ʦʩʪʘʣʴʥʳʭ ʧʘʨʘʤʝʪʨʦʚ ʕʆʄ. 

1.1.4.2 ɸʥʘʣʠʟ ʢʦʥʩʪʨʫʢʮʠʡ ʛʝʪʝʨʦʵʧʠʪʘʢʩʠʘʣʴʥʳʭ ʦʧʪʠʯʝʩʢʠʭ ʚʦʣʥʦʚʦʜʦʚ ʥʘ ʦʩʥʦʚʝ InP 

ʂʦʥʩʪʨʫʢʮʠʷ ʛʝʪʝʨʦʵʧʠʪʘʢʩʠʘʣʴʥʦʡ ʩʪʨʫʢʪʫʨʳ (ʛʝʪʝʨʦʩʪʨʫʢʪʫʨʘ) ʕʆʄ ʦʧʨʝʜʝʣʷʝʪ 

ʜʠʘʧʘʟʦʥ ʨʘʙʦʯʠʭ ʜʣʠʥ ʚʦʣʥ ʠ ʚ ʧʝʨʚʫʶ ʦʯʝʨʝʜʴ ʚʣʠʷʝʪ ʥʘ ʟʥʘʯʝʥʠʷ ʥʘʧʨʷʞʝʥʠʷ ʧʦʣʫʚʦʣ-

ʥʦʚʦʛʦ ʩʤʝʱʝʥʠʷ Vp ʠ ʫʨʦʚʝʥʴ ʦʧʪʠʯʝʩʢʠʭ ʧʦʪʝʨʴ. ɺ ʦʙʱʝʤ ʩʣʫʯʘʝ, ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʵʣʝʢ-

ʪʨʦʦʧʪʠʯʝʩʢʦʛʦ ʵʬʬʝʢʪʘ ʛʝʪʝʨʦʩʪʨʫʢʪʫʨʘ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ pin-ʜʠʦʜ, ʚʳʨʘʱʝʥʥʳʡ ʥʘ 

ʧʦʣʫʠʟʦʣʠʨʫʶʱʝʡ ʧʦʜʣʦʞʢʝ (100) InP. Pin-ʜʠʦʜʥʘʷ ʩʪʨʫʢʪʫʨʘ ʧʦʟʚʦʣʷʝʪ ʵʬʬʝʢʪʠʚʥʦ 
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ʫʧʨʘʚʣʷʪʴ ʢʦʵʬʬʠʮʠʝʥʪʦʤ ʧʨʝʣʦʤʣʝʥʠʷ ʧʨʠ ʤʝʥʴʰʠʭ ʟʥʘʯʝʥʠʷʭ ʥʘʧʨʷʞʝʥʥʦʩʪʠ ʵʣʝʢʪʨʠ-

ʯʝʩʢʦʛʦ ʧʦʣʷ, ʚ ʩʨʘʚʥʝʥʠʠ ʩ ʜʨʫʛʠʤʠ ʪʠʧʘʤʠ ʩʪʨʫʢʪʫʨ [37]. ʅʘ ʧʦʜʣʦʞʢʘʭ ʤʝʪʦʜʘʤʠ ʵʧʠ-

ʪʘʢʩʠʠ ʚʳʨʘʱʠʚʘʶʪ ʘʢʪʠʚʥʳʡ ʩʣʦʡ ʩ ʟʘʜʘʥʥʳʤ ʢʦʵʬʬʠʮʠʝʥʪʦʤ ʧʨʝʣʦʤʣʝʥʠʷ, ʦʛʨʘʥʠʯʝʥ-

ʥʳʡ ʩʥʠʟʫ ʠ ʩʚʝʨʭʫ ʩʣʦʷʤʠ, ʠʟʛʦʪʦʚʣʝʥʥʳʤʠ ʠʟ ʤʘʪʝʨʠʘʣʦʚ, ʠʤʝʶʱʠʭ ʤʝʥʴʰʠʡ ʢʦʵʬʬʠ-

ʮʠʝʥʪ ʧʨʝʣʦʤʣʝʥʠʷ. ʇʨʦʭʦʞʜʝʥʠʝ ʩʚʝʪʦʚʦʡ ʚʦʣʥʳ ʚ ʩʣʦʝ ʩ ʚʳʩʦʢʠʤ ʢʦʵʬʬʠʮʠʝʥʪʦʤ ʧʨʝ-

ʣʦʤʣʝʥʠʝ ʦʩʥʦʚʘʥʦ ʥʘ ʵʬʬʝʢʪʝ ʧʦʣʥʦʛʦ ʦʪʨʘʞʝʥʠʷ ʦʪ ʛʨʘʥʠʮ ʩʣʦʷ ʩ ʩʣʦʷʤʠ-ʦʙʦʣʦʯʢʘʤʠ. 

ɺ ʦʙʱʝʤ ʚʠʜʝ ʵʬʬʝʢʪ ʧʨʝʜʩʪʘʚʣʝʥ ʥʘ ʨʠʩʫʥʢʝ 1.19.  

 

ʈʠʩʫʥʦʢ 1.19ï ʉʭʝʤʘʪʠʯʥʦʝ ʠʟʦʙʨʘʞʝʥʠʝ ʵʬʬʝʢʪʘ ʧʦʣʥʦʛʦ ʦʪʨʘʞʝʥʠʷ 

 

ʅʘ ʨʠʩʫʥʢʝ 1.20 ʧʨʠʚʝʜʝʥ ʧʨʠʤʝʨ pin-ʜʠʦʜʥʦʡ ʩʪʨʫʢʪʫʨʳ ʕʆʄ ʩ ʦʙʦʟʥʘʯʝʥʥʳʤ 

ʧʫʪʝʤ ʩʚʝʪʦʚʦʡ ʚʦʣʥʳ ʚ ʩʝʯʝʥʠʠ ʘʢʪʠʚʥʦʛʦ ʩʣʦʷ [38]. 

 

ʈʠʩʫʥʦʢ 1.20ï Pin-ʜʠʦʜʥʘʷ ʩʪʨʫʢʪʫʨʘ 

ɼʣʷ ʙʦʣʝʝ ʵʬʬʝʢʪʠʚʥʦʛʦ ʵʣʝʢʪʨʦʦʧʪʠʯʝʩʢʦʛʦ ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ ʚ ʢʘʯʝʩʪʚʝ i-ʩʣʦʷ ʠʩ-

ʧʦʣʴʟʫʶʪ ʤʫʣʴʪʠʢʚʘʥʪʦʚʳʝ ʷʤʳ (MQW), ʟʘ ʩʯʝʪ ʚʦʟʥʠʢʥʦʚʝʥʠʷ ʢʚʘʥʪʦʚʦʨʘʟʤʝʨʥʦʛʦ ʵʬ-

ʬʝʢʪʘ ʐʪʘʨʢʘ, ʟʥʘʯʝʥʠʝ ʥʘʧʨʷʞʝʥʥʦʩʪʠ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ, ʥʝʦʙʭʦʜʠʤʦʛʦ ʜʣʷ ʫʧʨʘʚʣʝ-
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ʥʠʷ ʢʦʵʬʬʠʮʠʝʥʪʦʤ ʧʨʝʣʦʤʣʝʥʠʷ, ʩʫʱʝʩʪʚʝʥʥʦ ʩʥʠʞʘʝʪʩʷ. ʆʜʥʘʢʦ ʚ ʩʣʫʯʘʝ ʠʩʧʦʣʴʟʦʚʘ-

ʥʠʝ MQW ʥʝʦʙʭʦʜʠʤʦ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʩʧʝʮʠʘʣʴʥʳʭ ʜʦʧʦʣʥʠʪʝʣʴʥʳʭ ʩʣʦʝʚ (core-ʩʣʦʝʚ), 

ʫʤʝʥʴʰʘʶʱʠʭ ʘʜʩʦʨʙʮʠʶ ʥʘ ʛʨʘʥʠʮʘʭ ʘʢʪʠʚʥʦʛʦ ʩʣʦʷ, ʚ ʧʨʦʪʠʚʥʦʤ ʩʣʫʯʘʝ ʦʧʪʠʯʝʩʢʠʝ 

ʧʦʪʝʨʠ ʟʥʘʯʠʪʝʣʴʥʦ ʫʚʝʣʠʯʠʚʘʶʪʩʷ (ʨʠʩʫʥʦʢ 1.21). 

 

ʈʠʩʫʥʦʢ 1.21 ï ʉʭʝʤʘʪʠʯʥʦʝ ʠʟʦʙʨʘʞʝʥʠʝ ʛʝʪʝʨʦʩʪʨʫʢʪʫʨʳ ʩ MQW 

ɼʣʷ ʕʆʄ ʥʘ ʦʩʥʦʚʝ InP ʧʨʠ ʠʟʛʦʪʦʚʣʝʥʠʠ ʤʫʣʴʪʠʢʚʘʥʪʦʚʦʡ ʷʤʳ ʠʩʧʦʣʴʟʫʶʪ ʥʝ-

ʩʢʦʣʴʢʦ ʪʠʧʦʚ ʤʘʪʝʨʠʘʣʦʚ: InGaAsP ʠ InAlGaAs (ʚ ʢʘʯʝʩʪʚʝ ʚʥʫʪʨʝʥʥʠʭ ʙʘʨʴʝʨʦʚ MQW 

ʚʳʩʪʫʧʘʶʪ ʩʣʦʠ InP ʠʣʠ InGaAsP), ʘ ʪʘʢʞʝ ʢʦʤʧʦʟʠʮʠʶ InGaAs/InAlAs. ɺ ʩʣʫʯʘʝ ʠʩʧʦʣʴ-

ʟʦʚʘʥʠʷ InGaAs/InAlAs, ʧʦʤʠʤʦ ʩʣʦʞʥʦʩʪʝʡ ʚ ʩʦʛʣʘʩʦʚʘʥʠʠ ʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʨʝʰʝʪʦʢ ʧʨʠ 

ʵʧʠʪʘʢʩʠʘʣʴʥʦʤ ʨʦʩʪʝ ʥʘ InP ʩʪʨʫʢʪʫʨʘʭ, InAlAs p-ʪʠʧʘ ʠʤʝʝʪ ʦʯʝʥʴ ʥʠʟʢʫʶ ʧʦʜʚʠʞʥʦʩʪʴ 

ʜʳʨʦʢ ʠ ʪʘʢʠʝ ʕʆʄ ʟʥʘʯʠʪʝʣʴʥʦ ʧʨʦʠʛʨʳʚʘʶʪ ʚ ʰʠʨʠʥʝ ʧʦʣʦʩʳ ʧʨʦʧʫʩʢʘʥʠʷ, ʚ ʩʨʘʚʥʝ-

ʥʠʠ ʩ ʕʆʄ MQW ʥʘ ʦʩʥʦʚʝ InGaAsP [39].  

MQW ʥʘ ʦʩʥʦʚʝ InAlGaAs ʦʙʣʘʜʘʶʪ ʙʦʣʝʝ ʤʘʣʳʤ ʫʭʦʜʦʤ ʩʚʦʠʭ ʩʚʦʡʩʪʚ ʧʨʠ ʠʟʤʝ-

ʥʝʥʠʠ ʪʝʤʧʝʨʘʪʫʨʳ, ʦʩʦʙʝʥʥʦ ʚ ʦʙʣʘʩʪʴ ʚʳʩʦʢʠʭ ʟʥʘʯʝʥʠʡ ʪʝʤʧʝʨʘʪʫʨʳ [40]. ʆʜʥʘʢʦ, ʥʝ-

ʩʤʦʪʨʷ ʥʘ ʙʦʣʝʝ ʭʫʜʰʫʶ ʪʝʨʤʦʫʩʪʦʡʯʠʚʦʩʪʴ, MQW ʥʘ ʦʩʥʦʚʝ InGaAsP ʦʙʣʘʜʘʶʪ ʙʦʣʝʝ 

ʙʝʟʜʝʬʝʢʪʥʦʡ ʵʧʠʪʘʢʩʠʘʣʴʥʦʡ ʩʪʨʫʢʪʫʨʦʡ, ʠ ʚ ʩʠʣʫ ʦʪʩʫʪʩʪʚʠʷ ʚ ʩʚʦʝʤ ʩʦʩʪʘʚʝ ʘʣʶʤʠʥʠʷ 

ʥʝ ʧʦʜʚʝʨʞʝʥʳ ʦʢʠʩʣʝʥʠʶ ʚ ʧʨʦʮʝʩʩʝ ʠʟʛʦʪʦʚʣʝʥʠʷ ʕʆʄ, ʯʪʦ ʜʝʣʘʝʪ ʵʪʦʪ ʤʘʪʝʨʠʘʣ ʥʘʠ-

ʙʦʣʝʝ ʠʩʧʦʣʴʟʫʝʤʳʤ ʧʨʠ ʧʨʦʠʟʚʦʜʩʪʚʝ ʕʆʄ ʥʘ ʦʩʥʦʚʝ InP [41]. ʀʟʦʙʨʘʞʝʥʠʝ ʪʠʧʠʯʥʦʡ 

ʤʫʣʴʪʠʢʚʘʥʪʦʚʦʡ ʷʤʳ InGaAsP/InP, ʧʦʣʫʯʝʥʥʦʝ ʤʝʪʦʜʦʤ ʪʫʥʥʝʣʴʥʦ-ʵʤʠʩʩʠʦʥʥʦʡ ʤʠʢʨʦ-

ʩʢʦʧʠʠ, ʧʨʝʜʩʪʘʚʣʝʥʦ ʥʘ ʨʠʩʫʥʢʝ 1.22 [42], ʘ ʩʭʝʤʘʪʠʯʥʦʝ ʠʟʦʙʨʘʞʝʥʠʝ ʩʝʯʝʥʠʷ ʵʣʝʢʪʨʦ-

ʦʧʪʠʯʝʩʢʦʛʦ ʤʦʜʫʣʷʪʦʨʘ ʩ ʪʘʢʦʡ ʷʤʦʡ ʥʘ ʨʠʩʫʥʢʝ 1.23 [43]. 
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ʈʠʩʫʥʦʢ 1.22 ï ʄʠʢʨʦʬʦʪʦʛʨʘʬʠʷ MQW ʛʝʪʝʨʦʩʪʨʫʢʪʫʨʳ InGaAsP/InP  

 

ʈʠʩʫʥʦʢ 1.23 ï ʕʆʄ ʥʘ ʦʩʥʦʚʝ InGaAsP/InP MQW 

 

ɺ ʦʙʱʝʤ ʚʠʜʝ ʪʠʧʠʯʥʘʷ ʢʦʥʩʪʨʫʢʮʠʷ ʛʝʪʝʨʦʩʪʨʫʢʪʫʨʳ ʕʆʄ ʥʘ ʦʩʥʦʚʝ ʬʦʩʬʠʜʘ 

ʠʥʜʠʷ ʧʨʠʚʝʜʝʥʘ ʚ ʪʘʙʣʠʮʝ 1.1. ʆʜʥʘʢʦ ʚ ʙʦʣʴʰʠʥʩʪʚʝ ʩʣʫʯʘʝʚ ʠʩʧʦʣʴʟʫʶʪʩʷ ʙʦʣʝʝ ʩʣʦʞ-

ʥʳʝ ʢʦʥʩʪʨʫʢʮʠʠ, ʩ ʜʦʧʦʣʥʠʪʝʣʴʥʳʤʠ ʩʣʦʷʤʠ, ʥʝʦʙʭʦʜʠʤʳʝ ʜʣʷ ʦʧʪʠʤʠʟʘʮʠʠ ʠ ʜʦʩʪʠʞʝ-

ʥʠʷ ʪʨʝʙʫʝʤʳʭ ʧʘʨʘʤʝʪʨʦʚ ʤʦʜʫʣʷʪʦʨʘ. 

ʊʘʙʣʠʮʘ 1.1 ï ʂʦʥʩʪʨʫʢʮʠʷ ʛʝʪʝʨʦʩʪʨʫʢʪʫʨʳ ʕʆʄ 

ʊʠʧ 

ʣʝʛʠʨʦʚʘʥʠʷ 

ʄʘʪʝʨʠʘʣ ʊʠʧʠʯʥʳʡ 

ʫʨʦʚʝʥʴ 

ʣʝʛʠʨʦʚʘʥʠʷ, 

ʩʤ
-3

 

ʆʧʠʩʘʥʠʝ ʩʣʦʷ 

p+ InP 1E18 ʂʦʥʪʘʢʪʥʳʡ/ʦʪʨʘʞʘʶʱʠʡ ʩʣʦʡ 

i InP <1E15 Core-ʩʣʦʡ 
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MQW In1-xGaxAsyP1-y/InP <1E15 ʄʫʣʴʪʠʢʚʘʥʪʦʚʘʷ ʷʤʘ 

i InP <1E15 Core-ʩʣʦʡ 

n+ InP 2E18 ʂʦʥʪʘʢʪʥʳʡ/ʦʪʨʘʞʘʶʱʠʡ ʩʣʦʡ 

ʇʦʣʫʠʟʦʣʠʨʫʶʱʠʡ InP - ʧʦʜʣʦʞʢʘ  

 

ʉʪʦʠʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʧʨʠ ʨʘʟʨʘʙʦʪʢʝ ʵʣʝʢʪʨʦʦʧʪʠʯʝʩʢʠʭ ʤʦʜʫʣʷʪʦʨʦʚ ʥʘ ʦʩʥʦʚʝ 

ʢʚʘʥʪʦʚʦʨʘʟʤʝʨʥʦʛʦ ʵʬʬʝʢʪʘ ʐʪʘʨʢʘ, ʜʣʷ ʫʤʝʥʴʰʝʥʠʷ ʵʬʬʝʢʪʘ ʘʜʩʦʨʙʮʠʠ ʚ ʢʚʘʥʪʦʚʦʡ 

ʷʤʝ, MQW ʧʨʦʝʢʪʠʨʫʶʪ ʠ ʠʟʛʦʪʘʚʣʠʚʘʶʪ ʪʘʢʠʤ ʦʙʨʘʟʦʤ, ʯʪʦʙʳ ʧʠʢ ʬʦʪʦʣʶʤʠʥʝʩʮʝʥʮʠʠ 

ʙʳʣ ʩʤʝʱʝʥ ʦʪ ʨʘʙʦʯʝʡ ʜʣʠʥʳ ʚʦʣʥʳ ʥʘ 140-170 ʥʤ (ʨʠʩʫʥʦʢ 1.24).  

 

ʈʠʩʫʥʦʢ 1.24 ï ʉʧʝʢʪʨ ʧʦʛʣʦʱʝʥʠʷ ʕʆʄ 

 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʧʫʪʝʤ ʩʥʠʞʝʥʠʷ ʢʦʥʮʝʥʪʨʘʮʠʠ ʬʦʪʦʚʦʟʙʫʞʜʝʥʥʳʭ ʥʦʩʠʪʝʣʝʡ ʚ ʨʘ-

ʙʦʯʝʤ ʜʠʘʧʘʟʦʥʝ ʜʣʠʥ ʚʦʣʥ, ʜʦʩʪʠʛʘʝʪʩʷ ʟʥʘʯʠʪʝʣʴʥʦ ʤʝʥʴʰʠʝ ʦʧʪʠʯʝʩʢʠʝ ʧʦʪʝʨʠ ʠ ʧʦʣʫ-

ʚʦʣʥʦʚʦʝ ʥʘʧʨʷʞʝʥʠʝ, ʘ ʪʘʢʞʝ ʧʦʚʳʰʘʝʪʩʷ ʵʣʝʢʪʨʦʦʧʪʠʯʝʩʢʘʷ ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʴ. 

ʅʘʨʷʜʫ ʩ pin-ʩʪʨʫʢʪʫʨʘʤʠ, ʚ ʨʷʜʝ ʩʣʫʯʘʝʚ ʧʨʠ ʠʟʛʦʪʦʚʣʝʥʠʠ InP ʕʆʄ ʧʦʣʫʯʠʣʠ 

ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʝ nin-ʩʪʨʫʢʪʫʨʳ, ʚ ʢʦʪʦʨʳʭ ʚʤʝʩʪʦ ʚʝʨʭʥʠʭ ʩʣʦʝʚ p-ʪʠʧʘ ʧʨʦʚʦʜʠʤʦʩʪʠ 

ʠʩʧʦʣʴʟʫʶʪ ʩʣʦʠ n-ʪʠʧʘ, ʦʙʣʘʜʘʶʱʠʝ ʟʥʘʯʠʪʝʣʴʥʦ ʙʦʣʴʰʝʡ ʧʦʜʚʠʞʥʦʩʪʴʶ ʜʳʨʦʢ. ɿʘ ʩʯʝʪ 

ʵʪʦʛʦ ʜʦʩʪʠʛʘʝʪʩʷ ʫʣʫʯʰʝʥʠʝ ʯʘʩʪʦʪʥʳʭ ʩʚʦʡʩʪʚ ʠ ʩʥʠʞʘʶʪʩʷ ʦʧʪʠʯʝʩʢʠʝ ʧʦʪʝʨʠ ʕʆʄ 

[44]. ʉʭʝʤʘʪʠʯʥʦʝ ʠʟʦʙʨʘʞʝʥʠʝ nin-ʕʆʄ ʧʨʠʚʝʜʝʥʦ ʥʘ ʨʠʩʫʥʢʝ 1.25.  
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ʈʠʩʫʥʦʢ 1.25ï ʉʭʝʤʘʪʠʯʥʦʝ ʠʟʦʙʨʘʞʝʥʠʝ ʕʆʄ ʥʘ ʦʩʥʦʚʝ nin-ʩʪʨʫʢʪʫʨ 

 

ʆʜʥʘʢʦ ʥʠʟʢʘʷ ʣʠʥʝʡʥʦʩʪʴ ʵʣʝʢʪʨʦʦʧʪʠʯʝʩʢʠʭ ʧʘʨʘʤʝʪʨʦʚ ʦʛʨʘʥʠʯʠʚʘʝʪ ʧʨʠʤʝʥʝ-

ʥʠʝ ʕʆʄ ʪʘʢʦʛʦ ʪʠʧʘ ʚ ʰʠʨʦʢʦʧʦʣʦʩʥʳʭ ʚʦʣʦʢʦʥʥʦ-ʦʧʪʠʯʝʩʢʠʭ ʩʠʩʪʝʤʘʭ ʩʚʷʟʠ. 

1.1.4.3 ɺʣʠʷʥʠʝ ʦʩʦʙʝʥʥʦʩʪʝʡ ʢʦʥʩʪʨʫʢʮʠʡ ʛʝʪʝʨʦʵʧʠʪʘʢʩʠʘʣʴʥʳʭ ʦʧʪʠʯʝʩʢʠʭ ʚʦʣʥʦʚʦʜʦʚ 

ʥʘ ʧʘʨʘʤʝʪʨʳ ʕʆʄ 

1.1.4.1.1 ɺʣʠʷʥʠʝ ʫʨʦʚʥʝʡ ʣʝʛʠʨʦʚʘʥʠʷ ʩʣʦʝʚ 

ʇʨʠʥʮʠʧ ʨʘʙʦʪʳ pin-ʜʠʦʜʥʦʛʦ ʠʥʪʝʨʬʝʨʦʤʝʪʨʘ ʄʘʭʘ-ʎʘʥʜʝʨʘ ʟʘʢʣʶʯʘʝʪʩʷ ʚ 

ʫʧʨʘʚʣʝʥʠʠ ʢʦʵʬʬʠʮʠʝʥʪʦʤ ʧʨʝʣʦʤʣʝʥʠʷ ʘʢʪʠʚʥʦʡ ʦʙʣʘʩʪʠ ʧʫʪʝʤ ʠʟʤʝʥʝʥʠʷ ʫʨʦʚʥʷ ʧʨʠ-

ʣʦʞʝʥʥʦʡ ʥʘʧʨʷʞʝʥʥʦʩʪʠ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ. ʏʝʤ ʤʝʥʴʰʝ ʪʦʣʱʠʥʘ i-ʩʣʦʷ ʪʘʢʦʛʦ ʜʠʦʜʘ, 

ʪʝʤ ʤʝʥʴʰʝʝ ʟʥʘʯʝʥʠʝ ʥʘʧʨʷʞʝʥʥʦʩʪʠ ʪʨʝʙʫʝʪʩʷ ʧʨʠʣʦʞʠʪʴ ʢ ʜʠʦʜʫ ʜʣʷ ʵʬʬʝʢʪʠʚʥʦʡ ʤʦ-

ʜʫʣʷʮʠʠ ʦʧʪʠʯʝʩʢʦʛʦ ʩʠʛʥʘʣʘ, ʯʪʦ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ ʧʨʠʚʦʜʠʪ ʢ ʤʘʣʳʤ ʟʥʘʯʝʥʠʷʤ ʧʦʣʫʚʦʣ-

ʥʦʚʦʛʦ ʥʘʧʨʷʞʝʥʠʷ. ʉ ʜʨʫʛʦʡ ʩʪʦʨʦʥʳ, ʩʫʞʝʥʠʝ i-ʩʣʦʷ ʧʨʠʚʦʜʠʪ ʢ ʪʦʤʫ, ʯʪʦ ʦʧʪʠʯʝʩʢʘʷ 

ʚʦʣʥʘ ʠʟ ʘʢʪʠʚʥʦʛʦ ʩʣʦʷ ʨʘʩʧʨʦʩʪʨʘʥʷʝʪʩʷ ʚ ʚʳʩʦʢʦʣʝʛʠʨʦʚʘʥʥʳʝ ʢʦʥʪʘʢʪʥʳʝ ʦʙʣʘʩʪʠ n- ʠ 

p-ʪʠʧʘ ʧʨʦʚʦʜʠʤʦʩʪʠ ʩ ʙʦʣʝʝ ʚʳʩʦʢʠʤʠ ʫʨʦʚʥʷʤʠ ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʘʙʩʦʨʙʮʠʠ, ʯʪʦ ʧʨʠʚʦ-

ʜʠʪ ʢ ʧʦʚʳʰʝʥʠʶ ʦʙʱʠʭ ʦʧʪʠʯʝʩʢʠʭ ʧʦʪʝʨʴ ʕʆʄ. ɺ ʪʦʞʝ ʚʨʝʤʷ ʢʦʵʬʬʠʮʠʝʥʪ ʘʙʩʦʨʙʮʠʠ 

ʣʝʛʠʨʦʚʘʥʥʳʭ ʩʣʦʝʚ ʟʘʚʠʩʠʪ ʦʪ ʢʦʥʮʝʥʪʨʘʮʠʠ ʠ ʪʠʧʘ ʧʨʦʚʦʜʠʤʦʩʪʠ, ʧʨʠʯʝʤ ʜʣʷ ʩʣʦʝʚ InP 

n-ʪʠʧʘ ʢʦʵʬʬʠʮʠʝʥʪ ʘʙʩʦʨʙʮʠʠ ʥʘ ʧʦʨʷʜʦʢ ʤʝʥʴʰʝ ʯʝʤ ʜʣʷ ʩʣʦʝʚ p-ʪʠʧʘ ʧʨʠ ʨʘʚʥʳʭ 

ʫʨʦʚʥʷʭ ʣʝʛʠʨʦʚʘʥʠʷ, ʯʪʦ ʥʘʧʨʷʤʫʶ ʚʣʠʷʝʪ ʥʘ ʦʧʪʠʯʝʩʢʠʝ ʧʦʪʝʨʠ (ʪʘʙʣʠʮʘ 1.2) [45].  

ʊʘʙʣʠʮʘ 2.2 ï ɿʘʚʠʩʠʤʦʩʪʴ ʦʧʪʠʯʝʩʢʠʭ ʧʦʪʝʨʴ ʦʪ ʫʨʦʚʥʷ ʠ ʪʠʧʘ ʣʝʛʠʨʦʚʘʥʠʷ ʩʣʦʝʚ InP 

ʊʠʧ ʧʦʣʫʧʨʦʚʦʜʥʠʢʘ ʋʨʦʚʝʥʴ ʣʝʛʠʨʦʚʘʥʠʷ, ʩʤ-3 ʆʧʪʠʯʝʩʢʠʝ ʧʦʪʝʨʠ, ʜɹ/ʩʤ 

p-InP 5E17 -43,6 

p-InP 1E18 -87,3 

p-InP 1,5E18 -130,9 

p-InP 2E18 -174,5 

p-InP 5E18 -436,3 
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n-InP 5E17 -4,1 

n-InP 1E18 -8,2 

n-InP 1,5E18 -12,3 

n-InP 2E18 -16,4 

n-InP 5E18 -41,0 

 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʧʨʠ ʩʥʠʞʝʥʠʠ ʪʦʣʱʠʥʳ i-ʩʣʦʷ ʠ ʩʦʭʨʘʥʝʥʠʠ ʟʥʘʯʝʥʠʷ ʦʧʪʠʯʝʩʢʠʭ 

ʧʦʪʝʨʴ ʕʆʄ, ʥʝʦʙʭʦʜʠʤʦ ʩʥʠʞʘʪʴ ʢʦʥʮʝʥʪʨʘʮʠʶ ʚ ʙʣʠʟʣʝʞʘʱʠʭ ʢ MQW ʢʦʥʪʘʢʪʥʳʭ 

ʩʣʦʷʭ. ɼʣʷ ʪʦʛʦ ʯʪʦʙʳ ʥʝ ʫʚʝʣʠʯʠʪʴ ʦʤʠʯʝʩʢʠʝ ʧʦʪʝʨʠ ʩʘʤʦʛʦ pin-ʜʠʦʜʘ, ʧʨʠ ʪʘʢʦʡ ʢʦʥʩʪ-

ʨʫʢʮʠʠ ʛʝʪʝʨʦʩʪʨʫʢʪʫʨʳ, ʚʚʦʜʷʪ ʩʣʦʠ, ʦʙʝʩʧʝʯʠʚʘʶʱʠʝ ʛʨʘʜʠʝʥʪ ʢʦʥʮʝʥʪʨʘʮʠʠ ʦʪ ʢʦʥ-

ʪʘʢʪʥʦʛʦ ʢ ʘʢʪʠʚʥʦʤʫ ʩʣʦʶ (doping profile extension) (ʨʠʩʫʥʦʢ 1.26) [46]. 

 

ʈʠʩʫʥʦʢ 1.26 ï ʉʭʝʤʘʪʠʯʥʦʝ ʠʟʦʙʨʘʞʝʥʠʝ ʦʧʪʠʯʝʩʢʠʭ ʚʦʣʥʦʚʦʜʦʚ ʨʘʟʣʠʯʥʦʛʦ ʪʠʧʘ 

ʅʘ ʨʠʩʫʥʢʝ 1.27 ʧʨʠʚʝʜʝʥʳ ʟʘʚʠʩʠʤʦʩʪʠ ʦʧʪʠʯʝʩʢʠʭ ʧʦʪʝʨʴ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʪʦʣ-

ʱʠʥʳ i-ʩʣʦʷ ʜʣʷ ʨʘʟʣʠʯʥʳʭ ʪʠʧʦʚ ʚʦʣʥʦʚʦʜʦʚ ʠ ʚʘʨʠʘʥʪʦʚ ʣʝʛʠʨʦʚʘʥʠʷ: ʦʜʥʦʨʦʜʥʳʡ (reg-

ular) ʠ ʛʨʘʜʠʝʥʪʥʳʡ (light), ʘ ʪʘʢʞʝ ʜʣʷ ʧʘʩʩʠʚʥʦʛʦ ʚʦʣʥʦʚʦʜʘ ʙʝʟ ʢʦʥʪʘʢʪʥʦʛʦ ʩʣʦʷ p-ʪʠʧʘ. 

ɺ ʩʠʣʫ ʪʦʛʦ, ʯʪʦ ʩʝʯʝʥʠʝ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʦʧʪʠʯʝʩʢʦʡ ʚʦʣʥʳ ʟʘʚʠʩʠʪ ʦʪ ʪʠʧʘ ʚʦʣʥʦʚʦʜʘ, 

ʫʤʝʥʴʰʝʥʠʝ ʪʦʣʱʠʥʳ i-ʩʣʦʷ ʧʨʠ ʨʘʟʣʠʯʥʳʭ ʚʘʨʠʘʥʪʘʭ ʣʝʛʠʨʦʚʘʥʠʷ ʧʦ-ʨʘʟʥʦʤʫ ʦʢʘʟʳʚʘʝʪ 

ʚʣʠʷʥʠʝ ʥʘ ʦʧʪʠʯʝʩʢʠʝ ʧʦʪʝʨʠ [47]. 
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ʈʠʩʫʥʦʢ 1.27 ï ɿʘʚʠʩʠʤʦʩʪʠ ʦʧʪʠʯʝʩʢʠʭ ʧʦʪʝʨʴ ʦʪ ʪʦʣʱʠʥʳ i-ʩʣʦʷ ʜʣʷ ʨʘʟʣʠʯʥʳʭ ʪʠʧʦʚ 

ʚʦʣʥʦʚʦʜʦʚ 

ɼʣʷ ʩʥʠʞʝʥʠʷ ʚʣʠʷʥʠʷ ʪʦʣʱʠʥʳ i-ʩʣʦʷ ʥʘ ʧʘʨʘʤʝʪʨʳ ʕʆʄ, ʚ ʨʷʜʝ ʩʣʫʯʘʝʚ ʜʘʥʥʳʡ 

ʩʣʦʡ ʠʟʛʦʪʘʚʣʠʚʘʶʪ ʩ ʥʝʟʥʘʯʠʪʝʣʴʥʳʤ ʫʨʦʚʥʝʤ ʣʝʛʠʨʦʚʘʥʠʷ, ʦʜʥʘʢʦ ʵʪʦ ʧʨʠʚʦʜʠʪ ʢ ʫʚʝ-

ʣʠʯʝʥʠʶ ʝʤʢʦʩʪʠ ʜʠʦʜʘ, ʠ ʢʘʢ ʩʣʝʜʩʪʚʠʝ ʢ ʫʭʫʜʰʝʥʠʶ ʝʛʦ ʯʘʩʪʦʪʥʳʭ ʩʚʦʡʩʪʚ, ʧʦʵʪʦʤʫ 

ʜʣʷ ʠʟʛʦʪʦʚʣʝʥʠʷ ʫʣʴʪʨʘ ʰʠʨʦʢʦʧʦʣʦʩʥʳʭ ʕʆʄ i-ʩʣʦʡ ʥʝ ʣʝʛʠʨʫʶʪ [48]. 

1.1.4.1.2 ɺʣʠʷʥʠʝ ʰʠʨʠʥʳ ʚʦʣʥʦʚʦʜʘ  

ʐʠʨʠʥʘ ʦʧʪʠʯʝʩʢʦʛʦ ʚʦʣʥʦʚʦʜʘ ʧʨʘʢʪʠʯʝʩʢʠ ʧʨʦʧʦʨʮʠʦʥʘʣʴʥʦ ʚʣʠʷʝʪ ʥʘ ʜʠʘʤʝʪʨ 

ʩʝʯʝʥʠʷ ʧʨʦʭʦʜʷʱʝʡ ʯʝʨʝʟ ʥʝʛʦ ʦʧʪʠʯʝʩʢʦʡ ʚʦʣʥʳ ʠ, ʢʘʢ ʩʣʝʜʩʪʚʠʝ, ʥʘ ʦʧʪʠʯʝʩʢʠʝ ʧʘʨʘ-

ʤʝʪʨʳ ʕʆʄ. ʅʘ ʨʠʩʫʥʢʝ 1.28 ʧʨʠʚʝʜʝʥʳ ʟʘʚʠʩʠʤʦʩʪʠ ʦʧʪʠʯʝʩʢʠʭ ʧʦʪʝʨʴ ʦʪ ʰʠʨʠʥʳ ʚʦʣ-

ʥʦʚʦʜʘ ʜʣʷ ʨʘʟʣʠʯʥʳʭ ʪʠʧʦʚ ʢʦʥʩʪʨʫʢʮʠʦʥʥʦʛʦ ʠʩʧʦʣʥʝʥʠʷ ʚʦʣʥʦʚʦʜʦʚ.  

 

ʈʠʩʫʥʦʢ 1.28 ï ɿʘʚʠʩʠʤʦʩʪʠ ʦʧʪʠʯʝʩʢʠʭ ʧʦʪʝʨʴ ʦʪ ʰʠʨʠʥʳ ʚʦʣʥʦʚʦʜʘ ʜʣʷ ʨʘʟʣʠʯʥʳʭ ʪʠ-

ʧʦʚ ʚʦʣʥʦʚʦʜʦʚ 
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ʇʨʠ ʤʘʢʩʠʤʘʣʴʥʦʤ ʫʨʦʚʥʝ ʧʦʪʝʨʴ ʩʨʝʜʠ ʚʘʨʠʘʥʪʦʚ ʢʦʥʩʪʨʫʢʮʠʡ, ʢʦʥʩʪʨʫʢʮʠʷ 

çdeep etchè ʦʙʣʘʜʘʝʪ ʥʘʠʤʝʥʴʰʝʡ ʟʘʚʠʩʠʤʦʩʪʴʶ ʦʪ ʟʥʘʯʝʥʠʷ ʰʠʨʠʥʳ. ʀʩʧʦʣʴʟʦʚʘʥʠʝ 

ʢʦʥʩʪʨʫʢʮʠʠ çshallow etchè ʦʙʝʩʧʝʯʠʚʘʝʪ ʤʠʥʠʤʘʣʴʥʳʝ ʦʧʪʠʯʝʩʢʠʝ ʧʦʪʝʨʠ, ʥʦ ʧʘʨʘʤʝʪʨʳ 

ʜʘʥʥʦʡ ʢʦʥʩʪʨʫʢʮʠʠ ʙʦʣʝʝ ʟʘʚʠʩʠʤʳ ʦʪ ʪʦʯʥʦʩʪʠ ʠʩʧʦʣʥʝʥʠʷ ʣʠʥʝʡʥʦʛʦ ʨʘʟʤʝʨʘ ʚʦʣʥʦ-

ʚʦʜʘ. 

1.1.4.1.3 ɺʣʠʷʥʠʝ ʦʪʥʦʩʠʪʝʣʴʥʦʛʦ ʧʦʣʦʞʝʥʠʷ ʤʫʣʴʪʠʢʚʘʥʪʦʚʦʡ ʷʤʳ ʤʝʞʜʫ ʢʦʥ-

ʪʘʢʪʥʳʤʠ ʩʣʦʷʤʠ  

ʆʜʥʠʤ ʠʟ ʧʫʪʝʡ ʫʤʝʥʴʰʝʥʠʷ ʪʦʣʱʠʥʳ i-ʩʣʦʷ ʙʝʟ ʫʚʝʣʠʯʝʥʠʷ ʦʧʪʠʯʝʩʢʠʭ ʧʦʪʝʨʴ 

ʷʚʣʷʝʪʩʷ ʦʪʥʦʩʠʪʝʣʴʥʦʝ ʫʤʝʥʴʰʝʥʠʝ ʨʘʩʩʪʦʷʥʠʷ ʤʝʞʜʫ ʢʦʥʪʘʢʪʥʳʤ ʩʣʦʝʤ n-ʪʠʧʘ ʧʨʦʚʦ-

ʜʠʤʦʩʪʠ ʠ MQW, ʧʨʠ ʵʪʦʤ ʨʘʩʩʪʦʷʥʠʷ ʤʝʞʜʫ ʢʦʥʪʘʢʪʥʳʤ ʩʣʦʝʤ p-ʪʠʧʘ ʧʨʦʚʦʜʠʤʦʩʪʠ ʠ 

MQW ʤʦʞʝʪ ʢʘʢ ʦʩʪʘʚʘʪʴʩʷ ʥʝʠʟʤʝʥʥʳʤ, ʪʘʢ ʠ ʫʚʝʣʠʯʠʪʴʩʷ. ʀʩʢʫʩʩʪʚʝʥʥʦ ʚʚʝʜʝʥʥʘʷ 

ʘʩʠʤʤʝʪʨʠʷ ʤʝʞʜʫ ʩʣʦʷʤʠ ʚʚʦʜʠʪʩʷ ʩ ʫʯʝʪʦʤ ʦʮʝʥʢʠ ʘʙʩʦʨʙʮʠʦʥʥʳʭ ʧʦʪʝʨʴ ʚ ʩʣʦʷʭ ʨʘʟ-

ʣʠʯʥʦʛʦ ʪʠʧʘ ʧʨʦʚʦʜʠʤʦʩʪʠ ï ʚ n-ʪʠʧʝ ʥʘ ʧʦʨʷʜʦʢ ʤʝʥʴʰʝ ʯʝʤ ʚ p-ʪʠʧʝ. ɿʘ ʩʯʝʪ ʙʘʣʘʥʩʘ 

ʨʘʟʥʠʮʳ ʤʝʞʜʫ ʘʙʩʦʨʙʮʠʦʥʥʳʤʠ ʦʧʪʠʯʝʩʢʠʤʠ ʧʦʪʝʨʷʤʠ ʠ ʫʤʝʥʴʰʝʥʠʷ ʪʦʣʱʠʥʳ i-ʩʣʦʷ 

ʜʦʙʠʚʘʶʪʩʷ ʦʧʪʠʤʠʟʘʮʠʠ ʙʘʣʘʥʩʘ ʤʝʞʜʫ ʦʙʱʠʤʠ ʧʦʪʝʨʷʤʠ ʤʦʜʫʣʷʪʦʨʘ ʠ ʟʥʘʯʝʥʠʝʤ ʧʦ-

ʣʫʚʦʣʥʦʚʦʛʦ ʥʘʧʨʷʞʝʥʠʷ. ʅʘ ʨʠʩʫʥʢʝ 1.29 ʜʣʷ ʨʘʟʣʠʯʥʳʭ ʪʠʧʦʚ ʢʦʥʩʪʨʫʢʮʠʡ ʠ ʚʠʜʦʚ ʣʝ-

ʛʠʨʦʚʘʥʠʡ ʚʦʣʥʦʚʦʜʘ ʧʨʠʚʝʜʝʥʳ ʟʘʚʠʩʠʤʦʩʪʠ ʦʧʪʠʯʝʩʢʠʭ ʧʦʪʝʨʴ ʦʪ ʩʜʚʠʛʘ ʮʝʥʪʨʘʣʴʥʦʛʦ 

ʧʦʣʦʞʝʥʠʷ ʤʫʣʴʪʠʢʚʘʥʪʦʚʦʡ ʷʤʳ ʚ i-ʩʣʦʝ ʟʘʜʘʥʥʦʡ ʠ ʧʦʩʪʦʷʥʥʦʡ ʪʦʣʱʠʥʳ. 

 

ʈʠʩʫʥʦʢ 1.29 ï ɿʘʚʠʩʠʤʦʩʪʠ ʦʧʪʠʯʝʩʢʠʭ ʧʦʪʝʨʴ ʦʪ ʩʜʚʠʛʘ ʮʝʥʪʨʘʣʴʥʦʛʦ ʧʦʣʦʞʝʥʠʷ ʤʫʣʴ-

ʪʠʢʚʘʥʪʦʚʦʡ ʷʤʳ ʚ i-ʩʣʦʝ ʜʣʷ ʨʘʟʣʠʯʥʳʭ ʪʠʧʦʚ ʚʦʣʥʦʚʦʜʦʚ 

1.1.4.1.4 ɺʣʠʷʥʠʝ ʤʦʣʴʥʦʛʦ ʩʦʩʪʘʚʘ ʤʫʣʴʪʠʢʚʘʥʪʦʚʦʡ ʷʤʳ 

ʇʨʠ ʚʳʙʦʨʝ ʤʘʪʝʨʠʘʣʘ In1-xGaxAsyP1-y ʜʣʷ MQW ʥʝʦʙʭʦʜʠʤʦ ʫʯʠʪʳʚʘʪʴ ʦʩʦʙʝʥʥʦ-

ʩʪʠ ʧʨʦʮʝʩʩʘ ʵʧʠʪʘʢʩʠʘʣʴʥʦʛʦ ʨʦʩʪʘ ï ʚʳʨʘʱʝʥʥʳʝ ʥʘʧʨʷʞʝʥʥʳʝ ʩʣʦʠ ʤʫʣʴʪʠʢʚʘʥʪʦʚʦʡ 

ʷʤʳ ʦʙʣʘʜʘʶʪ ʨʷʜʦʤ ʥʝʣʠʥʝʡʥʳʭ ʵʣʝʢʪʨʦʦʧʪʠʯʝʩʢʠʭ ʵʬʬʝʢʪʦʚ, ʩʠʣʴʥʦ ʟʘʚʠʩʷʱʠʭ ʦʪ ʢʘ-

ʯʝʩʪʚʘ ʠ ʫʤʝʥʠʷ ʠʟʛʦʪʦʚʠʪʝʣʷ. ʉʣʦʠ, ʩʦʛʣʘʩʦʚʘʥʥʳʝ ʧʦ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʨʝʰʝʪʢʝ ʩ InP, 
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ʧʦʟʚʦʣʷʶʪ ʙʦʣʝʝ ʪʦʯʥʦ ʨʘʩʩʯʠʪʘʪʴ ʠʟʤʝʥʝʥʠʝ ʢʦʵʬʬʠʮʠʝʥʪʘ ʘʙʩʦʨʙʮʠʠ ʠ ʢʦʵʬʬʠʮʠʝʥʪʘ 

ʧʨʝʣʦʤʣʝʥʠʷ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʧʨʠʣʦʞʝʥʥʦʛʦ ʟʥʘʯʝʥʠʷ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ. ʅʘ 

ʨʠʩʫʥʢʝ 1.30 ʧʨʠʚʝʜʝʥ ʧʨʠʤʝʨ ʧʦʜʦʙʥʦʛʦ ʨʘʩʯʝʪʘ.  

 

ʈʠʩʫʥʦʢ 1.30 ï ɿʘʚʠʩʠʤʦʩʪʠ ʢʦʵʬʬʠʮʠʝʥʪʘ ʘʙʩʦʨʙʮʠʠ ʠ ʢʦʵʬʬʠʮʠʝʥʪʘ ʦʪʨʘʞʝʥʠʷ ʦʪ ʜʣʠ-

ʥʳ ʚʦʣʥʳ ʜʣʷ ʨʘʟʣʠʯʥʳʭ ʟʥʘʯʝʥʠʡ ʥʘʧʨʷʞʝʥʥʦʩʪʠ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ 

ɼʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʩʦʦʪʥʦʰʝʥʠʷ ʚ ʤʦʣʴʥʦʤ ʩʦʩʪʘʚʝ ʤʝʞʜʫ ʜʦʣʷʤʠ ʩʦʛʣʘʩʦʚʘʥʥʦʛʦ ʩ 

InP ʩʣʦʷ In1-xGaxAsyP1-y ʤʦʞʝʪ ʙʳʪʴ ʠʩʧʦʣʴʟʦʚʘʥʘ ʬʦʨʤʫʣʘ [49].  

. 

ʐʠʨʠʥʘ ʤʫʣʴʪʠʢʚʘʥʪʦʚʦʡ ʷʤʳ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʤʦʣʴʥʦʛʦ ʩʦʩʪʘʚʘ ʚʣʠʷʝʪ ʥʘ ʟʥʘʯʝ-

ʥʠʝ ʬʦʪʦʣʶʤʠʥʝʩʮʝʥʮʠʠ (ʨʠʩʫʥʦʢ 1.31), ʦʧʪʠʤʠʟʘʮʠʷ ʤʦʣʴʥʦʛʦ ʩʦʩʪʘʚʘ ʧʦʟʚʦʣʷʝʪ ʧʦʣʫ-

ʯʘʪʴ ʟʘʜʘʥʥʳʝ ʠʟʤʝʥʝʥʠʷ ʢʦʵʬʬʠʮʠʝʥʪʘ ʧʨʝʣʦʤʣʝʥʠʷ ʦʪ ʜʣʠʥʳ ʚʦʣʥʳ ʠ ʦʪ ʠʟʤʝʥʝʥʠʷ ʥʘ-

ʧʨʷʞʝʥʥʦʩʪʠ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ (ʨʠʩʫʥʦʢ 1.32).  

 

ʈʠʩʫʥʦʢ 1.31 ï ɿʘʚʠʩʠʤʦʩʪʴ ʬʦʪʦʣʶʤʠʥʝʩʮʝʥʪʥʦʛʦ ʧʠʢʘ ʦʪ ʤʦʣʴʥʦʛʦ ʩʦʩʪʘʚʘ ʠ ʰʠʨʠʥʳ 

ʤʫʣʴʪʠʢʚʘʥʪʦʚʦʡ ʷʤʳ 
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ʈʠʩʫʥʦʢ 1.32 ï ɿʘʚʠʩʠʤʦʩʪʠ ʢʦʵʬʬʠʮʠʝʥʪʘ ʦʪʨʘʞʝʥʠʷ ʦʪ ʜʣʠʥʳ ʚʦʣʥʳ ʠ ʥʘʧʨʷʞʝʥʥʦʩʪʠ 

ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ 

ʆʧʨʝʜʝʣʝʥʠʝ ʟʘʜʘʥʥʦʛʦ ʤʦʣʴʥʦʛʦ ʩʦʩʪʘʚʘ MQW ʠʩʧʦʣʴʟʫʶʪ ʜʣʷ ʦʧʪʠʤʠʟʘʮʠʠ ʟʥʘ-

ʯʝʥʠʷ ʧʦʣʫʚʦʣʥʦʚʦʛʦ ʥʘʧʨʷʞʝʥʠʷ ʠ ʜʠʘʧʘʟʦʥʘ ʨʘʙʦʯʠʭ ʜʣʠʥ ʚʦʣʥ ʕʆʄ. 

1.1.4.4 ʕʆʄ ʥʘ ʦʩʥʦʚʝ ʢʨʝʤʥʠʷ  

ʆʜʥʦ ʠʟ ʥʘʧʨʘʚʣʝʥʠʡ ʨʘʟʚʠʪʠʷ ʨʳʥʢʘ ʨʘʜʠʦʬʦʪʦʥʥʳʭ ʢʦʤʧʦʥʝʥʪʦʚ ï ʢʨʝʤʥʠʝʚʘʷ 

ʬʦʪʦʥʠʢʘ. ʆʩʥʦʚʥʘʷ ʧʨʝʠʤʫʱʝʩʪʚʦ ʢʨʝʤʥʠʝʚʦʡ ʬʦʪʦʥʠʢʠ - ʵʪʦ ʩʧʦʩʦʙʥʦʩʪʴ ʠʟʛʦʪʘʚʣʠʚʘʪʴ 

ʥʘ ʛʠʛʘʥʪʩʢʠʭ ʬʘʙʨʠʢʘʭ ʠʟʜʝʣʠʷ ʚ ʦʛʨʦʤʥʳʭ ʦʙʲʝʤʘʭ ʧʦ ʥʠʟʢʦʡ ʮʝʥʝ, ʯʪʦ ʤʦʞʝʪ ʷʚʣʷʪʴʩʷ 

ʢʣʶʯʝʚʳʤ ʬʘʢʪʦʨʦʤ ʜʣʷ ʦʙʝʩʧʝʯʝʥʠʷ ʪʝʣʝʢʦʤʤʫʥʠʢʘʮʠʦʥʥʦʡ ʦʪʨʘʩʣʠ ʢʦʤʧʦʥʝʥʪʘʤʠ 

DWDM-ʩʠʩʪʝʤ. 

ʆʜʥʘʢʦ ʫ ʢʨʝʤʥʠʷ, ʢʘʢ ʫ ʤʘʪʝʨʠʘʣʘ ʜʣʷ ʬʦʪʦʥʠʢʠ, ʩʫʱʝʩʪʚʫʝʪ ʟʥʘʯʠʪʝʣʴʥʦʝ ʢʦʣʠ-

ʯʝʩʪʚʦ ʥʝʜʦʩʪʘʪʢʦʚ, ʦʛʨʘʥʠʯʠʚʘʶʱʝʝ ʝʛʦ ʧʨʠʤʝʥʝʥʠʝ ʚ ʨʘʟʨʘʙʦʪʢʝ ʠ ʧʨʦʠʟʚʦʜʩʪʚʫ ʦʧʪʦ-

ʵʣʝʢʪʨʦʥʥʳʭ ʤʠʢʨʦʩʭʝʤ. ʂ ʥʠʤ ʦʪʥʦʩʷʪʩʷ: ʥʝʜʦʩʪʘʪʦʯʥʦ ʦʪʨʘʙʦʪʘʥʥʘʷ ʪʝʭʥʦʣʦʛʠʷ, ʪʦʣʴʢʦ 

ʦʜʠʥ ʧʦʩʪʘʚʱʠʢ, ʧʨʠʤʝʥʝʥʠʝ ʦʛʨʘʥʠʯʠʚʘʝʪʩʷ ʪʦʣʴʢʦ ʩʠʩʪʝʤʘʤʠ ʧʝʨʝʜʘʯʠ ʜʘʥʥʳʭ, ʦʯʝʥʴ 

ʚʳʩʦʢʠʡ ʫʨʦʚʝʥʴ ʧʦʪʝʨʠ ʩʠʛʥʘʣʘ. ʂ ʧʨʝʠʤʫʱʝʩʪʚʘʤ ʦʪʥʦʩʷʪʩʷ ʦʯʝʥʴ ʤʘʣʳʝ ʨʘʟʤʝʨʳ. 

1.1.5 ʂʦʥʩʪʨʫʢʮʠʠ ʨʘʜʠʦʬʦʪʦʥʥʳʭ ʤʦʜʫʣʝʡ ʠ ʪʝʥʜʝʥʮʠʠ ʠʭ ʨʘʟʚʠʪʠʷ 

ʈʘʜʠʦʬʦʪʦʥʥʳʝ ʤʦʜʫʣʠ ʕʆʄ, ʫʩʣʦʚʥʦ ʤʦʞʥʦ ʨʘʟʜʝʣʠʪʴ ʥʘ ʜʚʘ ʢʣʘʩʩʘ:  

- ʩ ʤʦʥʪʘʞʦʤ ʤʦʜʫʣʝʡ ʥʘ ʧʝʯʘʪʥʳʝ ʧʣʘʪʳ (ʚ ʚʠʜʝ ʨʘʜʠʦʬʦʪʦʥʥʳʭ ʢʦʤʧʦʥʝʥʪʦʚ); 

- ʙʝʟ ʤʦʥʪʘʞʘ.  

ʅʝʟʘʚʠʩʠʤʦ ʦʪ ʢʣʘʩʩʘ, ʚʥʫʪʨʠ ʤʦʜʫʣʴ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʣʠʙʦ ʛʠʙʨʠʜʥʫʶ ʤʠʢʨʦ-

ʩʙʦʨʢʫ ʧʘʩʩʠʚʥʳʭ ʠ ʘʢʪʠʚʥʳʭ ʵʣʝʤʝʥʪʦʚ [50], ʣʠʙʦ ʩʦʜʝʨʞʠʪ ʨʘʜʠʦʬʦʪʦʥʥʫʶ ʠʥʪʝʛʨʘʣʴ-

ʥʫʶ ʤʠʢʨʦʩʭʝʤʫ. 
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ɺ ʩʣʫʯʘʝ ʤʦʜʫʣʝʡ ʕʆʄ ʜʣʷ ʚʦʣʦʢʦʥʥʦ-ʦʧʪʠʯʝʩʢʠʭ ʩʠʩʪʝʤ ʰʠʨʦʢʦʧʦʣʦʩʥʦʡ ʩʚʷʟʠ 

ʧʦʢʦʣʝʥʠʷ ʚʳʰʝ 25G, ʧʨʝʜʥʘʟʥʘʯʝʥʥʳʭ ʧʦʜ ʤʦʥʪʘʞ ʤʝʪʦʜʦʤ ʧʘʡʢʠ, ʦʙʱʝʧʨʠʥʷʪʦ ʠʩʧʦʣʴ-

ʟʦʚʘʥʠʝ ʤʝʪʘʣʣʦʢʝʨʘʤʠʯʝʩʢʠʭ ʤʦʜʫʣʝʡ ʩ ʙʦʣʴʰʠʤ ʢʦʣʠʯʝʩʪʚʦʤ ʚʳʚʦʜʦʚ. ʅʝʩʤʦʪʨʷ ʥʘ ʧʦ-

ʧʳʪʢʠ ʧʨʦʠʟʚʦʜʠʪʝʣʝʡ ʤʦʜʫʣʝʡ ʞʝʩʪʢʦ ʩʪʘʥʜʘʨʪʠʟʠʨʦʚʘʪʴ ʤʦʜʫʣʠ ʧʦ ʛʘʙʘʨʠʪʥʳʤ ʨʘʟʤʝ-

ʨʘʤ, ʧʦ ʧʦʣʦʞʝʥʠʶ ʠ ʢʦʣʠʯʝʩʪʚʘʤ ʚʳʚʦʜʦʚ, ʙʦʣʴʰʠʥʩʪʚʦ ʧʨʦʠʟʚʦʜʠʪʝʣʝʡ ʨʘʜʠʦʬʦʪʦʥʠʢʠ 

ʟʘʢʘʟʳʚʘʶʪ ʤʦʜʫʣʠ ʧʦ ʩʚʦʝʡ ʢʦʥʩʪʨʫʢʪʦʨʩʢʦʡ ʜʦʢʫʤʝʥʪʘʮʠʠ. ʄʦʜʝʣʠʨʦʚʘʥʠʝ ʩʦʙʩʪʚʝʥ-

ʥʳʭ ʤʦʜʫʣʝʡ ʧʦʟʚʦʣʷʝʪ ʙʦʣʝʝ ʵʬʬʝʢʪʠʚʥʦ ʫʯʝʩʪʴ ʧʘʨʘʟʠʪʥʳʝ ʧʘʨʘʤʝʪʨʳ ʤʠʢʨʦʩʙʦʨʢʠ 

(ʠʣʠ ʤʠʢʨʦʩʭʝʤʳ) ʠ ʤʦʜʫʣʷ, ʯʪʦ ʢʨʘʡʥʝ ʚʘʞʥʦ ʧʨʠ ʨʘʟʨʘʙʦʪʢʝ ʠ ʩʦʟʜʘʥʠʠ ʰʠʨʦʢʦʧʦʣʦʩ-

ʥʳʭ ʚʳʩʦʢʦʯʘʩʪʦʪʥʳʭ ʢʦʤʧʦʥʝʥʪʦʚ ʨʘʜʠʦʬʦʪʦʥʠʢʠ ʚ ʮʝʣʦʤ, ʠ ʵʣʝʢʪʨʦʦʧʪʠʯʝʩʢʠʭ ʤʦʜʫ-

ʣʷʪʦʨʦʚ ʚ ʯʘʩʪʥʦʩʪʠ [51].  

ʊʠʧʠʯʥʳʝ ʚʠʜʳ ʤʝʪʘʣʣʦʢʝʨʘʤʠʯʝʩʢʠʭ ʢʦʨʧʫʩʦʚ ʜʣʷ ʨʘʜʠʦʬʦʪʦʥʥʳʭ ʤʦʜʫʣʝʡ ʢʦʤ-

ʧʘʥʠʠ Kyocera ʧʨʠʚʝʜʝʥʳ ʥʘ ʨʠʩʫʥʢʝ 1.33 [52].  

 

ʈʠʩʫʥʦʢ 1.33 ï ʂʦʨʧʫʩʘ ʧʦʜ ʤʦʥʪʘʞ ʜʣʷ ʨʘʜʠʦʬʦʪʦʥʥʳʭ ʢʦʤʧʦʥʝʥʪʦʚ ʢʦʤʧʘʥʠʠ Kyocera 

 

ʅʘ ʨʠʩʫʥʢʝ 1.34 ʧʨʠʚʝʜʝʥ ʧʨʠʤʝʨ ʤʦʥʪʘʞʘ ʨʘʜʠʦʬʦʪʦʥʥʦʛʦ ʤʦʜʫʣʷ ʪʠʧʘ çʙʘʙʦʯʢʘè 

ʚ ʧʣʘʪʫ. 
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ʈʠʩʫʥʦʢ 1.34 ï ʈʘʜʠʦʬʦʪʦʥʥʳʡ ʤʦʜʫʣʴ, ʩʤʦʥʪʠʨʦʚʘʥʥʳʡ ʚ ʧʝʯʘʪʥʫʶ ʧʣʘʪʫ 

 

ʄʦʜʫʣʠ, ʥʝ ʧʨʝʜʥʘʟʥʘʯʝʥʥʳʝ ʧʦʜ ʤʦʥʪʘʞ, ʦʪʣʠʯʘʶʪʩʷ ʪʠʧʘʤʠ ʨʘʟʲʝʤʦʚ, ʚʳʙʨʘʥ-

ʥʳʭ ʜʣʷ ʫʜʦʙʩʪʚʘ ʧʦʜʢʣʶʯʝʥʠʷ ʵʣʝʢʪʨʠʯʝʩʢʠʭ ʩʠʛʥʘʣʦʚ. ʅʘʠʙʦʣʝʝ ʢʨʠʪʠʯʥʳʤ ʪʠʧʦʤ 

ʨʘʟʲʝʤʦʚ ʷʚʣʷʝʪʩʷ ʉɺʏ ʨʘʟʲʝʤ, ʦʛʨʘʥʠʯʠʚʘʶʱʠʡ ʯʘʩʪʦʪʥʳʝ ʚʦʟʤʦʞʥʦʩʪʠ ʕʆʄ. 

ʉ ʪʦʯʢʠ ʟʨʝʥʠʷ ʪʠʧʦʚ ʠ ʛʘʙʘʨʠʪʦʚ ʤʦʜʫʣʝʡ, ʥʝ ʧʨʝʜʥʘʟʥʘʯʝʥʥʳʭ ʧʦʜ ʤʦʥʪʘʞ, ʠʭ 

ʩʪʘʥʜʘʨʪʠʟʘʮʠʷ ʥʘʯʘʣʘʩʴ ʙʦʣʝʝ 15 ʣʝʪ ʥʘʟʘʜ. ʆʩʥʦʚʥʳʝ ʪʠʧʳ ʩʪʘʥʜʘʨʪʥʳʭ ʢʦʥʩʪʨʫʢʮʠʡ 

ʧʨʠʚʝʜʝʥʳ ʥʘ ʨʠʩʫʥʢʝ 1.35. ʆʩʥʦʚʥʦʝ ʦʪʣʠʯʠʝ ʤʦʜʫʣʝʡ ʜʨʫʛ ʦʪ ʜʨʫʛʘ ï ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʝ 

ʫʤʝʥʴʰʝʥʠʝ ʛʘʙʘʨʠʪʥʳʭ ʨʘʟʤʝʨʦʚ ʩ ʦʜʥʦʚʨʝʤʝʥʥʳʤ ʫʣʫʯʰʝʥʠʝʤ ʬʫʥʢʮʠʦʥʘʣʴʥʳʭ ʧʘʨʘ-

ʤʝʪʨʦʚ [53]. 

 

ʈʠʩʫʥʦʢ 1.35 ï ʊʠʧʳ ʩʪʘʥʜʘʨʪʥʳʭ ʤʦʜʫʣʝʡ 

ʆʩʥʦʚʥʘʷ ʪʝʥʜʝʥʮʠʷ ʨʘʟʚʠʪʠʷ ʨʘʜʠʦʬʦʪʦʥʥʳʭ ʤʦʜʫʣʝʡ ï ʧʦʩʪʦʷʥʥʘʷ ʤʠʥʠʘʪʶʨʠ-

ʟʘʮʠʷ ʠʟʜʝʣʠʡ (ʨʠʩʫʥʦʢ 1.36). ɺ ʧʝʨʚʫʶ ʦʯʝʨʝʜʴ ʵʪʦ ʩʚʷʟʘʥʦ ʩ ʚʦʟʨʦʩʰʠʤʠ ʪʨʝʙʦʚʘʥʠʷʤʠ 

ʧʦ ʯʘʩʪʦʪʥʳʤ ʧʘʨʘʤʝʪʨʘʤ ʠ ʫʚʝʣʠʯʝʥʠʶ ʢʦʣʠʯʝʩʪʚʫ ʤʦʜʫʣʝʡ ʚ ʢʦʥʝʯʥʦʡ ʘʧʧʘʨʘʪʫʨʝ, ʢ 

ʧʨʠʤʝʨʫ, ʚ ʮʝʥʪʨʘʭ ʦʙʨʘʙʦʪʢʠ ʜʘʥʥʳʭ [54]. 
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ʈʠʩʫʥʦʢ 1.36 ï ʊʝʥʜʝʥʮʠʷ ʨʘʟʚʠʪʠʷ ʨʘʜʠʦʬʦʪʦʥʥʳʭ ʤʦʜʫʣʝʡ 

 

ʉʣʝʜʫʝʪ ʚʳʜʝʣʠʪʴ ʦʙʱʠʝ ʪʝʥʜʝʥʮʠʠ ʨʘʟʚʠʪʠʷ ʪʝʭʥʠʯʝʩʢʦʛʦ ʫʨʦʚʥʷ ʨʘʜʠʦʬʦʪʦʥʥʳʭ 

ʤʦʜʫʣʝʡ, ʘ ʪʘʢʞʝ ʬʘʢʪʦʨʳ, ʥʝʧʨʝʨʳʚʥʦ ʧʦʜʚʝʨʛʘʶʱʠʝʩʷ ʫʣʫʯʰʝʥʠʶ [55]:  

ï ʬʠʟʠʯʝʩʢʠʝ ʨʘʟʤʝʨʳ;  

ï ʛʝʨʤʝʪʠʯʥʦʩʪʴ;  

ï ʢʦʤʧʣʝʢʩʥʦʝ ʧʨʦʝʢʪʠʨʦʚʘʥʠʝ ʚʩʝʭ ʵʣʝʤʝʥʪʦʚ, ʚʭʦʜʷʱʠʭ ʚ ʤʦʜʫʣʴ;  

ï ʬʠʟʠʯʝʩʢʘʷ ʧʣʦʪʥʦʩʪʴ ʢʦʤʧʦʥʝʥʪʦʚ;  

ï 3D ʠʥʪʝʛʨʘʮʠʷ ʧʨʠ ʢʦʨʧʫʩʠʨʦʚʘʥʠʠ;  

ï ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʥʦʚʳʭ ʢʦʤʧʦʟʠʪʥʳʭ ʠ ʥʘʥʦʤʘʪʝʨʠʘʣʦʚ;  

ï ʪʝʧʣʦʚʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ;  

ï ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʤʝʭʘʥʠʯʝʩʢʠʭ ʥʘʧʨʷʞʝʥʠʡ;  

ï ʵʢʦʣʦʛʠʯʝʩʢʘʷ ʩʦʚʤʝʩʪʠʤʦʩʪʴ;  

ï ʵʥʝʨʛʝʪʠʯʝʩʢʘʷ ʵʢʦʥʦʤʠʷ;  

ï ʥʘʜʝʞʥʦʩʪʴ ʚ ʨʘʙʦʪʝ ʧʨʠ ʟʥʘʯʠʪʝʣʴʥʳʭ ʫʨʦʚʥʷʭ ʚʥʝʰʥʠʭ ʚʦʟʜʝʡʩʪʚʫʶʱʠʭ ʬʘʢ-

ʪʦʨʦʚ;  

ï ʚʳʭʦʜ ʛʦʜʥʳʭ ʠʟʜʝʣʠʡ ʠ ʩʝʙʝʩʪʦʠʤʦʩʪʴ. 

1.2 ʀʥʪʝʛʨʘʣʴʥʳʝ ʩʭʝʤʳ ʥʘ ʦʩʥʦʚʝ ɸ3ɺ5 ʩ ʥʦʨʤʘʤʠ ʦʪ 250-180 ʥʤ ʜʦ 

65-45 ʥʤ 

ʇʦʜʛʦʪʦʚʢʘ ʜʘʥʥʦʛʦ ʧʦʜʨʘʟʜʝʣʘ ʚʳʟʚʘʥʘ ʥʝʩʢʦʣʴʢʠʤʠ ʧʨʠʯʠʥʘʤʠ. ʇʝʨʚʘʷ ʠʟ ʥʠʭ 

ʩʦʩʪʦʠʪ ʚ ʪʦʤ, ʯʪʦ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʡ ʩʝʢʪʦʨ ʎʂʇ ʩ 2010 ʛ. ʧʨʠʥʠʤʘʣ ʫʯʘʩʪʠʝ ʚ ʧʨʦʚʝʜʝʥʠʠ 
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ʅʀʆʂʊʈ ʧʦ 218 ʧʦʩʪʘʥʦʚʣʝʥʠʶ ʧʨʘʚʠʪʝʣʴʩʪʚʘ ʈʌ ʩʦʚʤʝʩʪʥʦ ʩ ʠʥʜʫʩʪʨʠʘʣʴʥʳʤ ʧʘʨʪʥʝ-

ʨʦʤ ɸʆ çʅʇʌ çʄʠʢʨʘʥè. ʅʝʦʙʭʦʜʠʤʦʩʪʴ ʠʟʤʝʨʝʥʠʡ ʧʘʨʘʤʝʪʨʦʚ ʪʨʘʥʟʠʩʪʦʨʦʚ, ʜʠʦʜʦʚ 

ʉɺʏ ʠ ʤʦʥʦʣʠʪʥʳʭ ʠʥʪʝʛʨʘʣʴʥʳʭ ʩʭʝʤ, ʧʨʦʝʢʪʠʨʦʚʘʥʠʝ ʠ ʠʟʛʦʪʦʚʣʝʥʠʝ ʢʦʪʦʨʳʭ ʧʨʦʚʦ-

ʜʠʣʦʩʴ ʚ ʨʘʤʢʘʭ ʅʀʆʂʊʈ, ʩʪʠʤʫʣʠʨʦʚʘʣʠ ʨʘʟʚʠʪʠʝ ʫʯʘʩʪʢʘ ʠʟʤʝʨʝʥʠʡ ʜʦ ʩʦʚʨʝʤʝʥʥʦʛʦ 

ʫʨʦʚʥʷ. ʇʝʨʚʳʝ ʨʘʙʦʪʳ ʧʦ ʩʦʟʜʘʥʠʶ ʄʀʉ ʙʳʣʠ ʧʨʦʚʝʜʝʥʳ ʥʘ ʛʝʪʝʨʦʩʪʨʫʢʪʫʨʘʭ GaAs. 

ɿʘʪʝʤ ʚ ʨʘʙʦʪʳ ʙʳʣʠ ʚʢʣʶʯʝʥʳ ʨʘʟʨʘʙʦʪʢʠ ʥʘ ʦʩʥʦʚʝ GaN. ʇʦ ʤʝʨʝ ʨʘʟʚʠʪʠʷ ʢʦʤʧʝʪʝʥʮʠʡ 

ʩʦʪʨʫʜʥʠʢʦʚ, ʚ ʪʦʤ ʯʠʩʣʝ ʯʝʨʝʟ ʦʧʝʨʝʞʘʶʱʫʶ ʧʦʜʛʦʪʦʚʢʫ ʚ 2010-2011 ʛʦʜʘʭ ʩʧʝʮʠʘʣʠ-

ʩʪʦʚ ʚ ʦʙʣʘʩʪʠ ʥʘʥʦʛʝʪʝʨʦʩʪʨʫʢʪʫʨʥʦʡ ʵʣʝʢʪʨʦʥʠʢʠ ʧʦ ʧʨʦʝʢʪʫ ʌʦʥʜʘ ʠʥʬʨʘʩʪʫʢʪʫʨʥʳʭ ʠ 

ʦʙʨʘʟʦʚʘʪʝʣʴʥʳʭ ʧʨʦʛʨʘʤʤ ʈʆʉʅɸʅʆ, ʙʳʣ ʧʦʩʪʘʚʣʝʥ ʚʦʧʨʦʩ ʦ ʥʘʯʘʣʝ ʨʘʙʦʪ ʧʦ ʜʨʫʛʠʤ 

ʤʘʪʝʨʠʘʣʘʤ, ʚ ʯʘʩʪʥʦʩʪʠ, SiGe, Si.  

ʇʦʜʨʘʟʜʝʣ ʧʦʩʪʨʦʝʥ ʪʘʢʠʤ ʦʙʨʘʟʦʤ, ʯʪʦʙʳ ʧʨʠʚʦʜʠʤʳʝ ʤʘʪʝʨʠʘʣʳ ʤʦʛʣʠ ʚʦʩʧʨʠ-

ʥʷʪʴ ʩʪʫʜʝʥʪʳ, ʘʩʧʠʨʘʥʪʳ ʠ ʤʦʣʦʜʳʝ ʩʧʝʮʠʘʣʠʩʪʳ, ʧʨʠʩʪʫʧʘʶʱʠʝ ʢ ʨʘʙʦʪʘʤ ʚ ʦʙʣʘʩʪʠ 

ʧʨʦʝʢʪʠʨʦʚʘʥʠʷ ʠ ʠʟʛʦʪʦʚʣʝʥʠʷ ʠʥʪʝʛʨʘʣʴʥʳʭ ʩʭʝʤ ʨʘʟʥʦʡ ʩʧʝʮʠʘʣʠʟʘʮʠʠ ʧʨʝʜʰʝʩʪʚʦ-

ʚʘʚʰʝʡ ʧʦʜʛʦʪʦʚʢʠ. ʊʝʤ ʥʝ ʤʝʥʝʝ, ʤʳ ʧʦʩʪʘʨʘʣʠʩʴ ʚʳʜʝʨʞʘʪʴ ʥʘʧʨʘʚʣʝʥʥʦʩʪʴ ʦʙʟʦʨʘ ʥʘ 

ʦʮʝʥʢʫ ʧʝʨʩʧʝʢʪʠʚ ʦʪʢʣʠʢʘ ʎʂʇ ʥʘ ʨʝʘʣʴʥʳʝ ʟʘʧʨʦʩʳ ʟʘʢʘʟʯʠʢʦʚ, ʢʘʢ ʯʝʨʝʟ ʟʘʢʣʶʯʝʥʠʝ 

ʜʦʛʦʚʦʨʦʚ ʩ ʙʘʟʦʚʦʡ ʦʨʛʘʥʠʟʘʮʠʝʡ, ʪʘʢ ʠ ʯʝʨʝʟ ʧʨʷʤʳʝ ʦʙʨʘʱʝʥʠʷ.  

ʋʩʣʦʞʥʝʥʠʝ ʵʣʝʢʪʨʦʥʥʦʡ ʘʧʧʘʨʘʪʫʨʳ, ʚʳʩʦʢʘʷ ʪʨʫʜʦʝʤʢʦʩʪʴ ʦʧʝʨʘʮʠʡ ʧʦ ʫʩʪʘʥʦʚ-

ʢʝ ʠ ʵʣʝʢʪʨʠʯʝʩʢʦʤʫ ʤʦʥʪʘʞʫ ʜʠʩʢʨʝʪʥʳʭ ʵʣʝʤʝʥʪʦʚ ʦʙʫʩʣʦʚʠʣʠ ʥʝʦʙʭʦʜʠʤʦʩʪʴ ʠʩʧʦʣʴ-

ʟʦʚʘʥʠʷ ʬʫʥʢʮʠʦʥʘʣʴʥʦ ʟʘʢʦʥʯʝʥʥʳʭ ʵʣʝʢʪʨʦʥʥʳʭ ʫʟʣʦʚ, ʠʟʛʦʪʦʚʣʝʥʠʝ ʢʦʪʦʨʳʭ ʙʳʣʦ ʙʳ 

ʘʚʪʦʤʘʪʠʟʠʨʦʚʘʥʥʳʤ ï ʠʥʪʝʛʨʘʣʴʥʳʭ ʤʠʢʨʦʩʭʝʤ, ʚʳʧʦʣʥʷʶʱʠʭ ʬʫʥʢʮʠʠ ʧʨʝʦʙʨʘʟʦʚʘ-

ʥʠʷ, ʭʨʘʥʝʥʠʷ, ʦʙʨʘʙʦʪʢʠ, ʧʝʨʝʜʘʯʠ ʠ ʧʨʠʝʤʘ ʠʥʬʦʨʤʘʮʠʠ ʠ ʦʧʨʝʜʝʣʷʶʱʠʭ ʪʘʢʪʠʢʦ-

ʪʝʭʥʠʯʝʩʢʠʝ, ʢʦʥʩʪʨʫʢʪʠʚʥʦ-ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʝ, ʵʢʩʧʣʫʘʪʘʮʠʦʥʥʳʝ ʠ ʵʢʦʥʦʤʠʯʝʩʢʠʝ ʭʘʨʘʢ-

ʪʝʨʠʩʪʠʢʠ ʕɺʄ.  

ʀʥʪʝʛʨʘʣʴʥʦʡ ʤʠʢʨʦʩʭʝʤʦʡ (ʀʄʉ) ʥʘʟʳʚʘʶʪ ʬʫʥʢʮʠʦʥʘʣʴʥʦ ʟʘʢʦʥʯʝʥʥʳʡ ʵʣʝʢ-

ʪʨʦʥʥʳʡ ʫʟʝʣ, ʵʣʝʤʝʥʪʳ ʠ ʩʦʝʜʠʥʝʥʠʷ ʚ ʢʦʪʦʨʦʤ ʢʦʥʩʪʨʫʢʪʠʚʥʦ ʥʝʨʘʟʜʝʣʠʤʳ ʠ ʠʟʛʦʪʦʚ-

ʣʝʥʳ ʦʜʥʦʚʨʝʤʝʥʥʦ ʚ ʝʜʠʥʦʤ ʪʝʭʥʦʣʦʛʠʯʝʩʢʦʤ ʧʨʦʮʝʩʩʝ. 

ʇʦ ʢʦʥʩʪʨʫʢʪʠʚʥʦ-ʪʝʭʥʦʣʦʛʠʯʝʩʢʦʤʫ ʠʩʧʦʣʥʝʥʠʶ ʀʄʉ ʜʝʣʷʪʩʷ ʥʘ ʧʦʣʫʧʨʦʚʦʜʥʠ-

ʢʦʚʳʝ ʠ ʛʠʙʨʠʜʥʦ-ʧʣʝʥʦʯʥʳʝ. 

ʇʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʝ ʀʄʉ ʠʤʝʶʪ ʚ ʩʚʦʝʡ ʦʩʥʦʚʝ ʢʨʠʩʪʘʣʣ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʦʛʦ ʤʘ-

ʪʝʨʠʘʣʘ, ʚ ʧʦʚʝʨʭʥʦʩʪʥʦʤ ʩʣʦʝ ʢʦʪʦʨʦʛʦ (ʧʫʪʝʤ ʚʥʝʜʨʝʥʠʷ ʘʪʦʤʦʚ ʧʨʠʤʝʩʠ) ʩʦʟʜʘʶʪʩʷ ʚʩʝ 

ʵʣʝʤʝʥʪʳ ʀʄʉ ï ʪʨʘʥʟʠʩʪʦʨʳ, ʜʠʦʜʳ, ʨʝʟʠʩʪʦʨʳ, ʢʦʥʜʝʥʩʘʪʦʨʳ, ʘ ʩʦʝʜʠʥʝʥʠʷ ʤʝʞʜʫ ʥʠ-

ʤʠ ʚʳʧʦʣʥʷʶʪʩʷ ʧʦ ʧʦʚʝʨʭʥʦʩʪʠ ʢʨʠʩʪʘʣʣʘ ʪʦʥʢʦʧʣʝʥʦʯʥʦʡ ʪʝʭʥʦʣʦʛʠʝʡ. 

ʇʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʝ ʀʄʉ ʤʦʛʫʪ ʙʳʪʴ: 

- ʦʜʥʦʢʨʠʩʪʘʣʴʥʳʤʠ (ʤʦʥʦʣʠʪʥʳʤʠ); 
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- ʤʥʦʛʦʢʨʠʩʪʘʣʴʥʳʤʠ (ʤʠʢʨʦʩʙʦʨʢʠ). 

ʆʜʥʦʢʨʠʩʪʘʣʴʥʳʝ ʀʄʉ ʚʳʧʦʣʥʝʥʳ ʥʘ ʦʜʥʦʤ ʢʨʠʩʪʘʣʣʝ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʦʛʦ ʤʘ-

ʪʝʨʠʘʣʘ, ʤʦʛʫʪ ʠʤʝʪʴ ʠʥʜʠʚʠʜʫʘʣʴʥʳʡ ʢʦʨʧʫʩ ʩ ʚʥʝʰʥʠʤʠ ʚʳʚʦʜʘʤʠ ʜʣʷ ʤʦʥʪʘʞʘ ʥʘ ʧʝ-

ʯʘʪʥʦʡ ʧʣʘʪʝ, ʘ ʤʦʛʫʪ ʙʳʪʴ ʙʝʩʢʦʨʧʫʩʥʳʤʠ ʠ ʚʭʦʜʠʪʴ ʚ ʩʦʩʪʘʚ ʤʠʢʨʦʩʙʦʨʦʢ. 

ʄʠʢʨʦʩʙʦʨʢʘ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʩʦʚʦʢʫʧʥʦʩʪʴ ʙʝʩʢʦʨʧʫʩʥʳʭ ʤʠʢʨʦʩʭʝʤ, ʩʤʦʥʪʠ-

ʨʦʚʘʥʥʳʭ ʥʘ ʦʙʱʝʡ ʢʦʤʤʫʪʘʮʠʦʥʥʦʡ ʧʣʘʪʝ. ʊʘʢʞʝ ʚ ʢʘʯʝʩʪʚʝ ʢʦʤʧʦʥʝʥʪʦʚ ʚ ʤʠʢʨʦʩʙʦʨʢʝ 

ʤʦʛʫʪ ʧʨʠʩʫʪʩʪʚʦʚʘʪʴ ʙʝʩʢʦʨʧʫʩʥʳʝ ʵʣʝʢʪʨʦʨʘʜʠʦʵʣʝʤʝʥʪʳ. 

ɻʠʙʨʠʜʥʦ-ʧʣʝʥʦʯʥʳʝ ʀʄʉ ʩʦʩʪʦʷʪ ʠʟ ʧʣʝʥʦʯʥʳʭ ʧʘʩʩʠʚʥʳʭ ʵʣʝʤʝʥʪʦʚ (ʨʝʟʠʩʪʦ-

ʨʦʚ, ʢʦʥʜʝʥʩʘʪʦʨʦʚ ʠ ʪ.ʧ.), ʙʝʩʢʦʨʧʫʩʥʳʭ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʭ ʢʨʠʩʪʘʣʣʦʚ (ʪʨʘʥʟʠʩʪʦʨʦʚ, 

ʜʠʦʜʦʚ, ʀʄʉ) ʠ ʢʦʤʤʫʪʘʮʠʦʥʥʳʭ ʧʨʦʚʦʜʥʠʢʦʚ, ʩʦʙʨʘʥʥʳʭ ʥʘ ʧʦʜʣʦʞʢʫ ʠʟ ʠʟʦʣʷʮʠʦʥʥʦ-

ʛʦ ʤʘʪʝʨʠʘʣʘ. 

ʏʠʩʣʦ ʵʣʝʤʝʥʪʦʚ ʚ ʀʄʉ ʭʘʨʘʢʪʝʨʠʟʫʝʪ ʝʝ ʩʪʝʧʝʥʴ ʠʥʪʝʛʨʘʮʠʠ. ʇʦ ʵʪʦʤʫ ʧʘʨʘʤʝʪʨʫ 

ʚʩʝ ʤʠʢʨʦʩʭʝʤʳ ʫʩʣʦʚʥʦ ʜʝʣʷʪ ʥʘ ʤʘʣʳʝ (ʄʀʉ - ʜʦ 10
2 
ʵʣʝʤʝʥʪʦʚ ʥʘ ʢʨʠʩʪʘʣʣ), ʩʨʝʜʥʠʝ 

(ʉʀʉ - ʜʦ 10
3
), ʙʦʣʴʰʠʝ (ɹʀʉ - ʜʦ 10

4
), ʩʚʝʨʭʙʦʣʴʰʠʝ (ʉɹʀʉ - ʜʦ 10

6
), ʫʣʴʪʨʘʙʦʣʴʰʠʝ 

(ʋɹʀʉ - ʜʦ 10
9
) ʠ ʛʠʛʘʙʦʣʴʰʠʝ (ɻɹʀʉ - ʙʦʣʝʝ 10

9
 ʵʣʝʤʝʥʪʦʚ ʥʘ ʢʨʠʩʪʘʣʣ). 

ʅʘʠʙʦʣʝʝ ʚʳʩʦʢʦʡ ʩʪʝʧʝʥʴʶ ʠʥʪʝʛʨʘʮʠʠ ʦʙʣʘʜʘʶʪ ʮʠʬʨʦʚʳʝ ʀʄʉ ʩ ʨʝʛʫʣʷʨʥʦʡ 

ʩʪʨʫʢʪʫʨʦʡ: ʩʭʝʤʳ ʜʠʥʘʤʠʯʝʩʢʦʡ ʠ ʩʪʘʪʠʯʝʩʢʦʡ ʧʘʤʷʪʠ, ʧʦʩʪʦʷʥʥʳʝ ʠ ʧʝʨʝʧʨʦʛʨʘʤʤʠ-

ʨʫʝʤʳʝ ʟʘʧʦʤʠʥʘʶʱʠʝ ʫʩʪʨʦʡʩʪʚʘ. ʕʪʦ ʩʚʷʟʘʥʦ ʩ ʪʝʤ, ʯʪʦ ʚ ʪʘʢʠʭ ʩʭʝʤʘʭ ʜʦʣʷ ʫʯʘʩʪʢʦʚ 

ʧʦʚʝʨʭʥʦʩʪʠ ʀʄʉ, ʧʨʠʭʦʜʷʱʘʷʩʷ ʥʘ ʤʝʞʩʦʝʜʠʥʝʥʠʷ, ʩʫʱʝʩʪʚʝʥʥʦ ʤʝʥʴʰʝ, ʯʝʤ ʚ ʩʭʝʤʘʭ 

ʩ ʥʝʨʝʛʫʣʷʨʥʦʡ ʩʪʨʫʢʪʫʨʦʡ. 

ɺ ʢʘʯʝʩʪʚʝ ʘʢʪʠʚʥʳʭ ʵʣʝʤʝʥʪʦʚ ʚ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʭ ʀʄʉ ʚ ʚʳʯʠʩʣʠʪʝʣʴʥʦʡ ʪʝʭ-

ʥʠʢʝ ʯʘʱʝ ʚʩʝʛʦ ʠʩʧʦʣʴʟʫʶʪ ʫʥʠʧʦʣʷʨʥʳʝ (ʧʦʣʝʚʳʝ) ʪʨʘʥʟʠʩʪʦʨʳ ʩʦ ʩʪʨʫʢʪʫʨʦʡ çʤʝʪʘʣʣ 

ï ʜʠʵʣʝʢʪʨʠʢ (ʦʢʩʠʜ) ï ʧʦʣʫʧʨʦʚʦʜʥʠʢè (ʄɼʇ- ʠʣʠ ʄʆʇ-ʪʨʘʥʟʠʩʪʦʨʳ). ʉʫʱʝʩʪʚʫʝʪ ʜʚʘ 

ʪʠʧʘ ʄɼʇ-ʪʨʘʥʟʠʩʪʦʨʦʚ: n-ʪʠʧʘ, ʦʙʣʘʜʘʶʱʠʝ ʵʣʝʢʪʨʦʥʥʦʡ ʧʨʦʚʦʜʠʤʦʩʪʴʶ, ʠ p-ʪʠʧʘ, ʭʘ-

ʨʘʢʪʝʨʠʟʫʶʱʠʝʩʷ ʧʨʦʚʦʜʠʤʦʩʪʴʶ ʜʳʨʦʯʥʦʡ. ʇʨʠʥʮʠʧ ʜʝʡʩʪʚʠʷ ʪʘʢʠʭ ʪʨʘʥʟʠʩʪʦʨʦʚ ʜʦʩ-

ʪʘʪʦʯʥʦ ʧʨʦʩʪ. ɺ ʧʦʜʣʦʞʢʝ ʢʨʝʤʥʠʷ ʬʦʨʤʠʨʫʶʪʩʷ ʜʚʝ ʣʝʛʠʨʦʚʘʥʥʳʝ ʦʙʣʘʩʪʠ ʩ ʵʣʝʢʪʨʦʥ-

ʥʦʡ (n-ʪʠʧ) ʠʣʠ ʜʳʨʦʯʥʦʡ (p-ʪʠʧ) ʧʨʦʚʦʜʠʤʦʩʪʴʶ. ʕʪʠ ʦʙʣʘʩʪʠ ʥʘʟʳʚʘʶʪʩʷ ʩʪʦʢʦʤ ʠ ʠʩ-

ʪʦʢʦʤ. ɺ ʦʙʳʯʥʦʤ ʩʦʩʪʦʷʥʠʠ ʵʣʝʢʪʨʦʥʳ (ʜʣʷ n-ʪʠʧʘ) ʠʣʠ ʜʳʨʢʠ (ʜʣʷ p-ʪʠʧʘ) ʭʦʪʷ ʠ ʜʠʬ-

ʬʫʥʜʠʨʫʶʪ ʚ ʦʙʣʘʩʪʴ ʢʨʝʤʥʠʷ ʟʘ ʩʯʝʪ ʠʟʙʳʪʦʯʥʦʡ ʢʦʥʮʝʥʪʨʘʮʠʠ, ʥʦ ʥʝ ʩʧʦʩʦʙʥʳ ʧʝʨʝ-

ʤʝʱʘʪʴʩʷ ʤʝʞʜʫ ʩʪʦʢʦʤ ʠ ʠʩʪʦʢʦʤ, ʧʦʩʢʦʣʴʢʫ ʥʝʠʟʙʝʞʥʳ ʧʨʦʮʝʩʩʳ ʨʝʢʦʤʙʠʥʘʮʠʠ ʚ ʦʙ-

ʣʘʩʪʠ ʢʨʝʤʥʠʷ. ʂʨʦʤʝ ʪʦʛʦ, ʟʘ ʩʯʝʪ ʪʘʢʦʡ ʜʠʬʬʫʟʠʠ ʥʘ ʛʨʘʥʠʮʘʭ ʢʦʥʪʘʢʪʦʚ ʤʝʞʜʫ ʣʝʛʠʨʦ-

ʚʘʥʥʳʤʠ ʦʙʣʘʩʪʷʤʠ ʩʪʦʢʘ ʠ ʠʩʪʦʢʘ ʠ ʢʨʝʤʥʠʷ ʚʦʟʥʠʢʘʶʪ ʣʦʢʘʣʴʥʳʝ ʵʣʝʢʪʨʠʯʝʩʢʠʝ ʧʦʣʷ, 

ʧʨʝʧʷʪʩʪʚʫʶʱʠʝ ʜʘʣʴʥʝʡʰʝʡ ʜʠʬʬʫʟʠʠ ʠ ʧʨʠʚʦʜʷʱʠʝ ʢ ʦʙʨʘʟʦʚʘʥʠʶ ʦʙʝʜʥʝʥʥʦʛʦ ʥʦʩʠ-

ʪʝʣʷʤʠ ʩʣʦʷ. ʇʦʵʪʦʤʫ ʚ ʦʙʳʯʥʦʤ ʩʦʩʪʦʷʥʠʠ ʧʨʦʭʦʞʜʝʥʠʝ ʪʦʢʘ ʤʝʞʜʫ ʠʩʪʦʢʦʤ ʠ ʩʪʦʢʦʤ 
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ʥʝʚʦʟʤʦʞʥʦ. ɼʣʷ ʪʦʛʦ ʯʪʦʙʳ ʠʤʝʪʴ ʚʦʟʤʦʞʥʦʩʪʴ ʧʝʨʝʥʦʩʠʪʴ ʟʘʨʷʜ ʤʝʞʜʫ ʠʩʪʦʢʦʤ ʠ ʩʪʦ-

ʢʦʤ, ʠʩʧʦʣʴʟʫʝʪʩʷ ʪʨʝʪʠʡ ʵʣʝʢʪʨʦʜ, ʥʘʟʳʚʘʝʤʳʡ ʟʘʪʚʦʨʦʤ. ɿʘʪʚʦʨ ʦʪʜʝʣʝʥ ʦʪ ʢʨʝʤʥʠʝʚʦʡ 

ʧʦʜʣʦʞʢʠ ʩʣʦʝʤ ʜʠʵʣʝʢʪʨʠʢʘ, ʚ ʢʘʯʝʩʪʚʝ ʢʦʪʦʨʦʛʦ ʚʳʩʪʫʧʘʝʪ ʜʠʦʢʩʠʜ ʢʨʝʤʥʠʷ (SiO2). ʇʨʠ 

ʧʦʜʘʯʝ ʧʦʪʝʥʮʠʘʣʘ ʥʘ ʟʘʪʚʦʨ ʩʦʟʜʘʚʘʝʤʦʝ ʠʤ ʵʣʝʢʪʨʠʯʝʩʢʦʝ ʧʦʣʝ ʚʳʪʝʩʥʷʝʪ ʚʛʣʫʙʴ ʢʨʝʤ-

ʥʠʝʚʦʡ ʧʦʜʣʦʞʢʠ ʦʩʥʦʚʥʳʝ ʥʦʩʠʪʝʣʠ ʟʘʨʷʜʘ ʢʨʝʤʥʠʷ, ʘ ʚ ʦʙʨʘʟʫʶʱʫʶʩʷ ʦʙʝʜʥʝʥʥʫʶ ʥʦ-

ʩʠʪʝʣʷʤʠ ʦʙʣʘʩʪʴ ʚʪʷʛʠʚʘʶʪʩʷ ʦʩʥʦʚʥʳʝ ʥʦʩʠʪʝʣʠ ʟʘʨʷʜʘ ʩʪʦʢʘ ʠ ʠʩʪʦʢʘ (ʛʦʚʦʨʠʪʩʷ ʦʙ ʦʩ-

ʥʦʚʥʳʭ ʥʦʩʠʪʝʣʷʭ ʟʘʨʷʜʘ, ʘ ʥʝ ʢʦʥʢʨʝʪʥʦ ʦ ʜʳʨʢʘʭ ʠʣʠ ʵʣʝʢʪʨʦʥʘʭ, ʧʦʩʢʦʣʴʢʫ ʚʦʟʤʦʞʝʥ ʠ 

ʪʦʪ ʠ ʜʨʫʛʦʡ ʚʘʨʠʘʥʪ). ɺ ʨʝʟʫʣʴʪʘʪʝ ʤʝʞʜʫ ʠʩʪʦʢʦʤ ʠ ʩʪʦʢʦʤ ʚ ʧʦʜʟʘʪʚʦʨʥʦʡ ʦʙʣʘʩʪʠ ʦʙ-

ʨʘʟʫʝʪʩʷ ʩʚʦʝʦʙʨʘʟʥʳʡ ʢʘʥʘʣ, ʥʘʩʳʱʝʥʥʳʡ ʦʩʥʦʚʥʳʤʠ ʥʦʩʠʪʝʣʷʤʠ ʟʘʨʷʜʘ. ɽʩʣʠ ʪʝʧʝʨʴ 

ʤʝʞʜʫ ʠʩʪʦʢʦʤ ʠ ʩʪʦʢʦʤ ʧʨʠʣʦʞʠʪʴ ʥʘʧʨʷʞʝʥʠʝ, ʪʦ ʧʦ ʢʘʥʘʣʫ ʧʦʡʜʝʪ ʪʦʢ. ʇʨʠ ʵʪʦʤ ʧʨʠ-

ʥʷʪʦ ʛʦʚʦʨʠʪʴ, ʯʪʦ ʪʨʘʥʟʠʩʪʦʨ ʥʘʭʦʜʠʪʩʷ ʚ ʦʪʢʨʳʪʦʤ ʩʦʩʪʦʷʥʠʠ. ʇʨʠ ʠʩʯʝʟʥʦʚʝʥʠʠ ʧʦʪʝʥ-

ʮʠʘʣʘ ʥʘ ʟʘʪʚʦʨʝ ʢʘʥʘʣ ʨʘʟʨʫʰʘʝʪʩʷ ʠ ʪʦʢ ʥʝ ʧʨʦʭʦʜʠʪ, ʪʦ ʝʩʪʴ ʪʨʘʥʟʠʩʪʦʨ ʟʘʧʠʨʘʝʪʩʷ. 

ʊʘʢʞʝ ʚ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʭ ʀʄʉ ʤʦʛʫʪ ʠʩʧʦʣʴʟʦʚʘʪʴʩʷ ʠ ʜʨʫʛʠʝ ʪʠʧʳ ʪʨʘʥʟʠʩʪʦ-

ʨʦʚ, ʥʘʧʨʠʤʝʨ, ʙʠʧʦʣʷʨʥʳʝ. 

ɹʠʧʦʣʷʨʥʘʷ ʪʝʭʥʦʣʦʛʠʷ ʥʘ 30 % ʩʣʦʞʥʝʝ ʄɼʇ ʪʝʭʥʦʣʦʛʠʠ. ɺ ʄɼʇ ʪʝʭʥʦʣʦʛʠʠ 

ʤʝʥʴʰʝ ʢʦʣʠʯʝʩʪʚʦ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʭ ʦʧʝʨʘʮʠʡ, ʦʩʦʙʝʥʥʦ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʳʭ ʜʠʬʬʫ-

ʟʠʠ; ʧʨʠ ʦʜʠʥʘʢʦʚʦʡ ʩʣʦʞʥʦʩʪʠ ï ʤʝʥɹh ʝ ʨʘʟʤʝʨ (20 % ʦʪ ʙʠʧʦʣʷʨʥʦʡ ʪʝʭʥʦʣʦʛʠʠ), ʠ, 

ʩʣʝʜʦʚʘʪʝʣʴʥʦ, ʙʦʣʴʰʝ ʧʨʦʮʝʥʪ ʚʳʭʦʜʘ ʛʦʜʥʳʭ ʤʠʢʨʦʩʭʝʤ (ʪ.ʢ. ʚʝʨʦʷʪʥʦʩʪʴ ʚʦʟʥʠʢʥʦʚʝ-

ʥʠʷ ʜʝʬʝʢʪʘ ʥʘ ʤʝʥʴʰʝʡ ʧʣʦʱʘʜʠ ʤʝʥʴʰʝ). 

ɺʳʩʦʢʘʷ ʥʘʜʝʞʥʦʩʪʴ ʄɼʇ ʤʠʢʨʦʩʭʝʤ ʦʙʫʩʣʦʚʣʝʥʘ: ʤʝʥʴʰʠʤʠ ʨʘʟʤʝʨʘʤʠ ʵʣʝʤʝʥ-

ʪʦʚ (ʤʘʣʳʝ ʨʘʟʤʝʨʳ ʵʣʝʤʝʥʪʦʚ ʠ ʤʘʣʦʝ ʵʥʝʨʛʦʧʦʪʨʝʙʣʝʥʠʝ ʜʘʝʪ ʚʦʟʤʦʞʥʦʩʪʴ ʰʠʨʦʢʦ 

ʧʨʠʤʝʥʷʪʴ ʨʝʟʝʨʚʠʨʦʚʘʥʠʝ ʠ ʤʘʞʦʨʠʪʘʨʥʫʶ ʣʦʛʠʢʫ ʜʘʞʝ ʚ ʩʣʦʞʥʳʭ ʩʭʝʤʘʭ); ʟʥʘʯʠʪʝʣʴ-

ʥʳʤ ʫʤʝʥʴʰʝʥʠʝʤ ʯʠʩʣʘ ʤʝʞʵʣʝʤʝʥʪʥʳʭ ʩʦʝʜʠʥʝʥʠʡ. 

ʂ ʜʦʩʪʦʠʥʩʪʚʫ ʙʠʧʦʣʷʨʥʳʭ ʤʠʢʨʦʩʭʝʤ ʤʦʞʥʦ ʦʪʥʝʩʪʠ ʙʳʩʪʨʦʜʝʡʩʪʚʠʝ. 

1.2.1 ʆʩʥʦʚʥʳʝ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʝ ʦʩʦʙʝʥʥʦʩʪʠ ʧʨʦʠʟʚʦʜʩʪʚʘ ʠʥʪʝʛʨʘʣʴʥʳʟ ʤʠʢʨʦ-

ʩʭʝʤ 

ɺʘʞʥʝʡʰʠʤ ʧʨʠʥʮʠʧʦʤ ʪʝʭʥʦʣʦʛʠʠ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʭ ʄʉ ʷʚʣʷʝʪʩʷ ʪʝʭʥʦʣʦʛʠ-

ʯʝʩʢʘʷ ʩʦʚʤʝʩʪʠʤʦʩʪʴ ʵʣʝʤʝʥʪʦʚ ʀʄʉ ʩ ʥʘʠʙʦʣʝʝ ʩʣʦʞʥʳʤ ʵʣʝʤʝʥʪʦʤ, ʢʦʪʦʨʳʤ ʷʚʣʷʝʪ-

ʩʷ ʪʨʘʥʟʠʩʪʦʨ. ɼʨʫʛʠʝ ʵʣʝʤʝʥʪʳ (ʜʠʦʜʳ, ʨʝʟʠʩʪʦʨʳ, ʢʦʥʜʝʥʩʘʪʦʨʳ) ʜʦʣʞʥʳ ʧʦ ʚʦʟʤʦʞʥʦ-

ʩʪʠ ʩʦʜʝʨʞʘʪʴ ʪʦʣʴʢʦ ʪʝ ʦʙʣʘʩʪʠ, ʢʦʪʦʨʳʝ ʚʢʣʶʯʘʝʪ ʪʨʘʥʟʠʩʪʦʨ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʪʝʭʥʦʣʦ-

ʛʠʯʝʩʢʠʡ ʧʨʦʮʝʩʩ ʠʟʛʦʪʦʚʣʝʥʠʷ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʦʡ ʀʄʉ ʙʘʟʠʨʫʝʪʩʷ ʧʨʝʞʜʝ ʚʩʝʛʦ ʥʘ 

ʪʝʭʥʦʣʦʛʠʠ ʠʟʛʦʪʦʚʣʝʥʠʷ ʪʨʘʥʟʠʩʪʦʨʥʳʭ ʩʪʨʫʢʪʫʨ. 

ɺʪʦʨʦʡ ʚʘʞʥʳʡ ʧʨʠʥʮʠʧ ï ʛʨʫʧʧʦʚʘʷ ʦʙʨʘʙʦʪʢʘ ʄʉ. ʆʥʘ ʜʦʣʞʥʘ ʦʭʚʘʪʳʚʘʪʴ ʢʘʢ 

ʤʦʞʥʦ ʙʦʣʴʰʝʝ ʯʠʩʣʦ ʦʧʝʨʘʮʠʡ. ʇʨʠ ʛʨʫʧʧʦʚʦʡ ʦʙʨʘʙʦʪʢʝ ʫʣʫʯʰʘʝʪʩʷ ʚʦʩʧʨʦʠʟʚʦʜʠ-
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ʤʦʩʪʴ ʧʘʨʘʤʝʪʨʦʚ ʀʄʉ, ʠ ʩʫʱʝʩʪʚʝʥʥʦ ʩʥʠʞʘʝʪʩʷ ʪʨʫʜʦʝʤʢʦʩʪʴ ʠʟʛʦʪʦʚʣʝʥʠʷ ʦʪʜʝʣʴʥʳʭ 

ʀʄʉ. 

ʉʣʝʜʫʶʱʠʤ ʚʘʞʥʳʤ ʧʨʠʥʮʠʧʦʤ ʷʚʣʷʝʪʩʷ ʫʥʠʚʝʨʩʘʣʴʥʦʩʪʴ ʧʨʦʮʝʩʩʦʚ ʦʙʨʘʙʦʪʢʠ. 

ʆʥ ʦʟʥʘʯʘʝʪ, ʯʪʦ ʜʣʷ ʠʟʛʦʪʦʚʣʝʥʠʷ ʩʦʚʝʨʰʝʥʥʦ ʨʘʟʣʠʯʥʳʭ ʧʦ ʩʚʦʠʤ ʚʦʟʤʦʞʥʦʩʪʷʤ ʠ ʥʘ-

ʟʥʘʯʝʥʠʶ ʀʄʉ ʧʨʠʤʝʥʷʶʪʩʷ ʦʜʠʥʘʢʦʚʳʝ ʪʠʧʦʚʳʝ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʝ ʧʨʦʮʝʩʩʳ, ʦʙʦʨʫʜʦ-

ʚʘʥʠʝ ʠ ʨʝʞʠʤʳ. ʕʪʦ ʧʦʟʚʦʣʷʝʪ ʦʜʥʦʚʨʝʤʝʥʥʦ, ʙʝʟ ʧʝʨʝʥʘʣʘʜʢʠ ʦʙʦʨʫʜʦʚʘʥʠʷ, ʚʳʧʫʩʢʘʪʴ 

ʀʄʉ ʨʘʟʣʠʯʥʦʛʦ ʬʫʥʢʮʠʦʥʘʣʴʥʦʛʦ ʥʘʟʥʘʯʝʥʠʷ. 

ʏʝʪʚʝʨʪʳʡ ʧʨʠʥʮʠʧ ï ʫʥʠʬʠʢʘʮʠʷ ʧʣʘʩʪʠʥ-ʟʘʛʦʪʦʚʦʢ, ʩʦʜʝʨʞʘʱʠʭ ʤʘʢʩʠʤʘʣʴʥʦʝ 

ʢʦʣʠʯʝʩʪʚʦ ʧʨʠʟʥʘʢʦʚ ʤʠʢʨʦʩʭʝʤʳ. 

ʊʝʭʥʦʣʦʛʠʯʝʩʢʠʡ ʧʨʦʮʝʩʩ ʧʨʦʠʟʚʦʜʩʪʚʘ ʩʦʚʨʝʤʝʥʥʳʭ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʭ ʉɹʀʉ 

ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʴ ʦʧʝʨʘʮʠʡ ʠ ʧʝʨʝʭʦʜʦʚ ʤʝʞʜʫ ʥʠʤʠ, ʦʩʫʱʝʩʪʚʣʷʝ-

ʤʳʭ ʥʘʜ ʠʩʭʦʜʥʳʤʠ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʤʠ ʧʣʘʩʪʠʥʘʤʠ ʩ ʮʝʣʴʶ ʧʦʣʫʯʝʥʠʷ ʤʠʢʨʦʩʭʝʤ ʩ 

ʪʨʝʙʫʝʤʳʤʠ ʵʢʩʧʣʫʘʪʘʮʠʦʥʥʳʤʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ. ʊʝʭʥʦʣʦʛʠʯʝʩʢʠʝ ʦʧʝʨʘʮʠʠ ʤʦʞʥʦ 

ʨʘʟʜʝʣʠʪʴ ʥʘ ʪʨʠ ʛʨʫʧʧʳ: ʧʦʜʛʦʪʦʚʠʪʝʣʴʥʳʝ, ʦʩʥʦʚʥʳʝ ʠ ʟʘʢʣʶʯʠʪʝʣʴʥʳʝ. 

ʂ ʧʦʜʛʦʪʦʚʠʪʝʣʴʥʳʤ ʦʧʝʨʘʮʠʷʤ ʦʪʥʦʩʷʪ ʚʳʨʘʱʠʚʘʥʠʝ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʭ ʩʣʠʪ-

ʢʦʚ (ʥʘʧʨʠʤʝʨ, ʤʝʪʦʜʘʤʠ ʏʦʭʨʘʣʴʩʢʦʛʦ ʠ ʟʦʥʥʦʡ ʧʣʘʚʢʠ), ʨʝʟʢʫ ʩʣʠʪʢʦʚ ʥʘ ʧʣʘʩʪʠʥʳ, 

ʰʣʠʬʦʚʢʫ, ʧʦʣʠʨʦʚʢʫ, ʪʨʘʚʣʝʥʠʝ ʧʦʚʝʨʭʥʦʩʪʠ ʧʣʘʩʪʠʥ, ʧʨʦʤʳʚʢʫ ʚ ʜʝʠʦʥʠʟʦʚʘʥʥʦʡ ʚʦʜʝ, 

ʩʫʰʢʫ ʠ ʜʨ. 

ʂ ʦʩʥʦʚʥʳʤ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʤ ʦʧʝʨʘʮʠʷʤ ʦʪʥʦʩʷʪ ʣʠʪʦʛʨʘʬʠʶ (ʬʦʪʦʣʠʪʦʛʨʘʬʠʶ ʚ 

ʫʣʴʪʨʘʬʠʦʣʝʪʦʚʦʡ ʦʙʣʘʩʪʠ ʩʧʝʢʪʨʘ ʠ ʚ ʞʝʩʪʢʦʤ ʫʣʴʪʨʘʬʠʦʣʝʪʝ, ʨʝʥʪʛʝʥʦʣʠʪʦʛʨʘʬʠʶ, 

ʵʣʝʢʪʨʦʥʥʦ-ʣʫʯʝʚʫʶ ʠ ʠʦʥʥʫʶ ʣʠʪʦʛʨʘʬʠʠ), ʵʧʠʪʘʢʩʠʶ (ʧʦʩʨʝʜʩʪʚʦʤ ʠʩʧʘʨʝʥʠʷ ʚ ʛʣʫʙʦ-

ʢʦʤ ʚʘʢʫʫʤʝ ʠ ʨʘʩʧʳʣʝʥʠʷ ʠʦʥʘʤʠ ʠʥʝʨʪʥʦʛʦ ʛʘʟʘ, ʵʧʠʪʘʢʩʠʶ ʟʘ ʩʯʝʪ ʨʝʘʢʮʠʡ ʨʘʟʣʦʞʝʥʠʷ 

ʠ ʚʦʩʩʪʘʥʦʚʣʝʥʠʷ, ʞʠʜʢʦʬʘʟʥʫʶ ʠ ʤʦʣʝʢʫʣʷʨʥʦ-ʣʫʯʝʚʫʶ ʵʧʠʪʘʢʩʠʠ), ʦʢʠʩʣʝʥʠʝ, ʪʨʘʚʣʝ-

ʥʠʝ (ʠʦʥʥʦ-ʣʫʯʝʚʦʝ ʠ ʠʦʥʥʦ-ʧʣʘʟʤʝʥʥʦʝ), ʣʝʛʠʨʦʚʘʥʠʝ (ʜʠʬʬʫʟʠʷ, ʠʦʥʥʘʷ ʠʤʧʣʘʥʪʘʮʠʷ), 

ʦʪʞʠʛ (ʧʦʩʨʝʜʩʪʚʦʤ ʛʘʣʦʛʝʥʥʳʭ ʣʘʤʧ, ʦʪʞʠʛ ʵʣʝʢʪʨʦʥʥʳʤ ʧʫʯʢʦʤ, ʣʘʟʝʨʥʳʡ ʦʪʞʠʛ), ʦʩʘ-

ʞʜʝʥʠʝ ʥʘ ʧʦʚʝʨʭʥʦʩʪʴ ʧʣʘʩʪʠʥ ʨʘʟʣʠʯʥʳʭ ʧʦ ʭʠʤʠʯʝʩʢʦʤʫ ʩʦʩʪʘʚʫ ʧʣʝʥʦʢ ʠ ʜʨ. 

ʂ ʟʘʢʣʶʯʠʪʝʣʴʥʳʤ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʤ ʦʧʝʨʘʮʠʷʤ ʦʪʥʦʩʷʪ ʩʢʨʘʡʙʠʨʦʚʘʥʠʝ ʠ ʣʦʤʢʫ 

ʧʣʘʩʪʠʥ ʥʘ ʢʨʠʩʪʘʣʣʳ, ʨʘʟʚʘʨʢʫ ʚʥʝʰʥʠʭ ʚʳʚʦʜʦʚ, ʛʝʨʤʝʪʠʟʘʮʠʶ ʢʨʠʩʪʘʣʣʦʚ ʚ ʢʦʨʧʫʩʘʭ ʠ 

ʜʨ. 

ʇʨʘʢʪʠʯʝʩʢʠ ʚʩʝ ʧʝʨʝʯʠʩʣʝʥʥʳʝ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʝ ʦʧʝʨʘʮʠʠ ʩʦʧʨʦʚʦʞʜʘʶʪʩʷ ʢʦʥ-

ʪʨʦʣʴʥʳʤʠ ʦʧʝʨʘʮʠʷʤʠ, ʧʦʟʚʦʣʷʶʱʠʤʠ ʦʩʫʱʝʩʪʚʣʷʪʴ ʦʪʙʨʘʢʦʚʢʫ ʜʝʬʝʢʪʥʳʭ ʧʣʘʩʪʠʥ ʠ 

ʢʨʠʩʪʘʣʣʦʚ. ʂ ʥʠʤ ʦʪʥʦʩʷʪ, ʥʘʧʨʠʤʝʨ, ʢʦʥʪʨʦʣʴ ʩʦʜʝʨʞʘʥʠʷ ʧʨʠʤʝʩʝʡ ʚ ʧʣʘʩʪʠʥʘʭ, ʢʦʥ-

ʪʨʦʣʴ ʜʝʬʦʨʤʘʮʠʡ ʧʦʚʝʨʭʥʦʩʪʠ ʧʣʘʩʪʠʥ ʠ ʜʨ. 
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ʇʨʠ ʧʨʦʠʟʚʦʜʩʪʚʝ ʨʘʟʣʠʯʥʳʭ ʪʠʧʦʚ ʛʠʙʨʠʜʥʳʭ ʠʥʪʝʛʨʘʣʴʥʳʭ ʤʠʢʨʦʩʭʝʤ ʪʝʭʥʦʣʦ-

ʛʠʯʝʩʢʠʡ ʧʨʦʮʝʩʩ ʤʦʞʝʪ ʩʦʜʝʨʞʘʪʴ ʨʘʟʣʠʯʥʳʝ ʦʧʝʨʘʮʠʠ (ʵʪʦ ʟʘʚʠʩʠʪ ʦʪ ʚʳʙʨʘʥʥʦʡ ʪʝʭ-

ʥʦʣʦʛʠʠ - ʪʦʥʢʦʧʣʝʥʦʯʥʦʡ ʠʣʠ ʪʦʣʩʪʦʧʣʝʥʦʯʥʦʡ, ʦʪ ʪʦʛʦ, ʢʘʢʠʝ ʧʘʩʩʠʚʥʳʝ ʵʣʝʤʝʥʪʳ ʠʩ-

ʧʦʣʴʟʫʶʪʩʷ ʚ ʩʭʝʤʝ - ʝʩʪʴ ʣʠ, ʥʘʧʨʠʤʝʨ, ʧʣʝʥʦʯʥʳʝ ʢʦʥʜʝʥʩʘʪʦʨʳ). 

1.2.2 ʆʩʦʙʝʥʥʦʩʪʠ ʬʦʨʤʠʨʦʚʘʥʠʷ ʀʉ ʥʘ GaAs 

ʇʦ ʦʩʥʦʚʥʦʤʫ ʘʢʪʠʚʥʦʤʫ ʵʣʝʤʝʥʪʫ GaAs ʉɺʏ ʄʀʉ ʨʘʟʜʝʣʷʶʪʩʷ ʥʘ ʄʀʉ ʩ ʧʦʣʝ-

ʚʳʤʠ ʪʨʘʥʟʠʩʪʦʨʘʤʠ ʩ ʟʘʪʚʦʨʦʤ ʐʦʪʪʢʠ (MESFET, HEMT, pHEMT, mHEMT ʠ ʜʨ.), ʛʝʪʝ-

ʨʦʩʪʨʫʢʪʫʨʥʳʤʠ ʙʠʧʦʣʷʨʥʳʤʠ ʪʨʘʥʟʠʩʪʦʨʘʤʠ (HBT), ʜʠʦʜʘʤʠ, ʪʘʢʞʝ ʚʦʟʤʦʞʥʳ ʩʤʝʰʘʥ-

ʥʳʝ ʪʠʧʳ (ʥʘʧʨʠʤʝʨ BiHEMT) [56]. ɸʢʪʠʚʥʳʝ ʵʣʝʤʝʥʪʳ ʄʀʉ ʦʪʣʠʯʘʶʪʩʷ ʧʦ ʢʦʥʩʪʨʫʢ-

ʮʠʠ ʠ ʧʨʠʥʮʠʧʫ ʨʘʙʦʪʳ, ʥʦ ʚʩʝ ʠʭ ʦʙʲʝʜʠʥʷʝʪ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʢʦʥʪʘʢʪʦʚ ʤʝʪʘʣʣ-

ʧʦʣʫʧʨʦʚʦʜʥʠʢ. ɺ GaAs ʪʝʭʥʦʣʦʛʠʠ ʠʩʧʦʣʴʟʫʶʪʩʷ ʜʚʘ ʚʠʜʘ ʢʦʥʪʘʢʪʦʚ ʤʝʪʘʣʣ-

ʧʦʣʫʧʨʦʚʦʜʥʠʢ: ʦʤʠʯʝʩʢʠʝ ʠ ʙʘʨʴʝʨʥʳʝ ʢʦʥʪʘʢʪʳ (ʢʦʥʪʘʢʪʳ ʐʦʪʪʢʠ).  

ʆʤʠʯʝʩʢʠʝ ʢʦʥʪʘʢʪʳ ʜʦʣʞʥʳ ʦʙʣʘʜʘʪʴ ʥʠʟʢʠʤ ʫʜʝʣʴʥʳʤ ʩʦʧʨʦʪʠʚʣʝʥʠʝʤ ʠ ʣʠʥʝʡ-

ʥʦʡ ʚʦʣʴʪ-ʘʤʧʝʨʥʦʡ ʭʘʨʘʢʪʝʨʠʩʪʠʢʦʡ. ɼʣʷ GaAs n- ʪʠʧʘ ʧʨʦʚʦʜʠʤʦʩʪʠ ʥʘʠʙʦʣʝʝ ʰʠʨʦʢʦʝ 

ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʝ ʧʦʣʫʯʠʣʘ ʛʨʫʧʧʘ ʦʤʠʯʝʩʢʠʭ ʢʦʥʪʘʢʪʦʚ ʦʩʥʦʚʝ ʧʣʝʥʦʢ Ge, Au ʠ Ni [57]. ɺ 

ʧʨʦʮʝʩʩʝ ʪʝʨʤʠʯʝʩʢʦʛʦ ʦʪʞʠʛʘ ʧʨʦʠʩʭʦʜʠʪ ʞʠʜʢʦʬʘʟʥʘʷ ʚʟʘʠʤʦʜʠʬʬʫʟʠʷ ʘʪʦʤʦʚ Ge, Au ʠ 

Ni ʠ ʠʭ ʜʠʬʬʫʟʠʷ ʚ ʧʦʜʣʦʞʢʫ. ɸʪʦʤʳ Ge, ʚʩʪʨʘʠʚʘʷʩʴ ʚ ʢʨʠʩʪʘʣʣʠʯʝʩʢʫʶ ʨʝʰʝʪʢʫ GaAs, 

ʜʝʡʩʪʚʫʶʪ ʢʘʢ ʜʦʥʦʨʥʘʷ ʧʨʠʤʝʩʴ, ʦʙʝʩʧʝʯʠʚʘʷ ʥʠʟʢʦʝ ʩʦʧʨʦʪʠʚʣʝʥʠʝ ʢʦʥʪʘʢʪʘ. ʉʣʦʡ Au 

ʩʥʠʞʘʝʪ ʩʦʧʨʦʪʠʚʣʝʥʠʝ ʤʝʪʘʣʣʠʟʘʮʠʠ ʦʤʠʯʝʩʢʦʛʦ ʢʦʥʪʘʢʪʘ, ʘ ʩʣʦʡ Ni ʧʦʟʚʦʣʷʶʪ ʫʣʫʯ-

ʰʠʪʴ ʤʦʨʬʦʣʦʛʠʶ ʧʦʚʝʨʭʥʦʩʪʠ ʢʦʥʪʘʢʪʘ, ʪʘʢʞʝ ʩʣʦʡ Ni ʤʦʞʝʪ ʚʳʧʦʣʥʷʪʴ ʚ ʨʦʣʴ ʜʠʬʬʫ-

ʟʠʦʥʥʦʛʦ ʙʘʨʴʝʨʘ ʜʣʷ ʚʝʨʭʥʝʛʦ ʩʣʦʷ Au. ɼʣʷ GaAs p- ʪʠʧʘ ʧʨʦʚʦʜʠʤʦʩʪʠ ʥʘʠʙʦʣʝʝ ʰʠʨʦʢʦ 

ʨʘʩʧʨʦʩʪʨʘʥʝʥʳ ʢʦʤʧʦʟʠʮʠʠ Au/Zn/Au, AuBe ʠ Au/Pt/Ti [58].  

ɹʘʨʴʝʨʥʳʝ ʢʦʥʪʘʢʪʳ ʦʙʣʘʜʘʶʪ ʥʝʣʠʥʝʡʥʦʡ (ʜʠʦʜʥʦʡ) ʚʦʣʴʪʘʤʧʝʨʥʦʡ ʭʘʨʘʢʪʝʨʠ-

ʩʪʠʢʦʡ, ʠʤʝʶʪ ʥʠʟʢʦʝ ʩʦʧʨʦʪʠʚʣʝʥʠʝ ʧʨʠ ʧʨʦʪʝʢʘʥʠʠ ʪʦʢʘ ʚ ʧʨʷʤʦʤ ʥʘʧʨʘʚʣʝʥʠʠ ʠ ʚʳʩʦ-

ʢʦʝ ï ʚ ʦʙʨʘʪʥʦʤ. ɺ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʥʘʠʙʦʣʝʝ ʰʠʨʦʢʦ ʠʩʧʦʣʴʟʫʝʪʩʷ ʢʦʤʧʦʟʠʮʠʷ Ti/Pt/Au 

[56, 59], ʛʜʝ ʩʣʦʡ Ti ʬʦʨʤʠʨʫʝʪ ʩ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʤ ʙʘʨʴʝʨ ʐʦʪʪʢʠ, ʩʣʦʡ Pt ʩʣʫʞʠʪ ʜʠʬ-

ʬʫʟʠʦʥʥʳʤ ʙʘʨʴʝʨʦʤ ʜʣʷ Au, ʘ ʩʣʦʡ Au ʦʙʝʩʧʝʯʠʚʘʝʪ ʥʠʟʢʦʝ ʩʦʧʨʦʪʠʚʣʝʥʠʝ ʤʝʪʘʣʣʠʟʘʮʠʠ 

ʙʘʨʴʝʨʥʦʛʦ ʢʦʥʪʘʢʪʘ. ʊʘʢʞʝ ʚ ʢʘʯʝʩʪʚʝ ʙʘʨʴʝʨʥʦʛʦ ʢʦʥʪʘʢʪʘ ʤʦʛʫʪ ʠʩʧʦʣʴʟʦʚʘʪʴʩʷ ʢʦʤʧʦ-

ʟʠʮʠʠ Ti/Pd/Au, Pt/Ti/Pt/Au, Pd/Ti/Pt/Au [60] ʠ ʜʨ.  

ʇʦʤʠʤʦ ʘʢʪʠʚʥʳʭ ʵʣʝʤʝʥʪʦʚ GaAs ʉɺʏ ʄʀʉ ʩʦʜʝʨʞʘʪ ʨʷʜ ʧʘʩʩʠʚʥʳʭ ʵʣʝʤʝʥʪʦʚ: 

ʢʦʥʜʝʥʩʘʪʦʨʦʚ (ʚʠʜʘ ʤʝʪʘʣʣ-ʜʠʵʣʝʢʪʨʠʢ-ʤʝʪʘʣʣ ʠʣʠ ʚʩʪʨʝʯʥʦ-ʰʪʳʨʝʚʳʭ), ʨʝʟʠʩʪʦʨʦʚ 

(ʦʙʲʝʤʥʳʭ ʠ ʪʦʥʢʦʧʣʝʥʦʯʥʳʭ), ʠʥʜʫʢʪʠʚʥʦʩʪʝʡ, ʧʨʦʚʦʜʥʠʢʦʚ (ʤʝʞʵʣʝʤʝʥʪʥʘʷ ʤʝʪʘʣʣʠʟʘ-

ʮʠʷ), ʢʦʥʪʘʢʪʥʳʭ ʧʣʦʱʘʜʦʢ, ʤʝʪʘʣʣʠʟʘʮʠʠ ʦʙʨʘʪʥʦʡ ʩʪʦʨʦʥʳ ʧʣʘʩʪʠʥʳ.  
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ʆʩʥʦʚʥʳʤʠ ʤʝʪʦʜʘʤʠ, ʠʩʧʦʣʴʟʫʝʤʳʤʠ ʜʣʷ ʬʦʨʤʠʨʦʚʘʥʠʷ ʵʣʝʤʝʥʪʦʚ ʤʝʪʘʣʣʠʟʘʮʠʠ, 

ʷʚʣʷʶʪʩʷ ʦʙʨʘʪʥʘʷ ʣʠʪʦʛʨʘʬʠʷ ʠ ʪʝʨʤʠʯʝʩʢʦʝ ʦʩʘʞʜʝʥʠʝ ʪʦʥʢʠʭ ʧʣʝʥʦʢ ʚ ʚʘʢʫʫʤʝ. ʄʝʪʦʜ 

ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʦʛʦ ʦʩʘʞʜʝʥʠʷ ʦʙʳʯʥʦ ʠʩʧʦʣʴʟʫʝʪʩʷ ʧʨʠ ʬʦʨʤʠʨʦʚʘʥʠʠ ʧʣʝʥʦʢ Au ʪʦʣ-

ʱʠʥʦʡ ʙʦʣʝʝ 1,5 ï 2 ʤʢʤ [56] ʚ ʤʝʪʘʣʣʠʟʘʮʠʠ ʬʨʦʥʪʘʣʴʥʦʡ ʩʪʦʨʦʥʳ ʧʣʘʩʪʠʥʳ, ʘ ʪʘʢʞʝ ʧʨʠ 

ʬʦʨʤʠʨʦʚʘʥʠʠ ʧʣʝʥʢʠ Au ʚ ʤʝʪʘʣʣʠʟʘʮʠʠ ʦʙʨʘʪʥʦʡ ʩʪʦʨʦʥʳ ʧʣʘʩʪʠʥʳ.  

ʆʙʳʯʥʦ ʤʝʞʵʣʝʤʝʥʪʥʘʷ ʤʝʪʘʣʣʠʟʘʮʠʷ ʩʦʜʝʨʞʠʪ 2 ï 3 ʫʨʦʚʥʷ. ʄʝʪʘʣʣʠʟʘʮʠʷ ʬʦʨ-

ʤʠʨʫʝʪʩʷ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʩʣʦʝʚ ʤʝʞʫʨʦʚʥʝʚʦʛʦ ʜʠʵʣʝʢʪʨʠʢʘ [61] ʠʣʠ ʧʦ ʪʝʭʥʦʣʦʛʠʠ ʩ 

ʬʦʨʤʠʨʦʚʘʥʠʝʤ ʪʘʢ ʥʘʟʳʚʘʝʤʳʭ çʚʦʟʜʫʰʥʳʭè ʤʦʩʪʦʚ [62]. ɺ ʢʘʯʝʩʪʚʝ ʤʝʪʘʣʣʠʟʘʮʠʠ 

ʦʙʳʯʥʦ ʠʩʧʦʣʴʟʫʶʪʩʷ ʢʦʤʧʦʟʠʮʠʠ Ti/Au ʠ Ti/Pt/Au [63], ʛʜʝ ʩʣʦʡ Ti ʚʳʧʦʣʥʷʝʪ ʬʫʥʢʮʠʶ 

ʘʜʛʝʟʠʦʥʥʦʛʦ ʧʦʜʩʣʦʷ, ʩʣʦʡ Pt ʩʣʫʞʠʪ ʜʠʬʬʫʟʠʦʥʥʳʤ ʙʘʨʴʝʨʦʤ ʜʣʷ Au, ʘ ʩʣʦʡ Au ʦʙʝʩʧʝ-

ʯʠʚʘʝʪ ʥʠʟʢʦʝ ʩʦʧʨʦʪʠʚʣʝʥʠʝ ʤʝʪʘʣʣʠʟʘʮʠʠ.  

ɺ ʢʘʯʝʩʪʚʝ ʤʝʞʫʨʦʚʥʝʚʦʛʦ ʜʠʵʣʝʢʪʨʠʢʘ ʠ ʜʣʷ ʟʘʱʠʪʳ ʧʦʚʝʨʭʥʦʩʪʠ ʄʀʉ ʦʪ ʚʦʟʜʝʡ-

ʩʪʚʠʷ ʚʥʝʰʥʝʡ ʩʨʝʜʳ ʠʩʧʦʣʴʟʫʶʪʩʷ ʧʣʝʥʢʠ SixNy, ʧʦʣʠʠʤʠʜʘ, BCB, ʧʦʣʠʙʝʥʟʦʢʩʘʟʦʣʘ 

(polybenzoxazole ï PBO) [64] ʠ ʜʨ. ʇʣʝʥʢʠ SixNy ʪʘʢʞʝ ʠʩʧʦʣʴʟʫʶʪʩʷ ʚ ʢʘʯʝʩʪʚʝ ʜʠʵʣʝʢ-

ʪʨʠʢʘ ʢʦʥʜʝʥʩʘʪʦʨʦʚ.  

ʇʝʨʝʜ ʬʦʨʤʠʨʦʚʘʥʠʝʤ ʤʝʪʘʣʣʠʟʘʮʠʠ ʦʙʨʘʪʥʦʡ ʩʪʦʨʦʥʳ ʧʣʘʩʪʠʥʘ GaAs ʫʪʦʥʷʝʪʩʷ 

ʜʦ 50 ï 100 ʤʢʤ. ɼʣʷ ʵʪʦʛʦ ʠʩʧʦʣʴʟʫʝʪʩʷ ʤʝʪʦʜ ʭʠʤʠʢʦ-ʤʝʭʘʥʠʯʝʩʢʦʡ ʰʣʠʬʦʚ-

ʢʠ/ʧʦʣʠʨʦʚʢʠ. ʉ ʦʙʨʘʪʥʦʡ ʩʪʦʨʦʥʳ ʫʪʦʥʝʥʥʦʡ ʧʣʘʩʪʠʥʳ ʤʝʪʦʜʦʤ ʧʣʘʟʤʦʭʠʤʠʯʝʩʢʦʛʦ 

ʪʨʘʚʣʝʥʠʷ ʚ GaAs ʬʦʨʤʠʨʫʶʪʩʷ ʩʢʚʦʟʥʳʝ ʦʪʚʝʨʩʪʠʷ ʢ ʢʦʥʪʘʢʪʥʳʤ ʧʣʦʱʘʜʢʘʤ, ʨʘʩʧʦʣʦ-

ʞʝʥʥʳʤ ʥʘ ʬʨʦʥʪʘʣʴʥʦʡ ʩʪʦʨʦʥʝ.  

ʄʝʪʘʣʣʠʟʘʮʠʷ ʦʙʨʘʪʥʦʡ ʩʪʦʨʦʥʳ ʧʣʘʩʪʠʥʳ GaAs ʬʦʨʤʠʨʫʝʪʩʷ ʥʘ ʦʩʥʦʚʝ ʧʣʝʥʢʠ Au 

ʠ ʩʦʩʪʦʠʪ ʠʟ ʜʚʫʭ ʯʘʩʪʝʡ. ʇʝʨʚʘʷ ʩʦʜʝʨʞʠʪ ʦʜʠʥ ʠʣʠ ʥʝʩʢʦʣʴʢʦ ʩʣʦʝʚ ʦʙʝʩʧʝʯʠʚʘʶʱʠʭ 

ʘʜʛʝʟʠʶ ʤʝʪʘʣʣʠʟʘʮʠʠ ʢ GaAs, ʟʘʱʠʪʫ ʦʪ ʜʠʬʬʫʟʠʠ Au ʚ GaAs, ʚʦʟʤʦʞʥʦʩʪʴ ʧʦʩʣʝʜʫʶ-

ʱʝʛʦ ʬʦʨʤʠʨʦʚʘʥʠʷ ʩʣʦʷ Au ʤʝʪʦʜʦʤ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʦʛʦ ʦʩʘʞʜʝʥʠʷ. ʉ ʵʪʦʡ ʮʝʣʴʶ ʠʩ-

ʧʦʣʴʟʫʶʪ ʧʣʝʥʢʠ Ni ʬʦʨʤʠʨʫʝʤʳʝ ʤʝʪʦʜʦʤ ʭʠʤʠʯʝʩʢʦʛʦ ʦʩʘʞʜʝʥʠʷ, ʢʦʤʧʦʟʠʮʠʠ ʚʠʜʘ 

TiW/Au ʬʦʨʤʠʨʫʝʤʳʝ ʤʝʪʦʜʦʤ ʤʘʛʥʝʪʨʦʥʥʦʛʦ ʦʩʘʞʜʝʥʠʷ [65]. ʇʦʩʣʝ ʯʝʛʦ ʤʝʪʦʜʦʤ ʵʣʝʢ-

ʪʨʦʭʠʤʠʯʝʩʢʦʛʦ ʦʩʘʞʜʝʥʠʷ ʬʦʨʤʠʨʫʝʪʩʷ ʩʣʦʡ Au ʪʦʣʱʠʥʦʡ ʥʝʩʢʦʣʴʢʦ ʤʠʢʨʦʥ. 

1.2.3 ʆʩʦʙʝʥʥʦʩʪʠ ʬʦʨʤʠʨʦʚʘʥʠʷ ʀʉ ʥʘ GaN 

1.2.3.1 ʇʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʝ ʅɽʄʊ ʪʨʘʥʟʠʩʪʦʨʳ ʥʘ ʦʩʥʦʚʝ GaN 

ʇʨʠ ʠʟʛʦʪʦʚʣʝʥʠʠ ʅɽʄʊ ʪʨʘʥʟʠʩʪʦʨʘ ʥʝʦʙʭʦʜʠʤʦ, ʯʪʦʙʳ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʝ ʤʘ-

ʪʝʨʠʘʣʳ ʜʣʷ ʩʦʟʜʘʥʠʷ ʛʝʪʝʨʦʧʝʨʝʭʦʜʘ, ʠʤʝʣʠ ʙʣʠʟʢʠʝ ʧʘʨʘʤʝʪʨʳ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʨʝʰʝʪ-

ʢʠ ʜʣʷ ʫʤʝʥʴʰʝʥʠʷ ʧʣʦʪʥʦʩʪʠ ʜʠʩʣʦʢʘʮʠʡ ʥʝʩʦʦʪʚʝʪʩʪʚʠʷ ʥʘ ʛʝʪʝʨʦʛʨʘʥʠʮʝ ʧʦʣʫʧʨʦʚʦʜ-

ʥʠʢʦʚ. ʏʘʱʝ ʚʩʝʛʦ ʪʘʢʦʡ ʛʝʪʝʨʦʧʝʨʝʭʦʜ ʠʟʛʦʪʘʚʣʠʚʘʝʪʩʷ ʥʘ ʦʩʥʦʚʝ ʙʘʟʦʚʦʛʦ ʧʦʣʫʧʨʦʚʦʜ-
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ʥʠʢʘ ʠ ʝʛʦ ʪʚʝʨʜʦʛʦ ʨʘʩʪʚʦʨʘ, ʜʚʫʭ ʪʠʧʦʚ ʪʚʝʨʜʳʭ ʨʘʩʪʚʦʨʦʚ ʨʘʟʣʠʯʥʦʛʦ ʩʦʩʪʘʚʘ ʥʘ ʦʩʥʦʚʝ 

ʙʘʟʦʚʦʛʦ ʤʘʪʝʨʠʘʣʘ ʠʣʠ ʜʚʫʭ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚ ʩ ʙʣʠʟʢʠʤʠ ʧʘʨʘʤʝʪʨʘʤʠ ʨʝʰʝʪʢʠ. ɺ ʧʦʣʝ-

ʚʦʤ ʪʨʘʥʟʠʩʪʦʨʝ ʩ ʚʳʩʦʢʦʡ ʧʦʜʚʠʞʥʦʩʪʴʶ ʵʣʝʢʪʨʦʥʦʚ ʚ ʢʘʯʝʩʪʚʝ ʧʨʦʚʦʜʷʱʝʛʦ ʢʘʥʘʣʘ ʠʩ-

ʧʦʣʴʟʫʝʪʩʷ ʢʚʘʥʪʦʚʘʷ ʩʪʝʥʢʘ (QW) ʩ ʜʚʫʤʝʨʥʳʤ ʵʣʝʢʪʨʦʥʥʳʤ ʛʘʟʦʤ (2DEG), ʢʦʪʦʨʘʷ 

ʬʦʨʤʠʨʫʝʪʩʷ ʥʘ ʠʥʪʝʨʬʝʡʩʝ ʜʚʫʭ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚ ʩ ʨʘʟʣʠʯʥʦʡ ʰʠʨʠʥʦʡ ʟʘʧʨʝʱʝʥʥʳʭ 

ʟʦʥ. 

ɺ ʪʘʢʦʤ ʛʝʪʝʨʦʧʝʨʝʭʦʜʝ ʵʣʝʢʪʨʦʥʳ ʠʟ n-ʦʙʣʘʩʪʠ ʣʝʛʠʨʦʚʘʥʥʦʛʦ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʦ-

ʛʦ ʩʣʦʷ ʩ ʰʠʨʦʢʦʡ ʟʘʧʨʝʱʝʥʥʦʡ ʟʦʥʦʡ ʧʝʨʝʤʝʱʘʶʪʩʷ ʚ ʩʣʦʡ ʥʝʣʝʛʠʨʦʚʘʥʥʦʛʦ (ʩʣʘʙʦ ʣʝ-

ʛʠʨʦʚʘʥʥʦʛʦ) ʫʟʢʦʟʦʥʥʦʛʦ ʧʦʣʫʧʨʦʚʦʜʥʠʢʘ, ʩʦʟʜʘʚʘʷ ʚ ʥʝʤ ʧʨʦʚʦʜʷʱʠʡ ʢʘʥʘʣ ʥʘ ʦʩʥʦʚʝ 

ʜʚʫʤʝʨʥʦʛʦ ʵʣʝʢʪʨʦʥʥʦʛʦ ʛʘʟʘ ʩ ʚʳʩʦʢʦʡ ʜʨʝʡʬʦʚʦʡ ʧʦʜʚʠʞʥʦʩʪʴʶ ʵʣʝʢʪʨʦʥʦʚ, ʯʪʦ ʦʙʝʩ-

ʧʝʯʠʚʘʝʪ ʚʳʩʦʢʠʝ ʨʘʙʦʯʠʝ ʯʘʩʪʦʪʳ ʅɽʄʊ ʪʨʘʥʟʠʩʪʦʨʘ [67]. ʊʠʧʠʯʥʘʷ ʛʝʪʝʨʦʩʪʨʫʢʪʫʨʘ 

ʅɽʄʊ ʪʨʘʥʟʠʩʪʦʨʘ ʥʘ ʙʘʟʝ AlGaN/GaN ʧʨʝʜʩʪʘʚʣʝʥʘ ʥʘ ʨʠʩʫʥʢʝ 1.37. 

 

ʈʠʩʫʥʦʢ 1.37 ïɻʝʪʝʨʦʩʪʨʫʢʪʫʨʘ ʅɽʄʊ ʪʨʘʥʟʠʩʪʦʨʘ ʥʘ ʙʘʟʝ AlGaN/GaN 

 

ɺ ʩʣʫʯʘʝ ʅɽʄʊ ʪʨʘʥʟʠʩʪʦʨʦʚ ʥʘ ʙʘʟʝ ʢʫʙʠʯʝʩʢʠʭ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚ ʦʙʳʯʥʦ ʠʩ-

ʧʦʣʴʟʫʶʪʩʷ ʧʦʜʣʦʞʢʠ ʠʟ ʤʘʪʝʨʠʘʣʘ, ʚʭʦʜʷʱʝʛʦ ʚ ʩʦʩʪʘʚ ʛʝʪʝʨʦʩʪʨʫʢʪʫʨʳ, ʧʦʩʢʦʣʴʢʫ ʚ 

ʙʦʣʴʰʠʥʩʪʚʝ ʩʣʫʯʘʝʚ ʠʤʝʶʪʩʷ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʦʙʲʝʤʥʳʝ ʢʨʠʩʪʘʣʣʳ ʜʦʩʪʘʪʦʯʥʳʭ ʨʘʟ-

ʤʝʨʦʚ ʜʣʷ ʠʟʛʦʪʦʚʣʝʥʠʷ ʪʘʢʠʭ ʧʦʜʣʦʞʝʢ. ʅʘ ʧʦʜʣʦʞʢʝ ʵʧʠʪʘʢʩʠʘʣʴʥʳʤʠ ʤʝʪʦʜʘʤʠ ʚʳʨʘ-

ʱʠʚʘʝʪʩʷ ʙʫʬʝʨʥʳʡ ʩʣʦʡ ʙʘʟʦʚʦʛʦ ʧʦʣʫʧʨʦʚʦʜʥʠʢʘ, ʥʘ ʢʦʪʦʨʦʤ ʬʦʨʤʠʨʫʝʪʩʷ ʩʨʘʚʥʠʪʝʣʴ-

ʥʦ ʪʦʥʢʠʡ ʩʣʦʡ ʰʠʨʦʢʦʟʦʥʥʦʛʦ ʧʦʣʫʧʨʦʚʦʜʥʠʢʘ. ɺ ʥʝʢʦʪʦʨʳʭ ʢʦʥʩʪʨʫʢʮʠʷʭ ʤʝʞʜʫ ʵʪʠʤʠ 

ʩʣʦʷʤʠ ʨʘʩʧʦʣʘʛʘʝʪʩʷ ʪʦʥʢʠʡ ʥʝʣʝʛʠʨʦʚʘʥʥʳʡ ʢʘʥʘʣʴʥʳʡ ʩʣʦʡ ʫʟʢʦʟʦʥʥʦʛʦ ʧʦʣʫʧʨʦʚʦʜ-

ʥʠʢʘ. ʊʘʢʞʝ ʚ ʥʝʢʦʪʦʨʳʭ ʢʦʥʩʪʨʫʢʮʠʷʭ ʛʝʪʝʨʦʩʪʨʫʢʪʫʨ ʥʘʜ ʫʟʢʦʟʦʥʥʳʤ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʤ 

ʥʘʨʘʱʠʚʘʝʪʩʷ ʪʦʥʢʠʡ ʨʘʟʜʝʣʠʪʝʣʴʥʳʡ (ʩʧʝʡʩʝʨʥʳʡ) ʩʣʦʡ, ʢʦʪʦʨʳʡ ʩʧʦʩʦʙʩʪʚʫʝʪ ʧʨʦ-

ʩʪʨʘʥʩʪʚʝʥʥʦʤʫ ʨʘʟʜʝʣʝʥʠʶ 2DEG ʤʝʞʜʫ ʢʘʥʘʣʴʥʳʤ ʩʣʦʝʤ ʠ ʨʘʩʧʦʣʦʞʝʥʥʳʤ ʚʳʰʝ ʰʠ-

ʨʦʢʦʟʦʥʥʳʤ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʤ. ʅɽʄʊ ʪʨʘʥʟʠʩʪʦʨʳ ʥʘ ʦʩʥʦʚʝ ʢʫʙʠʯʝʩʢʠʭ ʧʦʣʫʧʨʦʚʦʜʥʠ-

ʢʦʚ ʜʝʤʦʥʩʪʨʠʨʫʶʪ ʦʪʣʠʯʥʳʝ ʯʘʩʪʦʪʥʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ, ʜʦʭʦʜʷʱʠʝ ʜʦ ʥʝʩʢʦʣʴʢʠʭ ʩʦʪʝʥ 
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ɻɻʮ, ʥʦ ʧʨʠ ʵʪʦʤ ʠʤʝʶʪ ʤʘʣʳʝ ʤʦʱʥʦʩʪʥʳʝ ʧʘʨʘʤʝʪʨʳ ʠʟ-ʟʘ ʥʝʚʳʩʦʢʠʭ ʥʘʧʨʷʞʝʥʠʡ ʧʦʣʷ 

ʧʨʦʙʦʷ ʠ ʥʠʟʢʠʭ ʨʘʙʦʯʠʭ ʪʝʤʧʝʨʘʪʫʨ. 

ʆʩʦʙʝʥʥʦʩʪʷʤʠ ʥʠʪʨʠʜʦʚ ʛʨʫʧʧʳ III -N ʷʚʣʷʶʪʩʷ ʙʦʣʴʰʠʝ ʥʘʧʨʷʞʝʥʠʷ ʧʨʦʙʦʷ 

(Uʧʨʦʙ) ʠ ʩʢʦʨʦʩʪʠ ʜʨʝʡʬʘ ʵʣʝʢʪʨʦʥʦʚ ʚ ʨʝʞʠʤʝ ʥʘʩʳʱʝʥʠʷ (Vʥʘʩ), ʚʳʩʦʢʠʝ ʨʘʙʦʯʠʝ ʪʝʤʧʝ-

ʨʘʪʫʨʳ ʠ ʫʩʪʦʡʯʠʚʦʩʪʴ ʥʠʪʨʠʜʦʚ ʢ ʚʥʝʰʥʠʤ ʚʳʩʦʢʦʵʥʝʨʛʝʪʠʯʝʩʢʠʤ ʚʦʟʜʝʡʩʪʚʠʷʤ. ʕʪʦ 

ʩʧʦʩʦʙʩʪʚʦʚʘʣʦ ʠʭ ʰʠʨʦʢʦʤʫ ʧʨʠʤʝʥʝʥʠʶ ʚ ʧʨʦʤʳʰʣʝʥʥʦʤ ʧʨʦʠʟʚʦʜʩʪʚʝ ʧʨʠʙʦʨʦʚ ʚʳ-

ʩʦʢʦʡ ʫʜʝʣʴʥʦʡ ʤʦʱʥʦʩʪʠ, ʩʧʦʩʦʙʥʳʭ ʨʘʙʦʪʘʪʴ ʧʨʠ ʚʳʩʦʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ ʠ ʚ ʫʩʣʦʚʠʷʭ 

ʚʥʝʰʥʠʭ ʚʳʩʦʢʦʵʥʝʨʛʝʪʠʯʝʩʢʠʭ ʚʦʟʜʝʡʩʪʚʠʡ, ʚʢʣʶʯʘʷ ʢʦʩʤʠʯʝʩʢʠʝ ʠʟʣʫʯʝʥʠʷ. ʅʝʢʦʪʦʨʳʝ 

ʬʫʥʜʘʤʝʥʪʘʣʴʥʳʝ ʧʘʨʘʤʝʪʨʳ ʥʠʪʨʠʜʥʳʭ ʩʦʝʜʠʥʝʥʠʡ ʠ ʤʘʪʝʨʠʘʣʦʚ, ʠʩʧʦʣʴʟʫʝʤʳʭ ʚ ʢʘʯʝ-

ʩʪʚʝ ʧʦʜʣʦʞʝʢ ʧʨʠ ʧʨʦʠʟʚʦʜʩʪʚʝ ʛʝʪʝʨʦʩʪʨʫʢʪʫʨ ʜʣʷ ʅɽʄʊ ʪʨʘʥʟʠʩʪʦʨʦʚ, ʧʨʝʜʩʪʘʚʣʝʥʳ ʚ 

ʪʘʙʣʠʮʝ 1.3. 

 

ʊʘʙʣʠʮʘ 1.3 ï ʅʝʢʦʪʦʨʳʝ ʧʘʨʘʤʝʪʨʳ GaN, InN, AlN, 4H-SiC, 6H-SiC, Al2O3, Si. 

ʉʦʝʜʠʥʝʥʠʝ AlN GaN InN 4H-SiC 6H-SiC Al2O3 Si(111) 

Eg, ʵɺ  6,2 3,42 0,7 3,26 3,03 9,4 1,12 

EA, ʵɺ  2,05;1,9 4,16 5,75 3,2 3,4 4,44 4,05 

CNL, ʵɺ  3,5 2,7 1,7 1,81 1,78 - 0,4 

K300, ɺʪ/ʩʤ ʂ  2,5-3,3 1,3-2,9 0,45; 0,8 4,9 4,9 0,5 1,5 

ʂʊʈ, 10
-6

/K  4,2 5,59 - 4,2 4,2 7,5 3,59 

Uʧʨʦʙ, ɺ/ʩʤ  8,4Ŀ10
6
 3,3.10

6
 1,2.10

6
 2,2.10

6
 2,5.10

6
 5.10

6
 3.10

5
 

Uʥʘʩ, ʩʤ/ʩ  2.10
7
 2,7.10

7
 3,8.10

7
 2.10

7
 2,2.10

7
 - 1.10

7
 

Tʧʣ, K  3487 2791 1373 3003 3003 2345 1688 

Ŭ, Ȕ  3,111 3,189 3,544 3,070 3,081 4,758 5,431 

ʩ, Ȕ  4,978 5,185 5,718 10,053 15,12 12,991 - 

 

ɿʜʝʩʴ Eg ïh ʠʨʠʥʘ ʟʘʧʨʝʱʝʥʥʦʡ ʟʦʥʳ, EA -ʵʣʝʢʪʨʦʥʥʦʝ ʩʨʦʜʩʪʚʦ, CNL -ʫʨʦʚʝʥʴ ʟʘ-

ʨʷʜʦʚʦʡ ʥʝʡʪʨʘʣʴʥʦʩʪʠ, K300 ïʢʦʵʬʬʠʮʠʝʥʪ ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʠ, ʂʊʈ ïʢʦʵʬʬʠʮʠʝʥʪ ʪʝʧʣʦ-

ʚʦʛʦ ʨʘʩʰʠʨʝʥʠʷ. 

ʉʦʝʜʠʥʝʥʠʷ (Al, Ga, In)-N ʩ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʨʝʰʝʪʢʦʡ ʚʶʨʮʠʪʘ ʜʝʤʦʥʩʪʨʠʨʫʶʪ 

ʟʥʘʯʠʪʝʣʴʥʫʶ ʩʧʦʥʪʘʥʥʫʶ ʧʦʣʷʨʠʟʘʮʠʶ. ʇʨʠ ʵʪʦʤ ʙʠ-ʘʢʩʠʘʣʴʥʳʝ ʥʘʧʨʷʞʝʥʠʷ ʨʘʩʪʷʞʝ-

ʥʠʷ/ʩʞʘʪʠʷ ʥʘ ʠʥʪʝʨʬʝʡʩʝ ʰʠʨʦʢʦʟʦʥʥʳʡ/ʫʟʢʦʟʦʥʥʳʡ ʧʦʣʫʧʨʦʚʦʜʥʠʢʠ ʠʥʜʫʮʠʨʫʶʪ ʵʬ-

ʬʝʢʪ ʧʲʝʟʦʧʦʣʷʨʠʟʘʮʠʠ. ɹʦʣʴʰʦʡ ʨʘʟʨʳʚ ʟʦʥ ʧʨʦʚʦʜʠʤʦʩʪʠ ʚ ʩʦʯʝʪʘʥʠʠ ʩ ʠʥʜʫʮʠʨʦʚʘʥ-

ʥʳʤ ʵʬʬʝʢʪʦʤ ʧʦʣʷʨʠʟʘʮʠʠ ʟʘʨʷʜʦʤ ʦʙʝʩʧʝʯʠʚʘʝʪ ʟʥʘʯʠʪʝʣʴʥʫʶ ʧʣʦʪʥʦʩʪʴ, ʙʦʣʝʝ 

10
13

 ʩʤ
-2
, ʜʚʫʤʝʨʥʦʛʦ ʵʣʝʢʪʨʦʥʥʦʛʦ ʛʘʟʘ ʚ ʧʨʦʚʦʜʷʱʝʤ ʢʘʥʘʣʝ ʥʘ ʠʥʪʝʨʬʝʡʩʝ ʥʠʪʨʠʜʥʳʭ 

ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚ ʙʝʟ ʣʝʛʠʨʦʚʘʥʠʷ ʰʠʨʦʢʦʟʦʥʥʦʛʦ ʤʘʪʝʨʠʘʣʘ ʠ ʧʦʟʚʦʣʷʶʪ ʚ ʨʘʟʳ ʧʦʚʳ-

ʩʠʪʴ ʫʜʝʣʴʥʫʶ ʚʳʭʦʜʥʫʶ ʤʦʱʥʦʩʪʴ ʅɽʄʊ ʪʨʘʥʟʠʩʪʦʨʘ ʥʘ ʦʩʥʦʚʝ ʥʠʪʨʠʜʥʳʭ ʧʦʣʫʧʨʦ-

ʚʦʜʥʠʢʦʚ ʛʨʫʧʧʳ III -N ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʪʨʘʥʟʠʩʪʦʨʘʤʠ ʥʘ ʙʘʟʝ ʢʫʙʠʯʝʩʠʭ ʢʨʠʩʪʘʣʣʦʚ. ʊʘʢ, 
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ʅɽʄʊ ʪʨʘʥʟʠʩʪʦʨʳ AlGaN/GaN, ʚʳʨʘʱʝʥʥʳʝ ʥʘ ʧʦʜʣʦʞʢʘʭ ʩʘʧʬʠʨʘ, ʠʟʦʣʠʨʫʶʱʝʛʦ 4H-

SiC, ʘ ʪʘʢʞʝ ʥʘ ʧʦʜʣʦʞʢʝ GaN ʧʦʢʘʟʳʚʘʶʪ ʙʦʣʝʝ ʚʳʩʦʢʠʝ, ʯʝʤ ʪʨʘʥʟʠʩʪʦʨʳ ʥʘ ʦʩʥʦʚʝ 

GaAs, ʫʨʦʚʥʠ ʚʳʭʦʜʥʦʡ ʉɺʏ ʤʦʱʥʦʩʪʠ. ʀʩʧʦʣʴʟʦʚʘʥʠʝ ʰʠʨʦʢʦʟʦʥʥʳʭ ʥʠʪʨʠʜʦʚ ʛʨʫʧʧʳ 

III -N ʜʣʷ ʧʨʦʠʟʚʦʜʩʪʚʘ ʪʨʘʥʟʠʩʪʦʨʦʚ ʥʝ ʪʦʣʴʢʦ ʫʚʝʣʠʯʠʣʦ ʚʳʭʦʜʥʫʶ ʤʦʱʥʦʩʪʴ, ʥʦ ʠ ʪʝʤ-

ʧʝʨʘʪʫʨʥʫʶ ʠ ʨʘʜʠʘʮʠʦʥʥʫʶ ʫʩʪʦʡʯʠʚʦʩʪʴ ʩʭʝʤ. 

ʂʦʥʩʪʨʫʢʮʠʷ ʅɽʄʊ ʪʨʘʥʟʠʩʪʦʨʘ ʥʘ ʙʘʟʝ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚ ʛʨʫʧʧʳ III -N ʚ ʮʝʣʦʤ 

ʧʦʜʦʙʥʘ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʤ ʢʦʥʩʪʨʫʢʮʠʷʤ ʥʘ ʦʩʥʦʚʝ ʢʫʙʠʯʝʩʢʠʭ ʢʨʠʩʪʘʣʣʦʚ. ʀʭ ʦʩʥʦʚʥʦʝ 

ʦʪʣʠʯʠʝ ʩʦʩʪʦʠʪ ʚ ʦʪʩʫʪʩʪʚʠʠ ʢʘʯʝʩʪʚʝʥʥʳʭ GaN ʧʦʜʣʦʞʝʢ ʙʦʣʴʰʦʛʦ ʜʠʘʤʝʪʨʘ ʜʣʷ ʥʠʪ-

ʨʠʜʥʳʭ ʛʝʪʝʨʦʩʪʨʫʢʪʫʨ, ʯʪʦ ʚ ʟʥʘʯʠʪʝʣʴʥʦʡ ʩʪʝʧʝʥʠ ʫʩʣʦʞʥʠʣʦ ʪʝʭʥʦʣʦʛʠʶ ʵʧʠʪʘʢʩʠʘʣʴ-

ʥʦʛʦ ʚʳʨʘʱʠʚʘʥʠʷ ʪʨʘʥʟʠʩʪʦʨʥʳʭ ʩʪʨʫʢʪʫʨ ʥʘ ʙʘʟʝ ʥʠʪʨʠʜʥʳʭ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʭ ʩʦ-

ʝʜʠʥʝʥʠʡ. ʉʪʨʫʢʪʫʨʘ AlGaN/GaN HEMT ʦʙʳʯʥʦ ʚʢʣʶʯʘʝʪ (ʩʚʝʨʭʫ ʚʥʠʟ): ʚʝʨʭʥʠʡ (cap) 

ʩʣʦʡ ʥʝʣʝʛʠʨʦʚʘʥʥʦʛʦ AlGaN (ʠʣʠ GaN) ʪʦʣʱʠʥʦʡ ʦʪ 2 ʜʦ 10 ʥʤ, ʚʳʨʘʱʝʥʥʳʡ ʧʨʠ ʥʠʟʢʠʭ 

ʪʝʤʧʝʨʘʪʫʨʘʭ (ʊ~550
0
ʉ), ʩʣʦʡ Al xGa1-xN (0,15<ʭ<0,5 ), ʧʨʦʚʦʜʷʱʠʡ ʢʘʥʘʣ ʥʘ ʦʩʥʦʚʝ ʣʝʛʠ-

ʨʦʚʘʥʥʦʛʦ, n = (2 ï5)Ŀ10
17

 ʩʤ
-3

 ʠʣʠ (ʥʝʣʝʛʠʨʦʚʘʥʥʦʛʦ) GaN ʪʦʣʱʠʥʦʡ ʧʦʨʷʜʢʘ 50 ʥʤ, ʣʝʛʠ-

ʨʦʚʘʥʥʳʡ ʧʨʠʤʝʩʷʤʠ p ʪʠʧʘ ʜʣʷ ʧʦʜʘʚʣʝʥʠʷ ʬʦʥʦʚʦʡ ʧʨʦʚʦʜʠʤʦʩʪʠ ʙʫʬʝʨʥʳʡ ʩʣʦʡ GaN 

ʪʦʣʱʠʥʦʡ ʦʪ 0,5 ʜʦ 2 ʤʢʤ, ʟʘʨʦʜʳʰʝʚʳʡ ʩʣʦʡ GaN, AlGaN ʠʣʠ AlN ʠ ʧʦʜʣʦʞʢʫ SiC, Si 

ʠʣʠ Al2O3 [70, 71]. 

ɻʣʘʚʥʦʝ ʦʪʣʠʯʠʝ ʥʠʪʨʠʜʥʳʭ ʪʨʘʥʟʠʩʪʦʨʦʚ ʦʪ ʪʨʘʥʟʠʩʪʦʨʦʚ ʥʘ ʙʘʟʝ ʢʫʙʠʯʝʩʢʠʭ ʢʨʠ-

ʩʪʘʣʣʦʚ ʩʦʩʪʦʠʪ ʚ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʧʦʜʣʦʞʝʢ ʠʟ ʦʪʣʠʯʥʳʭ ʦʪ GaN ʤʘʪʝʨʠʘʣʦʚ, ʢʦʪʦʨʳʝ 

ʜʦʣʞʥʳ ʦʙʝʩʧʝʯʠʚʘʪʴ ʤʠʥʠʤʘʣʴʥʦʝ ʨʘʩʭʦʞʜʝʥʠʝ ʩ ʙʘʟʦʚʳʤ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʤ ʧʦ ʧʘʨʘ-

ʤʝʪʨʘʤ ʨʝʰʝʪʢʠ, ʠʤʝʪʴ ʚʳʩʦʢʫʶ ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʴ ʜʣʷ ʩʥʷʪʠʷ ʪʝʧʣʦʚʳʭ ʦʛʨʘʥʠʯʝʥʠʡ ʠ 

ʭʦʨʦʰʠʝ ʠʟʦʣʠʨʫʶʱʠʝ ʩʚʦʡʩʪʚʘ, ʦʙʝʩʧʝʯʠʚʘʶʱʠʝ ʤʘʣʳʝ ʧʦʪʝʨʠ ʥʘ ʚʳʩʦʢʠʭ ʯʘʩʪʦʪʘʭ 

[72]. 

1.2.4 ʄʘʪʝʨʠʘʣʳ ʧʦʜʣʦʞʝʢ ʜʣʷ ʀʉ ʥʘ GaN 

ʇʦʜʣʦʞʢʠ ʥʠʪʨʠʜʥʳʭ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚ ï ʢʨʠʪʠʯʝʩʢʠʝ ʢʦʤʧʦʥʝʥʪʳ ʚ ʧʨʦʠʟʚʦʜʩʪʚʝ 

ʅɽʄʊ ʪʨʘʥʟʠʩʪʦʨʦʚ. ʆʩʥʦʚʥʳʤʠ ʢʨʠʪʝʨʠʷʤʠ ʧʨʠ ʚʳʙʦʨʝ ʤʘʪʝʨʠʘʣʘ ʜʣʷ ʧʦʜʣʦʞʝʢ ʧʨʠ 

ʚʳʨʘʱʠʚʘʥʠʠ ʅɽʄʊ ʪʨʘʥʟʠʩʪʦʨʦʚ ʥʘ ʦʩʥʦʚʝ ʩʦʝʜʠʥʝʥʠʡ III -N ʷʚʣʷʶʪʩʷ:  

ʘ) ʩʦʦʪʚʝʪʩʪʚʠʝ ʧʘʨʘʤʝʪʨʦʚ ʨʝʰʝʪʦʢ ʧʦʜʣʦʞʢʠ ʠ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʦʛʦ ʤʘʪʝʨʠʘʣʘ;  

ʙ) ʩʦʦʪʚʝʪʩʪʚʠʝ ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʠ ʠ ʪʝʨʤʠʯʝʩʢʦʛʦ ʨʘʩʰʠʨʝʥʠʷ 

ʧʣʝʥʢʘ/ʧʦʜʣʦʞʢʘ; 

ʚ) ʤʘʢʩʠʤʘʣʴʥʘʷ ʵʣʝʢʪʨʠʯʝʩʢʘʷ ʠʟʦʣʷʮʠʷ ʧʦʜʣʦʞʢʠ;  

ʛ) ʥʠʟʢʘʷ ʧʣʦʪʥʦʩʪʴ ʦʩʪʘʪʦʯʥʳʭ ʜʝʬʝʢʪʦʚ ʧʦʜʣʦʞʢʠ;  

ʜ) ʢʘʯʝʩʪʚʦ ʠ ʩʚʦʡʩʪʚʦ ʧʦʚʝʨʭʥʦʩʪʠ ʧʦʜʣʦʞʢʠ;  

ʞ) ʢʦʨʦʙʣʝʥʠʝ ʠ ʧʨʦʛʠʙ ʧʦʜʣʦʞʢʠ;  
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ʟ) ʤʝʭʘʥʠʯʝʩʢʠʝ ʠ ʭʠʤʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʧʦʜʣʦʞʢʠ, ʧʨʦʷʚʣʷʶʱʠʝʩʷ ʧʨʠ ʫʪʦʥʝʥʠʠ ʠ 

ʪʨʘʚʣʝʥʠʠ ʦʪʚʝʨʩʪʠʡ;  

ʠ) ʮʝʥʘ ʟʘ ʝʜʠʥʠʮʫ ʧʣʦʱʘʜʠ ʧʦʜʣʦʞʢʠ ʠ ʜʦʩʪʫʧʥʦʩʪʴ ʧʦʜʣʦʞʢʠ ʩ ʫʯʝʪʦʤ ʝʝ ʜʠʘ-

ʤʝʪʨʘ.  

ʉʨʝʜʠ ʥʘʠʙʦʣʝʝ ʠʩʧʦʣʴʟʫʝʤʳʭ ʤʘʪʝʨʠʘʣʦʚ ʚ ʢʘʯʝʩʪʚʝ ʧʦʜʣʦʞʝʢ ʜʣʷ ʥʠʪʨʠʜʥʳʭ 

ʩʪʨʫʢʪʫʨ ʚʳʩʪʫʧʘʶʪ ʩʘʧʬʠʨ (Al2O3), ʢʨʝʤʥʠʡ (Si) ʠ ʢʘʨʙʠʜ ʢʨʝʤʥʠʷ (SiC).  

ʇʦʜʣʦʞʢʠ ʠʟ ʢʨʝʤʥʠʷ Si (111) ʪʝʭʥʦʣʦʛʠʯʥʳ, ʜʦʩʪʫʧʥʳ, ʜʝʰʝʚʳ ʠ ʭʘʨʘʢʪʝʨʠʟʫʶʪ-

ʩʷ ʜʦʩʪʘʪʦʯʥʦ ʚʳʩʦʢʦʡ ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʴʶ, ʧʨʘʢʪʠʯʝʩʢʠ ʥʝ ʦʛʨʘʥʠʯʝʥʳ ʧʦ ʜʠʘʤʝʪʨʫ ʧʣʘ-

ʩʪʠʥ ʠ ʠʤʝʶʪ ʥʠʟʢʫʶ ʧʣʦʪʥʦʩʪʴ ʜʝʬʝʢʪʦʚ. ʅʦ ʧʨʠ ʵʪʦʤ ʩʠʣʴʥʦʝ ʨʘʟʣʠʯʠʝ ʢʦʵʬʬʠʮʠʝʥʪʦʚ 

ʪʝʧʣʦʚʦʛʦ ʨʘʩʰʠʨʝʥʠʷ ʠ ʧʘʨʘʤʝʪʨʦʚ ʨʝʰʝʪʢʠ ʢʨʝʤʥʠʷ ʠ GaN ʜʦʩʪʘʪʦʯʥʦ ʩʠʣʴʥʦ ʫʩʣʦʞʥʷ-

ʝʪ ʧʨʦʮʝʩʩ ʚʳʨʘʱʠʚʘʥʠʷ ʢʘʯʝʩʪʚʝʥʥʳʭ ʵʧʠʪʘʢʩʠʘʣʴʥʳʭ ʩʪʨʫʢʪʫʨ ʥʘ ʦʩʥʦʚʝ ʥʠʪʨʠʜʘ ʛʘʣ-

ʣʠʷ ʥʘ ʪʘʢʠʭ ʧʦʜʣʦʞʢʘʭ. ʆʩʥʦʚʥʦʡ ʥʝʜʦʩʪʘʪʦʢ Si (111) ʧʦʜʣʦʞʝʢ ʩʦʩʪʦʠʪ ʚ ʠʭ ʥʠʟʢʦʡ ʪʝʧ-

ʣʦʧʨʦʚʦʜʥʦʩʪʠ. 

ʉʘʧʬʠʨ (Al 2O3) ʜʦʩʪʫʧʝʥ ʧʦ ʩʪʦʠʤʦʩʪʠ ʠ ʪʝʭʥʦʣʦʛʠʯʝʩʢʦʡ ʨʘʟʨʘʙʦʪʘʥʥʦʩʪʠ. ʅʝ-

ʜʦʩʪʘʪʢʦʤ ʝʛʦ ʷʚʣʷʶʪʩʷ ʥʠʟʢʘʷ ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʴ ʠ ʟʥʘʯʠʪʝʣʴʥʦʝ ʥʝʩʦʦʪʚʝʪʩʪʚʠʝ ʘ-

ʧʘʨʘʤʝʪʨʦʚ ʨʝʰʝʪʦʢ Al 2O3 ʠ GaN (~13 %), ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ ʬʦʨʤʠʨʦʚʘʥʠʶ ʚʳʩʦʢʦʡ ʧʣʦʪ-

ʥʦʩʪʠ ʜʠʩʣʦʢʘʮʠʡ ʥʝʩʦʦʪʚʝʪʩʪʚʠʷ ʥʘ ʠʥʪʝʨʬʝʡʩʝ GaN/Al 2O3 ʧʨʦʨʘʩʪʘʶʱʠʭ ʚ ʘʢʪʠʚʥʫʶ 

ʦʙʣʘʩʪʴ ʅɽʄʊ ʩʪʨʫʢʪʫʨʳ. ɼʣʷ ʩʥʠʞʝʥʠʷ ʧʣʦʪʥʦʩʪʠ ʜʠʩʣʦʢʘʮʠʡ ʧʨʦʚʦʜʠʪʩʷ ʥʠʪʨʠʜʠʟʘʮʠʷ 

ʧʦʚʝʨʭʥʦʩʪʠ Al2O3 ʠʣʠ ʝʛʦ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʳʡ (ʊ~1100
0
ʉ) ʦʪʞʠʛ, ʘ ʪʘʢʞʝ ʥʘʨʘʱʠʚʘʥʠʝ 

ʥʠʟʢʦʪʝʤʧʝʨʘʪʫʨʥʦʛʦ (ʊ~550
0
ʉ) ʟʘʨʦʜʳʰʝʚʦʛʦ ʩʣʦʷ GaN, AlN, AlGaN. ʂ ʪʦʤʫ ʞʝ ʦʩʦʙʝʥ-

ʥʦʩʪʠ ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʪʝʧʣʦʚʦʛʦ ʨʘʩʰʠʨʝʥʠʷ GaN ʠ Al2O3 ʧʨʠʚʦʜʷʪ ʢ ʙʠʘʢʩʠʘʣʴʥʦʤʫ 

ʩʞʘʪʠʶ ʧʣʝʥʢʠ GaN ʚ ʙʘʟʘʣʴʥʦʡ ʧʣʦʩʢʦʩʪʠ, ʜʦ ~ (0,2-1,0) ɻʇʘ, ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʫʩʣʦʚʠʡ 

ʝʝ ʨʦʩʪʘ ʠ ʪʦʣʱʠʥʳ. 

ʄʦʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʝ ʧʦʜʣʦʞʢʠ ʢʘʨʙʠʜʘ ʢʨʝʤʥʠʷ (4H-SiC) ʫʜʦʚʣʝʪʚʦʨʷʶʪ ʙʦʣʴ-

ʰʠʥʩʪʚʫ ʧʝʨʝʯʠʩʣʝʥʥʳʭ ʪʨʝʙʦʚʘʥʠʡ ʢ ʧʦʜʣʦʞʝʯʥʦʤʫ ʤʘʪʝʨʠʘʣʫ ʜʣʷ GaN. ʅʠʪʨʠʜʥʳʝ ʛʝ-

ʪʝʨʦʩʪʨʫʢʪʫʨʳ, ʚʳʨʘʱʝʥʥʳʝ ʥʘ ʪʘʢʠʭ ʧʦʜʣʦʞʢʘʭ, ʢʘʢ ʧʨʘʚʠʣʦ, ʠʤʝʝʪ ʚʳʩʦʢʠʝ ʤʦʱʥʦʩʪ-

ʥʳʝ ʠ ʯʘʩʪʦʪʥʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ. ɺ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʙʦʣʴʰʠʥʩʪʚʦ ʧʨʦʠʟʚʦʜʠʪʝʣʝʡ ʉɺʏ 

ʢʦʤʧʦʥʝʥʪʥʦʡ ʙʘʟʳ ʠʩʧʦʣʴʟʫʶʪ ʚ ʧʨʦʠʟʚʦʜʩʪʚʝ ʠ ʨʘʟʨʘʙʦʪʢʘʭ ʉɺʏ GaN ʪʨʘʥʟʠʩʪʦʨʦʚ ʛʝ-

ʪʝʨʦʩʪʨʫʢʪʫʨʳ, ʚʳʨʘʱʝʥʥʳʝ ʥʘ ʧʦʜʣʦʞʢʘʭ ʢʘʨʙʠʜʘ ʢʨʝʤʥʠʷ. ɽʩʪʴ ʨʷʜ ʧʨʦʠʟʚʦʜʠʪʝʣʝʡ, 

ʠʩʧʦʣʴʟʫʶʱʠʭ ʧʦʜʣʦʞʢʠ ʢʨʝʤʥʠʷ ʜʣʷ ʧʨʦʠʟʚʦʜʩʪʚʘ ʠ ʨʘʟʨʘʙʦʪʢʠ ʉɺʏ GaN ʪʨʘʥʟʠʩʪʦʨʦʚ 

ʠ ʄʀʉ ʜʣʷ ʦʪʜʝʣʴʥʳʭ ʩʝʛʤʝʥʪʦʚ ʨʳʥʢʘ: ʥʝʜʦʨʦʛʠʭ ʪʨʘʥʟʠʩʪʦʨʦʚ ʠ ʄʀʉ ʩ ʥʝʚʳʩʦʢʠʤʠ 

ʧʘʨʘʤʝʪʨʘʤʠ ʠ ʤʘʣʦʤʦʱʥʳʭ ʉɺʏ ʄʀʉ ʤʠʣʣʠʤʝʪʨʦʚʦʛʦ ʜʠʘʧʘʟʦʥʘ. ʆʩʥʦʚʥʳʤ ʥʝʜʦʩʪʘʪ-

ʢʦʤ ʢʘʨʙʠʜʘ ʢʨʝʤʥʠʷ, ʧʨʝʧʷʪʩʪʚʫʶʱʠʤ ʝʛʦ ʰʠʨʦʢʦʤʫ ʠʩʧʦʣʴʟʦʚʘʥʠʶ, ʷʚʣʷʝʪʩʷ ʜʦʨʦʛʦ-

ʚʠʟʥʘ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʧʦʜʣʦʞʢʘʤʠ ʥʘ ʦʩʥʦʚʝ ʩʘʧʬʠʨʘ ʠʣʠ ʢʨʝʤʥʠʷ. ʊʘʢ, ʩʦʦʪʥʦʰʝʥʠʝ 
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ʩʪʦʠʤʦʩʪʠ ʝʜʠʥʠʮʳ ʧʣʦʱʘʜʠ (ʦʪʥ. ʝʜ.) ʧʦʜʣʦʞʝʢ ʥʘ ʦʩʥʦʚʝ Si, Al 2O3 ʠ SiC ʩʦʩʪʘʚʣʷʝʪ ʦʢʦ-

ʣʦ 1:10:100. 

1.3 ʆʩʦʙʝʥʥʦʩʪʠ ʬʦʨʤʠʨʦʚʘʥʠʷ ʀʉ ʥʘ Si 

1.3.1 ʂʨʝʤʥʠʡ-ʛʝʨʤʘʥʠʝʚʳʝ ʛʝʪʝʨʦʧʝʨʝʭʦʜʥʳʝ ʙʠʧʦʣʷʨʥʳʝ ʪʨʘʥʟʠʩʪʦʨʳ 

ʅʘ ʨʠʩʫʥʢʝ 1.38 ʚ ʦʙʱʝʤ ʩʝʯʝʥʠʠ ʧʨʝʜʩʪʘʚʣʝʥʳ ʦʩʥʦʚʥʳʝ ʦʙʣʘʩʪʠ ʙʘʟʦʚʦʛʦ ʫʩʪ-

ʨʦʡʩʪʚʘ ʚʳʩʦʢʦʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʛʦ SiGe HBT (heterojunction bipolar transistor ï ʛʝʪʝʨʦʧʝ-

ʨʝʭʦʜʥʳʡ ʙʠʧʦʣʷʨʥʳʡ ʪʨʘʥʟʠʩʪʦʨ, ɻɹʊ). 

 

 

ɹ ʂ ʕ 
ʇʦʣʠ-ʵʤʠʪʪʝʨ 
ɺʥʝʰʥʷʷ 

ʙʘʟʘ 

SiGe ʙʘʟʘ 

ʕʧʠʪʘʢʩʠʘʣʴ- 

ʥʳʡ ʩʣʦʡ 

ʀʤʧʣʘʥʪʠʨʦʚʘʥ-

ʥʳʡ ʢʦʣʣʝʢʪʦʨ 

ʉʢʨʳʪʳʡ 

ʩʫʙʢʦʣʣʝʢʪʦʨ 

ɻʣʫʙʦʢʠʡ 
ʪʨʝʥʯ 

ʄʝʣʢʠʡ 

ʪʨʝʥʯ 

ʇʦʛʨʫʞʥʦʡ 

ʢʦʣʣʝʢʪʦʨ 

ʉʠʣʠʮʠʜ 

ʇʦʜʣʦʞʢʘ 

 

ʈʠʩʫʥʦʢ 1.38 ï ʉʭʝʤʘʪʠʯʝʩʢʦʝ ʩʝʯʝʥʠʝ ʚʳʩʦʢʦʩʢʦʨʦʩʪʥʦʛʦ SiGe HBT 

 

ʀʥʥʦʚʘʮʠʠ ʚ ʘʨʭʠʪʝʢʪʫʨʝ ʫʩʪʨʦʡʩʪʚʘ ʠ ʧʨʦʮʝʩʩʘʭ ʠʟʛʦʪʦʚʣʝʥʠʷ ʙʳʣʠ ʦʩʥʦʚʥʳʤʠ 

ʬʘʢʪʦʨʘʤʠ ʫʣʫʯʰʝʥʠʷ ʨʘʜʠʦʯʘʩʪʦʪʥʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ SiGe HBT ʚ ʪʝʯʝʥʠʝ ʧʦʩʣʝʜʥʠʭ ʜʝ-

ʩʷʪʠʣʝʪʠʡ. ʆʩʥʦʚʥʳʤʠ ʪʨʝʙʦʚʘʥʠʷʤʠ ʢ ʘʨʭʠʪʝʢʪʫʨʝ ʫʩʪʨʦʡʩʪʚʘ ʜʣʷ ʚʳʩʦʢʦʩʢʦʨʦʩʪʥʳʭ 

HBT ʷʚʣʷʶʪʩʷ ʤʠʥʠʤʘʣʴʥʳʝ ʩʦʧʨʦʪʠʚʣʝʥʠʷ ʜʦʩʪʫʧʘ ʢ ʚʥʫʪʨʝʥʥʠʤ ʦʙʣʘʩʪʷʤ ʵʤʠʪʪʝʨʘ, 

ʙʘʟʳ ʠ ʢʦʣʣʝʢʪʦʨʘ, ʘ ʪʘʢʞʝ ʥʠʟʢʠʡ ʚʢʣʘʜ ʚʥʝʰʥʠʭ ʦʙʣʘʩʪʝʡ ʫʩʪʨʦʡʩʪʚʘ ʚ ʝʤʢʦʩʪʠ ʙʘʟʘ-

ʢʦʣʣʝʢʪʦʨ ʠ ʙʘʟʘ-ʵʤʠʪʪʝʨ. ʈʘʟʨʘʙʦʪʢʘ ʘʨʭʠʪʝʢʪʫʨʳ ʫʩʪʨʦʡʩʪʚ ʠ ʧʨʦʮʝʩʩʦʚ, ʢʦʪʦʨʳʝ ʦʙʣʝʛ-

ʯʘʶʪ ʦʜʥʦʚʨʝʤʝʥʥʫʶ ʨʝʘʣʠʟʘʮʠʶ ʥʠʟʢʦʛʦ ʩʦʧʨʦʪʠʚʣʝʥʠʷ ʙʘʟʳ ʠ ʥʠʟʢʦʡ ʝʤʢʦʩʪʠ ʙʘʟʘ-

ʢʦʣʣʝʢʪʦʨ, ʙʳʣʠ ʦʩʥʦʚʥʳʤʠ ʟʘʜʘʯʘʤʠ. ʈʝʘʣʠʟʘʮʠʷ ʫʩʪʨʦʡʩʪʚ ʩ ʥʠʟʢʠʤ ʪʝʧʣʦʚʳʤ ʩʦʧʨʦ-

ʪʠʚʣʝʥʠʝʤ ʷʚʣʷʝʪʩʷ ʜʦʧʦʣʥʠʪʝʣʴʥʳʤ ʪʨʝʙʦʚʘʥʠʝʤ ʜʣʷ ʦʛʨʘʥʠʯʝʥʠʷ ʩʘʤʦʥʘʛʨʝʚʘʥʠʷ. ɺʳ-

ʰʝʫʧʦʤʷʥʫʪʳʝ ʮʝʣʠ ʜʦʣʞʥʳ ʙʳʪʴ ʨʝʘʣʠʟʦʚʘʥʳ ʜʣʷ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʭ ʧʨʦʮʝʩʩʦʚ ʠʟʛʦʪʦʚ-

ʣʝʥʠʷ ʧʣʘʩʪʠʥ ʙʦʣʴʰʦʛʦ ʜʠʘʤʝʪʨʘ ʠ ʩ ʚʳʩʦʢʠʤ ʧʨʦʮʝʥʪʦʤ ʚʳʭʦʜʘ ʛʦʜʥʳʭ ʯʠʧʦʚ.  
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ɽʱʝ ʦʜʥʠʤ ʬʫʥʜʘʤʝʥʪʘʣʴʥʳʤ ʪʨʝʙʦʚʘʥʠʝʤ ʢ ʧʨʦʮʝʩʩʫ ʠʟʛʦʪʦʚʣʝʥʠʷ SiGe HBT ʚ̫-

ʣʷʝʪʩʷ ʩʦʚʤʝʩʪʠʤʦʩʪʴ ʩ CMOS (complementary metal-oxide-semiconductor ï ʢʦʤʧʣʝʤʝʥʪʘʨ-

ʥʘʷ ʩʪʨʫʢʪʫʨʘ ʤʝʪʘʣʣ-ʦʢʩʠʜ-ʧʦʣʫʧʨʦʚʦʜʥʠʢ, ʂʄʆʇ) ʪʝʭʥʦʣʦʛʠʝʡ. ʀʥʪʝʛʨʘʮʠʷ SiGe HBT 

ʠ ʜʨʫʛʠʭ ʧʘʩʩʠʚʥʳʭ ʠʣʠ ʘʢʪʠʚʥʳʭ ʉɺʏ ʫʩʪʨʦʡʩʪʚ ʚ ʪʝʭʥʦʣʦʛʠʯʝʩʢʫʶ ʧʣʘʪʬʦʨʤʫ BiCMOS 

ʜʦʣʞʥʘ ʦʩʫʱʝʩʪʚʣʷʪʴʩʷ ʙʝʟ ʫʭʫʜʰʝʥʠʷ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʠʣʠ ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʠ ʫʩʪʨʦʡʩʪʚ 

HBT ʠʣʠ CMOS. ɹʦʣʴʰʦʡ ʧʦʪʝʥʮʠʘʣ ʩʦʚʨʝʤʝʥʥʳʭ CMOS ʧʨʦʮʝʩʩʦʚ ʜʣʷ ʛʝʦʤʝʪʨʠʯʝʩʢʦʛʦ 

ʤʘʩʰʪʘʙʠʨʦʚʘʥʠʷ ʦʪʢʨʳʚʘʝʪ ʥʦʚʳʝ ʚʦʟʤʦʞʥʦʩʪʠ ʪʘʢʞʝ ʜʣʷ ʠʟʛʦʪʦʚʣʝʥʠʷ HBT. ʆʜʥʘʢʦ 

ʚʦʟʥʠʢʘʶʪ ʥʦʚʳʝ ʧʨʦʙʣʝʤʳ ʜʣʷ ʠʥʪʝʛʨʘʮʠʠ SiGe HBT. 

ʏʪʦ ʢʘʩʘʝʪʩʷ ʢʦʥʮʝʧʮʠʡ ʫʩʪʨʦʡʩʪʚ SiGe HBT, ʚʩʝ ʩʦʚʨʝʤʝʥʥʳʝ ʚʳʩʦʢʦʩʢʦʨʦʩʪʥʳʝ 

ʪʨʘʥʟʠʩʪʦʨʳ, ʩʚʷʟʘʥʥʳʝ ʩ ʧʨʦʠʟʚʦʜʩʪʚʦʤ, ʠʩʧʦʣʴʟʫʶʪ ʧʨʝʠʤʫʱʝʩʪʚʘ ʪʘʢ ʥʘʟʳʚʘʝʤʦʡ ʘʨ-

ʭʠʪʝʢʪʫʨʳ ʜʚʦʡʥʦʡ ʧʦʣʠ-Si (double-poly-Si, DP). ʕʪʘ ʢʦʥʬʠʛʫʨʘʮʠʷ ʦʙʝʩʧʝʯʠʚʘʝʪ ʜʦʩʪʫʧ 

ʠʟ ʦʙʣʘʩʪʠ ʢʦʥʪʘʢʪʘ ʢʦ ʚʥʫʪʨʝʥʥʠʤ ʦʙʣʘʩʪʷʤ ʙʘʟʳ ʠ ʵʤʠʪʪʝʨʘ ʧʦʩʨʝʜʩʪʚʦʤ ʩʣʦʝʚ ʧʦʣʠ-Si, 

ʢʦʪʦʨʳʝ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠ ʠʟʦʣʠʨʦʚʘʥʳ ʦʪ ʦʢʨʫʞʘʶʱʠʭ ʪʨʘʥʟʠʩʪʦʨʥʳʭ ʦʙʣʘʩʪʝʡ. ʕʪʦ 

ʤʦʱʥʦʝ ʩʨʝʜʩʪʚʦ ʜʣʷ ʦʙʝʩʧʝʯʝʥʠʷ ʥʠʟʢʠʭ ʟʥʘʯʝʥʠʡ ʚʥʝʰʥʠʭ ʧʘʨʘʤʝʪʨʦʚ, ʪʘʢʠʭ ʢʘʢ ʩʦ-

ʧʨʦʪʠʚʣʝʥʠʝ ʙʘʟʳ, ʝʤʢʦʩʪʴ ʙʘʟʘ-ʢʦʣʣʝʢʪʦʨ, ʩʦʧʨʦʪʠʚʣʝʥʠʝ ʵʤʠʪʪʝʨʘ ʠ ʝʤʢʦʩʪʴ ʙʘʟʘ-

ʵʤʠʪʪʝʨ. ʇʦʵʪʦʤʫ ʦʯʝʚʠʜʥʦ, ʯʪʦ ʙʘʟʦʚʳʝ ʩʪʨʫʢʪʫʨʳ ʩʦʚʨʝʤʝʥʥʳʭ SiGe HBT ʩʪʘʥʦʚʷʪʩʷ 

ʚʩʝ ʙʦʣʝʝ ʧʦʭʦʞʠʤʠ. ʊʝʤ ʥʝ ʤʝʥʝʝ, ʩʫʱʝʩʪʚʫʶʪ ʩʦʚʝʨʰʝʥʥʦ ʨʘʟʥʳʝ ʧʦʜʭʦʜʳ ʢ ʧʨʦʠʟʚʦʜ-

ʩʪʚʫ ʫʩʪʨʦʡʩʪʚ, ʯʪʦ ʩʢʘʟʳʚʘʝʪʩʷ ʥʘ ʠʭ ʵʣʝʢʪʨʠʯʝʩʢʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʭ. 

ʂʣʶʯʝʚʳʤ ʦʪʣʠʯʠʝʤ ʜʣʷ ʠʟʛʦʪʦʚʣʝʥʠʷ SiGe HBT ʷʚʣʷʝʪʩʷ ʩʧʦʩʦʙ ʬʦʨʤʠʨʦʚʘʥʠʷ 

ʙʘʟʳ SiGe. ʉʫʱʝʩʪʚʫʶʱʠʝ ʪʝʭʥʦʣʦʛʠʠ SiGe HBT ʠʩʧʦʣʴʟʫʶʪ ʣʠʙʦ ʩʝʣʝʢʪʠʚʥʳʡ ʵʧʠʪʘʢ-

ʩʠʘʣʴʥʳʡ ʨʦʩʪ ʙʘʟʳ (SEG), ʣʠʙʦ ʥʝʩʝʣʝʢʪʠʚʥʳʡ (NSEG). ʆʙʘ ʧʦʜʭʦʜʘ ʙʳʣʠ ʠʩʧʦʣʴʟʦʚʘʥʳ 

ʜʣʷ ʨʘʟʨʘʙʦʪʢʠ ʚʳʩʦʢʦʧʨʦʠʟʚʦʜʠʪʝʣʴʥʳʭ ʧʨʦʮʝʩʩʦʚ SiGe HBT ʠ ʥʘʰʣʠ ʩʚʦʝ ʧʨʠʤʝʥʝʥʠʝ 

ʚ ʤʘʩʩʦʚʦʤ ʧʨʦʠʟʚʦʜʩʪʚʝ.  

ɺ ʧʨʦʝʢʪʝ DOTFIVE ʙʳʣʠ ʨʘʟʨʘʙʦʪʘʥʳ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʝ ʨʝʰʝʥʠʷ, ʦʙʝʱʘʶʱʠʝ 

ʜʘʣʴʥʝʡʰʝʝ ʧʦʚʳʰʝʥʠʝ ʩʢʦʨʦʩʪʠ ʜʣʷ ʢʦʥʮʝʧʮʠʡ HBT ʢʘʢ ʩ ʩʝʣʝʢʪʠʚʥʦʡ, ʪʘʢ ʠ ʩ ʥʝʩʝʣʝʢ-

ʪʠʚʥʦʡ ʙʘʟʦʚʦʡ ʵʧʠʪʘʢʩʠʝʡ. ɺʚʠʜʫ ʠʭ ʩʧʝʮʠʬʠʯʝʩʢʦʛʦ ʚʣʠʷʥʠʷ ʥʘ ʩʣʦʞʥʦʩʪʴ ʧʨʦʮʝʩʩʘ ʠ 

ʩʘʤʦʚʳʨʘʚʥʠʚʘʥʠʝ ʪʨʘʥʟʠʩʪʦʨʥʳʭ ʦʙʣʘʩʪʝʡ, ʨʘʟʣʠʯʥʳʝ ʪʝʭʥʦʣʦʛʠʠ ʙʳʣʠ ʪʘʢʞʝ ʠʩʩʣʝʜʦ-

ʚʘʥʳ ʚ ʧʨʦʝʢʪʝ DOTSEVEN ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʨʘʟʣʠʯʥʳʭ ʤʝʪʦʜʦʚ ʙʘʟʦʚʦʡ ʵʧʠʪʘʢʩʠʠ. 

ɺʦʟʤʦʞʥʦʩʪʠ ʠ ʧʨʦʙʣʝʤʳ ʜʚʫʭ ʧʦʜʭʦʜʦʚ ʙʫʜʫʪ ʧʦʜʨʦʙʥʦ ʦʙʩʫʞʜʘʪʴʩʷ ʚ ʩʣʝʜʫʶʱʠʭ ʧʦʜ-

ʨʘʟʜʝʣʘʭ.  

ɺʳʙʦʨ ʧʦʜʣʦʞʢʠ, ʪʦ ʝʩʪʴ ʦʙʲʝʤʥʦʛʦ ʤʘʪʝʨʠʘʣʘ ʠʣʠ ʢʨʝʤʥʠʡ ʥʘ ʠʟʦʣʷʪʦʨʝ (SOI), 

ʷʚʣʷʝʪʩʷ ʝʱʝ ʦʜʥʠʤ ʢʨʠʪʝʨʠʝʤ ʜʣʷ ʜʠʬʬʝʨʝʥʮʠʘʮʠʠ ʪʝʭʥʦʣʦʛʠʡ SiGe HBT. ɺ ʩʚʷʟʠ ʩ ʧʦ-

ʩʪʦʷʥʥʳʤ ʨʘʟʚʠʪʠʝʤ ʪʝʭʥʦʣʦʛʠʡ CMOS ʥʘ ʦʩʥʦʚʝ SOI ʥʝʩʢʦʣʴʢʦ ʧʫʙʣʠʢʘʮʠʡ ʙʳʣʠ ʧʦ-
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ʩʚʷʱʝʥʳ ʧʨʦʙʣʝʤʝ ʧʦʜʭʦʜʷʱʝʡ ʪʝʭʥʦʣʦʛʠʠ ʠ ʢʦʥʮʝʧʮʠʠ ʫʩʪʨʦʡʩʪʚ ʜʣʷ ʚʳʩʦʢʦʩʢʦʨʦʩʪ-

ʥʳʭ SiGe HBT ʥʘ ʧʣʘʩʪʠʥʘʭ SOI [73-75]. 

1.3.2 ʉʝʣʝʢʪʠʚʥʳʡ ʵʧʠʪʘʢʩʠʘʣʴʥʳʡ ʨʦʩʪ (SEG) ʙʘʟʳ 

ʂʣʘʩʩʠʯʝʩʢʘʷ ʪʝʭʥʦʣʦʛʠʷ SiGe HBT ʩ ʩʘʤʦʩʦʚʤʝʱʝʥʠʝʤ ʧʦʣʠ-Si ʩ ʩʝʣʝʢʪʠʚʥʳʤ 

ʵʧʠʪʘʢʩʠʘʣʴʥʳʤ ʨʦʩʪʦʤ ʙʘʟʳ (DPSA-SEG) ʧʨʝʜʩʪʘʚʣʷʝʪ ʥʘʠʙʦʣʝʝ ʧʨʠʚʣʝʢʘʪʝʣʴʥʫʶ ʘʨʭʠ-

ʪʝʢʪʫʨʫ ʧʨʦʮʝʩʩʘ ʩ ʪʦʯʢʠ ʟʨʝʥʠʷ ʧʨʦʠʟʚʦʜʩʪʚʘ ʠ ʩʪʝʧʝʥʠ ʩʘʤʦʚʳʨʘʚʥʠʚʘʥʠʷ. ʂʘʢ ʦʧʠʩʘʥʦ 

ʚ ʩʣʝʜʫʶʱʝʤ ʨʘʟʜʝʣʝ ʧʘʨʪʥʝʨʳ ʧʨʦʝʢʪʘ DOTFIVE Infineon ʠ STMicroelectronics, ʘ ʪʘʢʞʝ 

FreeScale (ʪʝʧʝʨʴ NXP) ʠʥʪʝʥʩʠʚʥʦ ʨʘʙʦʪʘʣʠ ʥʘʜ ʵʪʦʡ ʢʦʥʮʝʧʮʠʝʡ ʚ ʧʦʩʣʝʜʥʝʝ ʜʝʩʷʪʠʣʝ-

ʪʠʝ, ʯʪʦʙʳ ʧʦʚʳʩʠʪʴ ʝʝ ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʴ [76, 77]. ʆʪʣʠʯʠʪʝʣʴʥʦʡ ʦʩʦʙʝʥʥʦʩʪʴʶ ʪʝʭʥʦ-

ʣʦʛʠʠ DPSA-SEG ʷʚʣʷʝʪʩʷ ʪʦʪ ʬʘʢʪ, ʯʪʦ ʜʣʷ ʩʦʟʜʘʥʠʷ ʚʥʫʪʨʝʥʥʝʛʦ ʪʨʘʥʟʠʩʪʦʨʘ ʥʝʦʙʭʦʜʠʤ 

ʪʦʣʴʢʦ ʦʜʠʥ ʣʠʪʦʛʨʘʬʠʯʝʩʢʠʡ ʧʨʦʮʝʩʩ. ʅʝʪ ʥʝʦʙʭʦʜʠʤʦʩʪʠ ʚ ʩʦʟʜʘʥʠʠ ʜʦʧʦʣʥʠʪʝʣʴʥʦʡ 

ʨʝʟʠʩʪʠʚʥʦʡ ʤʘʩʢʠ ʜʣʷ ʬʦʨʤʠʨʦʚʘʥʠʷ ʦʙʣʘʩʪʠ ʠʟʙʠʨʘʪʝʣʴʥʦ ʠʤʧʣʘʥʪʠʨʦʚʘʥʥʦʛʦ ʢʦʣʣʝʢ-

ʪʦʨʘ ʠʣʠ ʠʟʦʣʷʮʠʠ ʤʝʞʜʫ ʵʤʠʪʪʝʨʦʤ ʠ ʙʘʟʦʡ. ʆʙʳʯʥʦ ʵʪʦʪ ʧʨʦʮʝʩʩ ʥʘʯʠʥʘʝʪʩʷ ʩ ʧʦʩʣʝʜʦ-

ʚʘʪʝʣʴʥʦʛʦ ʦʩʘʞʜʝʥʠʷ ʩʪʨʫʢʪʫʨʳ, ʩʦʜʝʨʞʘʱʝʡ ʥʠʞʥʠʡ ʦʢʩʠʜ, ʩʣʦʡ p
+
 ʧʦʣʠ-Si, ʚʝʨʭʥʠʡ 

ʦʢʩʠʜ ʠ ʥʠʪʨʠʜ, ʚ ʢʘʯʝʩʪʚʝ ʟʘʱʠʪʥʦʛʦ ʩʣʦʷ. ʆʢʥʦ ʵʤʠʪʪʝʨʘ ʚʩʢʨʳʚʘʝʪʩʷ ʩʫʭʠʤ ʪʨʘʚʣʝʥʠ-

ʝʤ, ʢʦʪʦʨʦʝ ʦʩʪʘʥʘʚʣʠʚʘʝʪʩʷ ʥʘ ʥʠʞʥʝʤ ʦʢʩʠʜʝ (ʨʠʩʫʥʦʢ 1.39, 1). ʆʙʨʘʟʦʚʘʥʠʝ ʥʠʪʨʠʜʥʦʛʦ 

ʩʧʝʡʩʝʨʘ ʧʨʝʧʷʪʩʪʚʫʝʪ ʚʳʪʷʛʠʚʘʥʠʶ ʚʝʨʭʥʝʛʦ ʦʢʩʠʜʘ ʚʦ ʚʨʝʤʷ ʧʦʩʣʝʜʫʶʱʝʛʦ ʤʦʢʨʦʛʦ 

ʪʨʘʚʣʝʥʠʷ ʦʢʩʠʜʘ. ʅʘ ʵʪʦʤ ʵʪʘʧʝ ʧʨʦʷʚʣʷʝʪʩʷ ʚʥʫʪʨʝʥʥʷʷ ʦʙʣʘʩʪʴ ʢʦʣʣʝʢʪʦʨʘ ʠ ʩʦʟʜʘʝʪʩʷ 

ʚʳʩʪʫʧ p
+
 ʧʦʣʠ-Si (ʨʠʩʫʥʦʢ 1.39, 2). ɺ ʵʪʦʪ ʤʦʤʝʥʪ ʤʦʞʝʪ ʙʳʪʴ ʩʬʦʨʤʠʨʦʚʘʥ ʩʝʣʝʢʪʠʚʥʦ 

ʠʤʧʣʘʥʪʠʨʦʚʘʥʥʳʡ ʢʦʣʣʝʢʪʦʨ (ʉʀʂ), ʢʦʪʦʨʳʡ ʦʙʝʩʧʝʯʠʚʘʝʪ ʥʠʟʢʦʦʤʥʦʝ ʩʦʝʜʠʥʝʥʠʝ ʩ 

ʚʳʩʦʢʦʣʝʛʠʨʦʚʘʥʥʳʤ ʩʫʙʢʦʣʣʝʢʪʦʨʦʤ. ʂʨʦʤʝ ʪʦʛʦ, ʥʠʪʨʠʜʳ ʚʥʫʪʨʠ ʩʧʝʡʩʝʨʦʚ ʟʘʱʠʱʘʶʪ 

ʦʪ ʟʘʪʨʘʚʢʠ Si p
+
 ʧʦʣʠ-Si ʚʦ ʚʨʝʤʷ ʩʣʝʜʫʶʱʝʡ ʵʧʠʪʘʢʩʠʠ ʙʘʟʳ. ʅʘ ʵʪʦʤ ʵʪʘʧʝ ʬʦʨʤʠʨʫʝʪʩʷ 

ʩʚʷʟʴ ʤʝʞʜʫ ʚʥʫʪʨʝʥʥʝʡ ʙʘʟʦʡ ʠ ʚʥʝʰʥʝʡ ʯʘʩʪʴʶ (p
+
 ʧʦʣʠ-Si = ʙʘʟʘ ʧʦʣʠ-Si) (ʨʠʩʫʥʦʢ 

1.39, 3). ʉʣʦʡ ʥʠʪʨʠʜʘ ʤʦʞʝʪ ʙʳʪʴ ʦʩʪʘʚʣʝʥ ʠʣʠ ʫʜʘʣʝʥ [78]. 
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ʈʠʩʫʥʦʢ 1.39 ï ʉʭʝʤʘʪʠʯʝʩʢʠʝ ʩʝʯʝʥʠʷ ʦʙʳʯʥʦʛʦ ʧʨʦʮʝʩʩʘ DPSA-SEG 

 

ʆʩʪʘʣʴʥʳʝ ʵʪʘʧʳ ʦʯʝʥʴ ʨʘʩʧʨʦʩʪʨʘʥʝʥʳ ʪʘʢʞʝ ʠ ʜʣʷ ʜʨʫʛʠʭ ʧʨʦʮʝʩʩʦʚ HBT, ʪʘʢʠʭ 

ʢʘʢ ʪʝʭʥʦʣʦʛʠʠ ʩ ʥʝʩʝʣʝʢʪʠʚʥʳʤ ʵʧʠʪʘʢʩʠʘʣʴʥʳʤ ʨʦʩʪʦʤ ʙʘʟʳ. ɺʥʫʪʨʠ ʙʘʟʳ-ʵʤʠʪʪʝʨʘ ʦʙ-

ʨʘʟʫʶʪʩʷ ʩʧʝʡʩʝʨʳ, ʘ ʩʣʦʡ ʵʤʠʪʪʝʨʘ, ʣʝʛʠʨʦʚʘʥʥʦʛʦ ʚʦ ʚʨʝʤʷ ʨʦʩʪʘ, ʚʳʨʘʱʠʚʘʝʪʩʷ ʩ ʥʝʩʝ-

ʣʝʢʪʠʚʥʳʤ ʵʧʠʪʘʢʩʠʘʣʴʥʳʤ ʵʪʘʧʦʤ. ʊʝʭʥʦʣʦʛʠʯʝʩʢʠʡ ʧʨʦʮʝʩʩ ʧʨʦʜʦʣʞʘʝʪʩʷ ʧʫʪʝʤ ʬʦʨ-

ʤʠʨʦʚʘʥʠʷ ʨʠʩʫʥʢʘ ʩʣʦʝʚ ʵʤʠʪʪʝʨʘ ʠ ʙʘʟʦʚʦʛʦ ʧʦʣʠ-Si. ʅʘʢʦʥʝʮ, ʥʝʦʙʭʦʜʠʤʘ ʢʨʘʪʢʦʚʨʝ-

ʤʝʥʥʘʷ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʘʷ ʦʙʨʘʙʦʪʢʘ ʜʣʷ ʪʦʛʦ, ʯʪʦʙʳ ʚʳʪʝʩʥʠʪʴ ʣʝʛʠʨʫʶʱʠʝ ʧʨʠʤʝʩʠ 

ʠʟ ʚʳʩʦʢʦ ʣʝʛʠʨʦʚʘʥʥʦʛʦ ʵʤʠʪʪʝʨʥʦʛʦ ʩʣʦʷ ʚ ʟʘʱʠʪʥʳʝ ʩʣʦʠ ʜʦ ʪʦʛʦ, ʢʘʢ ʧʨʦʮʝʩʩ ʙʫʜʝʪ 

ʟʘʚʝʨʰʝʥ ʧʫʪʝʤ ʥʘʥʝʩʝʥʠʷ ʩʠʣʠʮʠʜʥʳʭ ʧʦʢʨʳʪʠʡ ʠ ʠʟʛʦʪʦʚʣʝʥʠʷ ʙʵʢʵʥʜʘ (ʨʠʩʫʥʦʢ 1.39, 

4). ʌʠʥʘʣʴʥʘʷ ʩʪʘʜʠʷ ʦʪʞʠʛʘ ʩʧʦʩʦʙʩʪʚʫʝʪ ʥʝ ʪʦʣʴʢʦ ʫʣʫʯʰʝʥʠʶ ʪʦʢʘ ʙʘʟʳ, ʥʦ ʪʘʢʞʝ ʦʧ-

ʨʝʜʝʣʷʝʪ ʩʦʧʨʦʪʠʚʣʝʥʠʝ ʵʤʠʪʪʝʨʘ. ɺ ʩʣʫʯʘʝ ʪʦʣʴʢʦ ʙʠʧʦʣʷʨʥʦʡ ʪʝʭʥʦʣʦʛʠʠ ʪʝʧʣʦʚʦʡ ʙʘ-

ʣʘʥʩ ʚ ʟʥʘʯʠʪʝʣʴʥʦʡ ʩʪʝʧʝʥʠ ʦʧʨʝʜʝʣʷʝʪʩʷ ʧʦʪʨʝʙʥʦʩʪʷʤʠ HBT.  

ɺ ʧʨʦʮʝʩʩʘʭ BiCMOS, ʢʘʢ ʧʨʘʚʠʣʦ, ʤʠʥʠʤʘʣʴʥʳʝ ʪʨʝʙʦʚʘʥʠʷ ʦʪʞʠʛʘ çʠʩʪʦʢ-ʩʪʦʢè 

ʦʧʨʝʜʝʣʷʶʪ ʢʨʠʪʠʯʝʩʢʠʡ ʪʝʧʣʦʚʦʡ ʙʶʜʞʝʪ HBT, ʧʨʝʜʧʦʣʘʛʘʷ, ʯʪʦ ʨʝʘʣʠʟʦʚʘʥʘ ʩʭʝʤʘ ʠʥ-

ʪʝʛʨʘʮʠʠ çʠʩʪʦʢ/ʩʪʦʢ ʧʦʩʣʝ HBTè. 
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ʅʘ ʨʠʩʫʥʢʝ 1.40 ʧʦʢʘʟʘʥʦ ʧʦʧʝʨʝʯʥʦʝ ʩʝʯʝʥʠʝ ʇʕʄ ʧʦʩʣʝʜʥʝʛʦ ʧʦʢʦʣʝʥʠʷ ʪʨʘʥʟʠ-

ʩʪʦʨʦʚ SiGe HBT, ʨʘʟʨʘʙʦʪʘʥʥʳʭ ʢʦʤʧʘʥʠʝʡ Inýneon. 

 

ʈʠʩʫʥʦʢ 1.40 ï ʇʦʧʝʨʝʯʥʦʝ ʩʝʯʝʥʠʝ SiGe HBT ʩʦʟʜʘʥʥʦʛʦ ʧʦ ʪʝʭʥʦʣʦʛʠʠ DPSA-SEG, ʢʦʤ-

ʧʘʥʠʠ Inýneon. 

 

ɺ [78] ʦʪʤʝʯʝʥʳ ʦʧʨʝʜʝʣʝʥʥʳʝ ʨʘʟʣʠʯʠʷ ʤʝʞʜʫ ʨʘʟʨʘʙʦʪʢʘʤʠ ʨʘʟʥʳʭ ʢʦʤʧʘʥʠʡ. 

ʅʘʧʨʠʤʝʨ, ʚ Inýneon ʠʩʧʦʣʴʟʦʚʘʣʠ ʚʨʝʤʝʥʥʳʝ ʚʩʧʦʤʦʛʘʪʝʣʴʥʳʝ ʩʧʝʡʩʝʨʳ ʜʣʷ ʨʝʛʫʣʠʨʦʚ-

ʢʠ ʧʣʦʱʘʜʠ ʉʀʂ, ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ ʢʦʤʧʘʥʠʷ STMicroelectronics ʬʦʨʤʠʨʦʚʘʣʘ SIC ʩʨʘʟʫ ʧʦ-

ʩʣʝ ʚʩʢʨʳʪʠʷ ʦʢʥʘ ʵʤʠʪʪʝʨʘ.  

ʉʫʱʝʩʪʚʫʶʪ ʪʘʢʞʝ ʦʪʢʣʦʥʝʥʠʷ ʚ ʨʝʞʠʤʝ ʦʪʞʠʛʘ ʙʘʟʦʚʦʛʦ ʧʦʣʠ-Si. ɺ ʪʝʭʥʦʣʦʛʠʯʝ-

ʩʢʦʤ ʧʨʦʮʝʩʩʝ ʢʦʤʧʘʥʠʠ Inýneon ʜʦʧʦʣʥʠʪʝʣʴʥʘʷ ʪʝʨʤʠʯʝʩʢʘʷ ʦʙʨʘʙʦʪʢʘ ʧʦʩʣʝ ʵʧʠʪʘʢʩʠ-

ʘʣʴʥʦʛʦ ʨʦʩʪʘ ʙʘʟʳ ʚʚʦʜʠʪʩʷ ʜʣʷ ʨʘʩʩʝʠʚʘʥʠʷ ʙʦʨʘ ʠʟ ʙʘʟʦʚʦʛʦ ʧʦʣʠ-Si ʢ ʚʥʫʪʨʝʥʥʝʤʫ ʙʘ-

ʟʦʚʦʤʫ ʩʣʦʶ. ʉʣʝʜʦʚʘʪʝʣʴʥʦ, ʙʘʟʦʚʦʝ ʩʦʧʨʦʪʠʚʣʝʥʠʝ ʤʦʞʝʪ ʙʳʪʴ ʫʤʝʥʴʰʝʥʦ, ʦʜʥʘʢʦ ʵʪʦ 

ʧʨʠʚʦʜʠʪ ʢ ʨʘʩʰʠʨʝʥʠʶ ʙʘʟʦʚʦʛʦ ʩʣʦʷ, ʯʪʦ, ʚ ʩʚʦʶ ʦʯʝʨʝʜʴ, ʧʨʠʚʦʜʠʪ ʢ ʩʥʠʞʝʥʠʶ ʟʥʘʯʝ-

ʥʠʷ ʛʨʘʥʠʯʥʦʡ ʯʘʩʪʦʪʳ ʫʩʠʣʝʥʠʷ ʧʦ ʪʦʢʫ fT. ʊʝʤ ʥʝ ʤʝʥʝʝ, ʚʘʨʠʘʮʠʠ ʵʪʦʛʦ ʦʪʞʠʛʘ ʧʦʢʘʟʘ-

ʣʠ ʚʦʟʤʦʞʥʦʩʪʴ ʦʧʪʠʤʠʟʘʮʠʠ ʜʣʷ ʫʚʝʣʠʯʝʥʠʷ ʤʘʢʩʠʤʘʣʴʥʦʡ ʯʘʩʪʦʪʳ ʛʝʥʝʨʘʮʠʠ fMAX ʩ ʜʦ-

ʧʫʩʪʠʤʳʤʠ ʦʛʨʘʥʠʯʝʥʠʷʤʠ ʜʣʷ fT. 

ʂʦʥʩʪʨʫʢʮʠʷ ʢʦʣʣʝʢʪʦʨʘ, ʠʩʧʦʣʴʟʫʝʤʘʷ Hitachi, Infineon ʠ STMicroelectronics, 

ʚʢʣʶʯʘʝʪ ʚ ʩʝʙʷ ʚʩʝ ʵʣʝʤʝʥʪʳ, ʢʦʪʦʨʳʝ ʪʠʧʠʯʥʳ ʜʣʷ ʚʳʩʦʢʦʩʢʦʨʦʩʪʥʦʛʦ ʙʠʧʦʣʷʨʥʦʛʦ 

ʪʨʘʥʟʠʩʪʦʨʘ ʥʘ Si: ʵʧʠʪʘʢʩʠʘʣʴʥʳʡ ʩʢʨʳʪʳʡ, ʚʳʩʦʢʦʣʝʛʠʨʦʚʘʥʥʳʡ ʩʫʙʢʦʣʣʝʢʪʦʨ, ʠʟʦʣʠ-

ʨʦʚʘʥʥʳʡ ʩ ʙʦʢʦʚ ʛʣʫʙʦʢʠʤʠ ʪʨʝʥʯʘʤʠ ʠ ʥʠʟʢʦʦʤʥʦʝ ʢʦʥʪʘʢʪʥʦʝ ʩʦʝʜʠʥʝʥʠʝ ʩ ʢʦʣʣʝʢʪʦ-

ʨʦʤ, ʦʩʫʱʝʩʪʚʣʷʝʤʦʝ ʪʘʢ ʥʘʟʳʚʘʝʤʳʤ ʧʦʛʨʫʞʥʳʤ ʢʦʣʣʝʢʪʦʨʦʤ. ʏʪʦʙʳ ʩʵʢʦʥʦʤʠʪʴ ʫʩʠ-

ʣʠʷ ʧʦ ʠʟʛʦʪʦʚʣʝʥʠʶ ʠ ʫʤʝʥʴʰʠʪʴ ʩʣʦʞʥʦʩʪʴ ʧʨʦʮʝʩʩʘ BiCMOS, ʢʦʤʧʘʥʠʷ NXP (ʨʘʥʝʝ 

FreeScale) ʨʘʟʨʘʙʦʪʘʣʘ ʩʪʨʫʢʪʫʨʫ ʢʦʣʣʝʢʪʦʨʘ ʩ ʩʫʙʠʟʦʣʠʨʫʶʱʠʤ ʩʢʨʳʪʳʤ ʩʣʦʝʤ, ʠʩʧʦʣʴ-
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ʟʫʷ ʪʦʣʴʢʦ ʤʝʣʢʫʶ ʪʨʝʥʯʝʚʫʶ ʠʟʦʣʷʮʠʶ (ʄʊʀ, STI). ʆʙʱʝʡ ʦʩʦʙʝʥʥʦʩʪʴʶ ʚʩʝʭ ʵʪʠʭ ʪʝʭ-

ʥʦʣʦʛʠʡ ʷʚʣʷʝʪʩʷ ʠʟʦʣʷʮʠʷ ʤʝʣʢʠʤʠ ʪʨʝʥʯʘʤʠ ʤʝʞʜʫ ʚʥʫʪʨʝʥʥʠʤʠ ʦʙʣʘʩʪʷʤʠ ʪʨʘʥʟʠʩʪʦʨʘ 

ʠ ʢʦʥʪʘʢʪ ʢʦʣʣʝʢʪʦʨʘ, ʯʪʦ ʦʜʥʦʚʨʝʤʝʥʥʦ ʦʙʝʩʧʝʯʠʚʘʝʪ ʥʠʟʢʦ ʝʤʢʦʩʪʥʫʶ ʙʘʟʦʚʫʶ ʩʚʷʟʴ. 

ɺ ʨʘʤʢʘʭ ʧʨʦʝʢʪʘ DOTFIVE Inýneon ʠ STMicroelectronics ʧʨʝʜʧʨʠʥʷʣʠ ʚʩʝʩʪʦʨʦʥ-

ʥʠʝ ʫʩʠʣʠʷ ʧʦ ʫʣʫʯʰʝʥʠʶ ʉɺʏ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʪʨʘʥʟʠʩʪʦʨʦʚ, ʩʬʦʨʤʠʨʦʚʘʥʥʳʭ ʧʦ ʪʨʘʜʠ-

ʮʠʦʥʥʦʡ ʪʝʭʥʦʣʦʛʠʠ DPSA-SEG. ʆʯʝʚʠʜʥʳʡ ʧʨʦʛʨʝʩʩ ʙʳʣ ʜʦʩʪʠʛʥʫʪ ʟʘ ʩʯʝʪ ʠʟʤʝʥʝʥʠʷ 

ʚʝʨʪʠʢʘʣʴʥʦʛʦ ʧʨʦʬʠʣʷ, ʪʝʨʤʠʯʝʩʢʦʡ ʦʙʨʘʙʦʪʢʠ, ʘ ʪʘʢʞʝ ʙʦʢʦʚʳʭ ʨʘʟʤʝʨʦʚ ʪʨʘʥʟʠʩʪʦʨʘ. 

ɺ ʨʝʟʫʣʴʪʘʪʝ Inýneon ʩʤʦʛʣʘ ʫʚʝʣʠʯʠʪʴ ʩʚʦʠ ʥʘʯʘʣʴʥʳʝ ʟʥʘʯʝʥʠʷ fT/fMAX ʩ 190/250 ɻɻʮ ʜʦ 

230/350 ɻɻʮ, ʪʦʛʜʘ ʢʘʢ STMicroelectronics ʫʚʝʣʠʯʠʣʘ ʵʪʠ ʧʦʢʘʟʘʪʝʣʠ ʩ 230/280 ɻɻʮ ʜʦ 

260/400 ɻɻʮ. ʇʦʟʞʝ ʦʙʝ ʢʦʤʧʘʥʠʠ ʤʦʛʣʠ ʧʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʪʴ ʵʪʦʪ ʫʨʦʚʝʥʴ ʧʨʦʠʟʚʦʜʠ-

ʪʝʣʴʥʦʩʪʠ ʠ ʚ ʩʨʝʜʝ BiCMOS. ʈʝʟʫʣʴʪʘʪʳ fMAX, ʧʦʣʫʯʝʥʥʳʝ ʚ ʧʨʦʝʢʪʝ DOTFIVE ʠ ʚ ʥʝʜʘʚ-

ʥʝʤ ʧʨʦʰʣʦʤ ʜʣʷ ʢʦʥʮʝʧʮʠʠ DPSA-SEG, ʫʢʘʟʳʚʘʶʪ ʥʘ ʪʦ, ʯʪʦ ʪʨʫʜʥʦ ʜʦʩʪʠʯʴ ʟʥʘʯʝʥʠʡ 

ʚʳʰʝ 400 ɻɻʮ. ʂʣʶʯʝʚʳʤ ʦʛʨʘʥʠʯʝʥʠʝʤ ʜʣʷ ʫʚʝʣʠʯʝʥʠʷ ʉɺʏ ʠ ʧʨʦʯʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ 

ʙʳʣʦ ʦʪʩʫʪʩʪʚʠʝ ʚʦʟʤʦʞʥʦʩʪʠ ʩʥʠʞʝʥʠʷ ʚʥʝʰʥʝʛʦ ʩʦʧʨʦʪʠʚʣʝʥʠʷ ʙʘʟʳ. ʆʜʥʘʢʦ ʚ ʜʘʣɹ -

ʥʝʡʰʝʤ ʢʦʤʧʘʥʠʷʤ ʫʜʘʣʦʩʴ ʨʘʟʨʘʙʦʪʘʪʴ ʢʦʥʮʝʧʮʠʠ ʜʣʷ ʧʨʝʦʜʦʣʝʥʠʷ ʵʪʦʡ ʧʨʦʙʣʝʤʳ. 

1.3.3 ʅʝʩʝʣʝʢʪʠʚʥʳʡ ʵʧʠʪʘʢʩʠʘʣʴʥʳʡ ʨʦʩʪ (NSEG) ʙʘʟʳ 

ʅʝʩʝʣʝʢʪʠʚʥʳʡ ʵʧʠʪʘʢʩʠʘʣʴʥʳʡ ʨʦʩʪ ʙʘʟʦʚʦʛʦ ʩʣʦʷ SiGe ʰʠʨʦʢʦ ʠʩʧʦʣʴʟʫʝʪʩʷ ʧʨʠ 

ʠʟʛʦʪʦʚʣʝʥʠʠ SiGe HBT. ʇʨʠʤʝʨʘʤʠ ʷʚʣʷʶʪʩʷ ʧʨʦʠʟʚʦʜʩʪʚʝʥʥʳʝ ʧʨʦʮʝʩʩʳ 

IBM/Globalfoundries [79], TowerJazz [80], IHP [81], NXP ʠ imec [82]. ʕʪʠ ʧʨʦʮʝʩʩʳ ʠʤʝʶʪ 

ʦʙʱʠʡ ʥʘʙʦʨ ʩʣʦʝʚ, ʩʦʩʪʦʷʱʠʡ ʠʟ ʙʫʬʝʨʥʦʛʦ ʩʣʦʷ Si, ʩʣʦʷ SiGe, ʥʘ ʦʩʥʦʚʘʥʠʠ ʢʦʪʦʨʦʛʦ 

ʬʦʨʤʠʨʫʝʪʩʷ ʙʘʟʘ, ʣʝʛʠʨʦʚʘʥʥʘʷ B, ʠ ʧʦʢʨʳʚʘʶʱʠʡ ʩʣʦʡ Si, ʥʘʥʝʩʝʥʥʳʡ ʧʦ ʚʩʝʡ ʧʣʘʩʪʠ-

ʥʝ. ʕʪʦʪ ʥʘʙʦʨ ʩʣʦʝʚ ʚʳʨʘʱʠʚʘʝʪʩʷ ʤʦʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʤ ʚ ʘʢʪʠʚʥʳʭ ʦʙʣʘʩʪʷʭ HBT, ʛʜʝ 

ʧʦʚʝʨʭʥʦʩʪʴ Si ʙʳʣʘ ʟʘʨʘʥʝʝ ʚʩʢʨʳʪʘ, ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ ʚʦ ʚʩʝʭ ʜʨʫʛʠʭ ʦʙʣʘʩʪʷʭ, ʧʦʢʨʳʪʳʭ 

ʦʢʩʠʜʦʤ ʠʣʠ ʥʠʪʨʠʜʦʤ, ʦʥ ʚʳʨʘʱʠʚʘʝʪʩʷ ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʠʤ. ʕʪʦʪ ʪʘʢ ʥʘʟʳʚʘʝʤʳʡ 

ʜʠʬʬʝʨʝʥʮʠʘʣʴʥʳʡ ʨʝʞʠʤ ʨʦʩʪʘ ʦʪʣʠʯʘʝʪʩʷ ʦʪ ʩʝʣʝʢʪʠʚʥʦʛʦ ʵʧʠʪʘʢʩʠʘʣʴʥʦʛʦ ʨʦʩʪʘ, ʛʜʝ 

ʦʩʘʞʜʝʥʠʝ ʧʨʦʠʩʭʦʜʠʪ ʪʦʣʴʢʦ ʚ ʦʪʢʨʳʪʳʭ ʦʙʣʘʩʪʷʭ Si. 

ʉʣʝʜʩʪʚʠʝʤ ʥʝʩʝʣʝʢʪʠʚʥʦʛʦ ʨʝʞʠʤʘ ʨʦʩʪʘ ʷʚʣʷʝʪʩʷ ʪʦ, ʯʪʦ ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʠʡ 

ʩʣʦʡ, ʢʦʪʦʨʳʡ ʚʳʨʘʱʠʚʘʝʪʩʷ ʥʘ ʠʟʦʣʷʮʠʦʥʥʳʭ ʩʣʦʷʭ, ʩʤʝʞʥʳʭ ʩ ʘʢʪʠʚʥʳʤ HBT, ʤʦʞʝʪ 

ʙʳʪʴ ʠʩʧʦʣʴʟʦʚʘʥ ʜʣʷ ʬʦʨʤʠʨʦʚʘʥʠʷ ʚʥʝʰʥʠʭ ʦʩʥʦʚʥʳʭ ʦʙʣʘʩʪʝʡ. ʂʘʢ ʧʨʘʚʠʣʦ, ʵʪʦʪ ʧʦʜ-

ʭʦʜ ʩʦʯʝʪʘʝʪʩʷ ʩ ʜʦʧʦʣʥʠʪʝʣʴʥʦʡ ʠʦʥʥʦʡ ʠʤʧʣʘʥʪʘʮʠʝʡ ʚʦ ʚʥʝʰʥʠʝ ʦʙʣʘʩʪʠ ʙʘʟʳ ʜʣʷ ʧʦ-

ʚʳʰʝʥʠʷ ʠʭ ʧʨʦʚʦʜʠʤʦʩʪʠ. ʕʪʦʪ ʧʦʜʭʦʜ ʙʳʣ ʧʨʠʤʝʥʝʥ, ʥʘʧʨʠʤʝʨ, ʚ 0,25-ʤʢʤ BiCMOS-

ʧʨʦʮʝʩʩʝ SG25H1 IHP, ʢʦʪʦʨʳʡ ʦʙʝʩʧʝʯʠʚʘʝʪ ʧʠʢʦʚʳʝ ʟʥʘʯʝʥʠʷ fT/fMAX 180/220 ɻɻʮ. ʇʨʠ 

ʪʘʢʦʤ ʧʦʜʭʦʜʝ ʪʦʣʱʠʥʘ ʚʥʝʰʥʝʡ ʙʘʟʳ ʦʧʨʝʜʝʣʷʝʪʩʷ ʥʘʙʦʨʦʤ ʩʣʦʝʚ, ʚʳʨʘʱʝʥʥʳʭ ʜʣʷ 

ʬʦʨʤʠʨʦʚʘʥʠʷ ʚʥʫʪʨʝʥʥʝʡ ʙʘʟʳ. ʕʪʦ ʦʛʨʘʥʠʯʠʚʘʝʪ ʜʦʩʪʠʞʠʤʦʝ ʩʣʦʝʚʦʝ ʩʦʧʨʦʪʠʚʣʝʥʠʝ 
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ʚʥʝʰʥʝʡ ʙʘʟʳ ʠ, ʚ ʯʘʩʪʥʦʩʪʠ, ʧʨʦʚʦʜʠʤʦʩʪʴ ʦʙʣʘʩʪʠ ʚʥʝʰʥʝʡ ʙʘʟʳ ʧʦʜ ʩʚʠʩʘʶʱʠʤ ʧʦʣʠ-

Si ʵʤʠʪʪʝʨʦʤ. ɺʦʪ ʧʦʯʝʤʫ ʙʳʣʦ ʨʘʟʨʘʙʦʪʘʥʦ ʥʝʩʢʦʣʴʢʦ ʧʦʜʭʦʜʦʚ ʜʣʷ ʧʦʚʳʰʝʥʠʷ ʧʨʦʚʦ-

ʜʠʤʦʩʪʠ ʚʥʝʰʥʝʡ ʙʘʟʦʚʦʡ ʦʙʣʘʩʪʠ ʧʫʪʝʤ ʦʩʘʞʜʝʥʠʷ ʜʦʧʦʣʥʠʪʝʣʴʥʳʭ ʩʣʦʝʚ Si. ʆʢʘʟʘʣʦʩʴ, 

ʯʪʦ ʧʦʚʳʰʝʥʠʝ ʚʥʝʰʥʠʭ ʙʘʟʦʚʳʭ ʦʙʣʘʩʪʝʡ ʙʳʣʦ ʥʝʦʙʭʦʜʠʤʦ ʜʣʷ ʪʦʛʦ, ʯʪʦʙʳ ʟʥʘʯʝʥʠʝ 

fMAX HBT ʪʨʘʥʟʠʩʪʦʨʘ, ʩʬʦʨʤʠʨʦʚʘʥʥʦʛʦ ʧʦ NSEG ʪʝʭʥʦʣʦʛʠʠ, ʧʨʝʚʳʩʠʣʦ 300 ɻɻʮ.  

ʇʨʦʮʝʩʩ NSEG ʩ ʧʨʠʧʦʜʥʷʪʳʤʠ ʚʥʝʰʥʠʤʠ ʙʘʟʦʚʳʤʠ ʦʙʣʘʩʪʷʤʠ, ʩʘʤʦʩʦʚʤʝʱʝʥ-

ʥʳʤʠ ʩ ʦʢʥʦʤ ʵʤʠʪʪʝʨʘ, ʠʩʧʦʣʴʟʫʝʪʩʷ, ʥʘʧʨʠʤʝʨ, ʚ 90Áʥʤ ʪʝʭʥʦʣʦʛʠʠ SiGe BiCMOS IBM, 

ʜʝʤʦʥʩʪʨʠʨʫʶʱʝʡ ʧʠʢʦʚʳʝ ʟʥʘʯʝʥʠʷ fT/fMAX 300/360 ɻɻʮ. ɺ ʦʜʥʦʤ ʠʟ ʚʘʨʠʘʥʪʦʚ ʧʨʦʮʝʩʩʘ 

ʉɺʏ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʤʦʛʫʪ ʙʳʪʴ ʜʦʧʦʣʥʠʪʝʣʴʥʦ ʫʣʫʯʰʝʥʳ ʜʦ fT/fMAX 285/475 ɻɻʮ ʩ ʧʦʤʦ-

ʱʴʶ ʤʠʣʣʠʩʝʢʫʥʜʥʦʛʦ ʦʪʞʠʛʘ. 

ɸʣʴʪʝʨʥʘʪʠʚʥʳʡ ʧʨʦʮʝʩʩ NSEG HBT ʩ ʧʨʠʧʦʜʥʷʪʳʤʠ ʚʥʝʰʥʠʤʠ ʙʘʟʦʚʳʤʠ ʦʙʣʘʩ-

ʪʷʤʠ ʠʩʧʦʣʴʟʫʝʪʩʷ ʚ ʪʝʭʥʦʣʦʛʠʠ BiCMOS IHP 130 ʥʤ. ʕʪʘ ʢʦʥʮʝʧʮʠʷ HBT ʩʪʘʣʘ ʦʪʧʨʘʚ-

ʥʦʡ ʪʦʯʢʦʡ ʜʣʷ ʦʧʪʠʤʠʟʘʮʠʠ ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʠ ʚ ʥʘʧʨʘʚʣʝʥʠʠ fMAX ʩ ʯʘʩʪʦʪʦʡ 500 ɻɻʮ, 

ʚʳʧʦʣʥʝʥʥʦʡ ʚ ʧʨʦʝʢʪʝ DOTFIVE. 

ɼʘʣʝʝ ʨʘʩʩʤʘʪʨʠʚʘʶʪʩʷ ʦʩʥʦʚʥʳʝ ʦʩʦʙʝʥʥʦʩʪʠ ʧʨʦʮʝʩʩʘ ʠʟʛʦʪʦʚʣʝʥʠʷ HBT ʧʦ ʪʝʭ-

ʥʦʣʦʛʠʠ NSEG. ɺʦʟʚʳʰʝʥʥʳʝ ʚʥʝʰʥʠʝ ʙʘʟʦʚʳʝ ʦʙʣʘʩʪʠ ʬʦʨʤʠʨʫʶʪʩʷ ʜʦʧʦʣʥʠʪʝʣʴʥʳʤ 

ʵʧʠʪʘʢʩʠʘʣʴʥʳʤ ʨʦʩʪʦʤ ʧʦʩʣʝ ʩʪʨʫʢʪʫʨʠʨʦʚʘʥʠʷ ʵʤʠʪʪʝʨʘ. ʆʧʠʩʘʥʥʘʷ ʥʠʞʝ ʨʝʘʣʠʟʘʮʠʷ 

ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʪʝʭʥʦʣʦʛʠʠ SG13G2 ʢʦʤʧʘʥʠʠ IHP, ʧʨʝʜʣʘʛʘʶʱʝʡ HBT ʩʦ ʟʥʘʯʝʥʠʷʤʠ 

fT/fMAX/gate-delay 300/450 ɻɻʮ/2,0 ʧʩ. 

ʂʣʶʯʝʚʳʤʠ ʦʩʦʙʝʥʥʦʩʪʷʤʠ ʷʚʣʷʶʪʩʷ: 

1) ʧʨʠʧʦʜʥʷʪʳʝ ʚʥʝʰʥʠʝ ʙʘʟʦʚʳʝ ʦʙʣʘʩʪʠ, ʚʳʨʦʚʥʝʥʥʳʝ ʦʪʥʦʩʠʪʝʣʴʥʦ ʦʢʥʘ ʵʤʠʪ-

ʪʝʨʘ, ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ ʥʠʟʢʦʤʫ ʚʥʝʰʥʝʤʫ ʙʘʟʦʚʦʤʫ ʩʦʧʨʦʪʠʚʣʝʥʠʶ; 

2) ʬʦʨʤʠʨʦʚʘʥʠʝ ʚʩʝʡ ʩʪʨʫʢʪʫʨʳ HBT ʚ ʦʜʥʦʡ ʘʢʪʠʚʥʦʡ ʦʙʣʘʩʪʠ ʙʝʟ STI ʤʝʞʜʫ 

ʢʦʥʪʘʢʪʘʤʠ ʵʤʠʪʪʝʨʘ ʠ ʢʦʣʣʝʢʪʦʨʘ, ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ ʥʠʟʢʦʤʫ ʩʦʧʨʦʪʠʚʣʝʥʠʶ ʢʦʣʣʝʢʪʦʨʘ ʠ 

ʥʝʙʦʣʴʰʠʤ ʦʙʣʘʩʪʷʤ ʩʦʝʜʠʥʝʥʠʷ ʢʦʣʣʝʢʪʦʨ-ʧʦʜʣʦʞʢʘ; 

3) ʠʟʦʣʷʮʠʷ ʫʩʪʨʦʡʩʪʚʘ ʙʝʟ ʛʣʫʙʦʢʠʭ ʪʨʝʥʯʝʡ, ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ ʩʥʠʞʝʥʠʶ ʩʣʦʞʥʦʩʪʠ 

ʧʨʦʮʝʩʩʘ ʠ ʫʣʫʯʰʝʥʠʶ ʦʪʚʦʜʘ ʪʝʧʣʘ. 

ʈʘʟʣʠʯʥʳʝ ʵʪʘʧʳ ʧʨʦʮʝʩʩʘ HBT ʧʦʢʘʟʘʥʳ ʥʘ ʨʠʩʫʥʢʝ 1.41. 
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ʈʠʩʫʥʦʢ 1.41 ï ʇʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʴ ʦʧʝʨʘʮʠʡ ʜʣʷ NSEG HBT  

ʩ ʧʨʠʧʦʜʥʷʪʳʤʠ ʦʙʣʘʩʪʷʤʠ ʙʘʟʳ: 1 ï ʧʦʩʣʝ ʬʦʨʤʠʨʦʚʘʥʠʷ ʉʀʂ; 2 ï ʧʦʩʣʝ ʥʝʩʝʣʝʢʪʠʚʥʦʛʦ 

ʨʦʩʪʘ ʙʘʟʳ; 3 ï ʜʦ ʦʩʘʞʜʝʥʠʷ ʵʤʠʪʪʝʨʘ; 4 ï ʧʦʩʣʝ ʩʪʨʫʢʪʫʨʠʨʦʚʘʥʠʷ ʵʤʠʪʪʝʨʘ 

ʀʟʛʦʪʦʚʣʝʥʠʝ ʤʦʜʫʣʷ HBT ʥʘʯʠʥʘʝʪʩʷ ʩ ʬʦʨʤʠʨʦʚʘʥʠʷ ʢʦʣʣʝʢʪʦʨʥʦʡ ʦʙʣʘʩʪʠ ʧʫ-

ʪʝʤ ʚʳʩʦʢʦʜʦʟʥʦʡ ʠʦʥʥʦʡ ʠʤʧʣʘʥʪʘʮʠʠ. ʇʦ ʙʦʢʘʤ ʦʙʣʘʩʪʴ ʢʦʣʣʝʢʪʦʨʘ ʦʛʨʘʥʠʯʝʥʘ ʥʝʛʣʫ-

ʙʦʢʠʤʠ ʪʨʝʥʯʝʚʳʤʠ ʫʯʘʩʪʢʘʤʠ ʙʝʟ ʚʚʝʜʝʥʠʷ ʜʦʧʦʣʥʠʪʝʣʴʥʳʭ ʛʣʫʙʦʢʠʭ ʪʨʝʥʯʝʡ. ɸʢʪʠʚʥʘʷ 

ʦʙʣʘʩʪʴ ʢʦʣʣʝʢʪʦʨʘ ʬʦʨʤʠʨʫʶʪʩʷ ʧʦʩʨʝʜʩʪʚʦʤ ʦʩʘʞʜʝʥʠʷ ʦʢʩʠʜʥʦʛʦ ʩʣʦʷ ʠ ʝʛʦ ʜʘʣʴʥʝʡ-

ʰʠʤ ʪʨʘʚʣʝʥʠʝʤ ʯʝʨʝʟ ʨʝʟʠʩʪʠʚʥʫʶ ʤʘʩʢʫ. ʉʬʦʨʤʠʨʦʚʘʥʥʳʝ ʦʢʥʘ ʚ ʠʟʦʣʷʮʠʦʥʥʦʤ ʦʢʩʠʜ-

ʥʦʤ ʩʣʦʝ ʟʘʧʦʣʥʷʶʪʩʷ ʥʝʣʝʛʠʨʦʚʘʥʥʳʤ Si ʧʦʩʨʝʜʩʪʚʦʤ ʩʝʣʝʢʪʠʚʥʦʛʦ ʵʧʠʪʘʢʩʠʘʣʴʥʦʛʦ 

ʨʦʩʪʘ. ɿʘʪʝʤ ʦʙʣʘʩʪʠ ʩʝʣʝʢʪʠʚʥʦ ʠʤʧʣʘʥʪʠʨʦʚʘʥʥʦʛʦ ʢʦʣʣʝʢʪʦʨʘ (ʉʀʂ) ʬʦʨʤʠʨʫʶʪʩʷ ʯʝ-

ʨʝʟ ʨʠʩʫʥʦʢ ʚ ʤʘʩʢʝ ʨʝʟʠʩʪʘ. ʇʦʧʝʨʝʯʥʦʝ ʩʝʯʝʥʠʝ ʅɺʊ ʥʘ ʵʪʦʡ ʩʪʘʜʠʠ ʧʨʦʮʝʩʩʘ ʧʦʢʘʟʘʥʦ 

ʥʘ ʨʠʩʫʥʢʝ 1.41, 1. ʊʝʧʝʨʴ ʚʳʧʦʣʥʷʝʪʩʷ ʥʝʩʝʣʝʢʪʠʚʥʳʡ ʨʦʩʪ ʙʘʟʳ. ʉʪʝʢ ʩʣʦʝʚ ʩʦʩʪʦʠʪ ʠʟ 

ʙʫʬʝʨʥʦʛʦ ʩʣʦʷ Si, ʙʘʟʦʚʦʛʦ ʩʣʦʷ SiGe:C ʠ ʚʝʨʭʥʝʛʦ ʩʣʦʷ Si. ʆʥ ʨʘʩʪʝʪ ʤʦʥʦʢʨʠʩʪʘʣʣʠʯʝ-

ʩʢʠʤ ʚ ʦʙʣʘʩʪʷʭ ʘʢʪʠʚʥʦʛʦ ʢʦʣʣʝʢʪʦʨʘ ʠ ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʠʤ ʧʦʚʝʨʭ ʦʢʩʠʜʘ ʠʟʦʣʷʮʠʠ, 

ʢʘʢ ʧʦʢʘʟʘʥʦ ʥʘ ʨʠʩʫʥʢʝ 1.41, 2). ʇʦʩʣʝ ʵʧʠʪʘʢʩʠʠ ʦʩʘʞʜʘʝʪʩʷ ʩʪʝʢ ʦʢʩʠʜʥʦ-

ʛʦ/ʥʠʪʨʠʜʥʦʛʦ/ʦʢʩʠʜʥʦʛʦ ʩʣʦʝʚ ʠ ʚʳʪʨʘʚʣʠʚʘʝʪʩʷ ʦʢʥʦ ʵʤʠʪʪʝʨʘ. ɼʦʧʦʣʥʠʪʝʣʴʥʳʝ ʚʥʫʪ-

ʨʝʥʥʠʝ ʩʧʝʡʩʝʨʳ ʬʦʨʤʠʨʫʶʪʩʷ ʜʦ ʦʩʘʞʜʝʥʠʷ ʠ ʪʨʘʚʣʝʥʠʷ ʵʤʠʪʪʝʨʘ, ʣʝʛʠʨʦʚʘʥʥʦʛʦ As.  

ʅʘ ʨʠʩʫʥʢʝ 1.41, 3 ʧʦʢʘʟʘʥʦ ʧʦʧʝʨʝʯʥʦʝ ʩʝʯʝʥʠʝ ʫʩʪʨʦʡʩʪʚʘ ʧʝʨʝʜ ʦʩʘʞʜʝʥʠʝʤ 

ʵʤʠʪʪʝʨʘ. ʕʤʠʪʪʝʨ ʧʦʢʨʳʚʘʶʪ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʤ ʩʣʦʝʤ, ʘ ʟʘʪʝʤ ʪʨʘʚʷʪ ʧʦ ʨʠʩʫʥʢʫ ʚ ʨʝʟʠ-

ʩʪʥʦʡ ʤʘʩʢʝ. ʅʘ ʵʤʠʪʪʝʨʝ ʬʦʨʤʠʨʫʶʪ ʥʘʨʫʞʥʳʝ ʩʧʝʡʩʝʨʳ.  

ʌʠʥʠʰʥʘʷ ʢʦʥʩʪʨʫʢʮʠʷ ʫʩʪʨʦʡʩʪʚʘ ʧʦʢʘʟʘʥʘ ʥʘ ʨʠʩʫʥʢʝ 1.41, 4). ɿʘʪʝʤ ʩʣʦʡ ʥʠʪʨʠ-

ʜʘ ʫʜʘʣʷʶʪ ʤʦʢʨʳʤ ʪʨʘʚʣʝʥʠʝʤ. ɼʘʣʝʝ ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ ʩʝʣʝʢʪʠʚʥʳʡ ʨʦʩʪ ʧʨʠʧʦʜʥʷʪʳʭ 
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ʙʘʟʦʚʳʭ ʦʙʣʘʩʪʝʡ, ʣʝʛʠʨʦʚʘʥʥʳʭ B. ʀʟʛʦʪʦʚʣʝʥʠʝ ʤʦʜʫʣʷ HBT ʧʨʦʜʦʣʞʘʝʪʩʷ ʯʘʩʪʠʯʥʳʤ 

ʩʪʨʘʚʣʠʚʘʥʠʝʤ ʙʘʟʦʚʦʛʦ ʧʦʣʠ-Si ʩʣʦʷ ʯʝʨʝʟ ʜʦʧʦʣʥʠʪʝʣʴʥʫʶ ʨʝʟʠʩʪʠʚʥʫʶ ʤʘʩʢʫ. ʇʦʩʣʝ 

ʦʧʠʩʘʥʥʦʡ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʠ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʭ ʦʧʝʨʘʮʠʡ ʧʦ ʬʦʨʤʠʨʦʚʘʥʠʶ HBT ʫʩʪ-

ʨʦʡʩʪʚʘ ʝʛʦ ʧʦʜʚʝʨʛʘʶʪ ʟʘʢʣʶʯʠʪʝʣʴʥʦʤʫ ʵʪʘʧʫ ʙʳʩʪʨʦʡ ʪʝʨʤʠʯʝʩʢʦʡ ʦʙʨʘʙʦʪʢʠ, ʢʦʪʦʨʘʷ 

ʠʩʧʦʣʴʟʫʝʪʩʷ ʚ ʪʝʭʥʦʣʦʛʠʠ BiCMOS ʜʣʷ ʘʢʪʠʚʘʮʠʠ ʦʙʣʘʩʪʝʡ ʠʩʪʦʢʘ ʠ ʩʪʦʢʘ. ɺ ʵʪʘʣʦʥʥʦʡ 

ʪʝʭʥʦʣʦʛʠʠ SG13G2 ʜʣʷ ʵʪʦʡ ʮʝʣʠ ʧʨʠʤʝʥʷʝʪʩʷ ʰʠʧ-ʦʪʞʠʛ ʧʨʠ 1050Áʉ. ʅʘʢʦʥʝʮ, ʚʳʧʦʣ-

ʥʷʝʪʩʷ ʩʠʣʠʮʠʜʠʨʦʚʘʥʠʝ ʢʦʙʘʣʴʪʘ ʥʘ ʚʩʝʭ ʢʦʥʪʘʢʪʥʳʭ ʫʯʘʩʪʢʘʭ, ʠ ʬʦʨʤʠʨʫʝʪʩʷ ʘʣʶʤʠʥʠʷ 

ʤʝʪʘʣʣʠʟʘʮʠʷ. ʉʭʝʤʘʪʠʯʝʩʢʦʝ ʧʦʧʝʨʝʯʥʦʝ ʩʝʯʝʥʠʝ ʦʢʦʥʯʘʪʝʣʴʥʦʡ ʩʪʨʫʢʪʫʨʳ HBT 

ʠʟʦʙʨʘʞʝʥʦ ʥʘ ʨʠʩʫʥʢʝ 1.42. 

 

ɹ ʂ ʕ 

ʉʠʣʠʮʠʜ 

ɺʳʩʦʢʦʣʝʛʠʨʦʚʘʥʥʳʡ ʢʦʣʣʝʢʪʦʨ 

ɹʘʟʘ ʧʦʣʠ-Si 

ʕʤʠʪʪʝʨ 

ʧʦʣʠ Si 

ʉʀʂ 

 

ʈʠʩʫʥʦʢ 1.42 ï ʉʭʝʤʘʪʠʯʝʩʢʦʝ ʧʦʧʝʨʝʯʥʦʝ ʩʝʯʝʥʠʝ NSEG HBT ʩ ʧʨʠʧʦʜʥʷʪʳʤʠ ʚʥʝʰʥʠʤʠ 

ʦʙʣʘʩʪʷʤʠ ʙʘʟʳ 

ʅʘ ʨʠʩʫʥʢʝ 1.43 ʧʨʝʜʩʪʘʚʣʝʥʘ ʇʕʄ ʬʦʪʦʛʨʘʬʠʷ ʧʦʧʝʨʝʯʥʦʛʦ ʩʝʯʝʥʠʷ HBT ʪʨʘʥʟʠ-

ʩʪʦʨʘ ʩ ʧʨʠʧʦʜʥʷʪʳʤʠ ʚʥʝʰʥʠʤʠ ʙʘʟʦʚʳʤʠ ʦʙʣʘʩʪʷʤʠ, ʩʬʦʨʤʠʨʦʚʘʥʥʦʛʦ ʧʦ NSEG ʪʝʭʥʦ-

ʣʦʛʠʠ ʚ ʧʨʦʮʝʩʩʝ SG13G2 BiCMOS. 

 

ʈʠʩʫʥʦʢ 1.43 ï ʇʕʄ ʬʦʪʦʛʨʘʬʠʷ ʧʦʧʝʨʝʯʥʦʝ ʩʝʯʝʥʠʝ NSEG HBT ʧʦ ʪʝʭʥʦʣʦʛʠʠ SG13G2 
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ɻʝʦʤʝʪʨʠʯʝʩʢʘʷ ʰʠʨʠʥʘ ʦʢʥʘ ʵʤʠʪʪʝʨʘ ʢʦʥʝʯʥʦʛʦ ʫʩʪʨʦʡʩʪʚʘ ʩʦʩʪʘʚʣʷʝʪ 120 ʥʤ. 

ʇʨʠʧʦʜʥʷʪʳʝ ʚʥʝʰʥʠʝ ʦʙʣʘʩʪʠ ʙʘʟʳ ʦʪʜʝʣʝʥʳ ʦʪ ʦʢʥʘ ʵʤʠʪʪʝʨʘ ʦʢʩʠʜʥʳʤʠ ʩʧʝʡʩʝʨʘʤʠ 

ʰʠʨʠʥʦʡ ʦʢʦʣʦ 25 ʥʤ. ʊʘʢʘʷ ʢʦʥʩʪʨʫʢʮʠʷ ʫʩʪʨʦʡʩʪʚʘ ʦʙʣʝʛʯʘʝʪ ʨʝʘʣʠʟʘʮʠʶ ʦʯʝʥʴ ʥʠʟʢʠʭ 

ʚʥʝʰʥʠʭ ʩʦʧʨʦʪʠʚʣʝʥʠʡ ʙʘʟʳ ʙʣʘʛʦʜʘʨʷ ʩʘʤʦʩʦʚʤʝʱʝʥʥʦʤʫ ʨʘʩʧʦʣʦʞʝʥʠʶ ʧʨʠʧʦʜʥʷʪʳʭ 

ʚʥʝʰʥʠʭ ʦʙʣʘʩʪʝʡ ʙʘʟʳ ʢ ʦʢʥʫ ʵʤʠʪʪʝʨʘ ʠ ʚʳʩʦʢʦʡ ʧʨʦʚʦʜʠʤʦʩʪʠ ʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʦʙʣʘʩ-

ʪʝʡ ʚʥʝʰʥʝʡ ʙʘʟʳ ʚʙʣʠʟʠ ʵʤʠʪʪʝʨʘ. ʊʝʤ ʥʝ ʤʝʥʝʝ, ʩʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʧʨʝʜʩʪʘʚʣʝʥʥʳʡ 

ʟʜʝʩʴ ʤʘʨʰʨʫʪ NSEG ʜʝʤʦʥʩʪʨʠʨʫʝʪ ʟʥʘʯʠʪʝʣʴʥʦ ʙʦʣʝʝ ʥʠʟʢʫʶ ʩʪʝʧʝʥʴ ʩʘʤʦʚʳʨʘʚʥʠʚʘ-

ʥʠʷ, ʯʝʤ ʤʘʨʰʨʫʪ ʧʨʦʮʝʩʩʘ DPSA-SEG. ɺ ʯʘʩʪʥʦʩʪʠ, ʦʢʥʦ ʢʦʣʣʝʢʪʦʨʘ, ʠʤʧʣʘʥʪʘʮʠʷ ʉʀʂ, 

ʦʢʥʦ ʵʤʠʪʪʝʨʘ ʠ ʚʝʩ ʧʦʣʠ ʵʤʠʪʪʝʨʘ ʥʝ ʚʳʨʦʚʥʝʥʳ ʦʪʥʦʩʠʪʝʣʴʥʦ ʜʨʫʛ ʜʨʫʛʘ. ʀʭ ʦʪʥʦʩʠ-

ʪʝʣʴʥʦʝ ʚʳʨʘʚʥʠʚʘʥʠʝ ʦʧʨʝʜʝʣʷʝʪʩʷ ʪʦʯʥʦʩʪʴʶ ʚʳʨʘʚʥʠʚʘʥʠʷ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʰʘʛʦʚ 

ʣʠʪʦʛʨʘʬʠʯʝʩʢʦʡ ʤʘʩʢʠ. ʕʪʘ ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʴ ʢ ʪʦʯʥʦʩʪʠ ʣʠʪʦʛʨʘʬʠʯʝʩʢʦʛʦ ʚʳʨʘʚʥʠʚʘ-

ʥʠʷ ʤʦʞʝʪ ʥʘʢʣʘʜʳʚʘʪʴ ʩʝʨʴʝʟʥʳʝ ʦʛʨʘʥʠʯʝʥʠʷ ʥʘ ʜʘʣʴʥʝʡʰʝʝ ʤʘʩʰʪʘʙʠʨʦʚʘʥʠʝ ʙʦʢʦʚʳʭ 

ʨʘʟʤʝʨʦʚ ʫʩʪʨʦʡʩʪʚʘ. 

ʅʝʟʘʚʠʩʠʤʦ ʦʪ ʚʳʰʝʫʧʦʤʷʥʫʪʳʭ ʦʛʨʘʥʠʯʝʥʠʡ ʦʧʠʩʘʥʥʦʛʦ ʧʨʦʮʝʩʩʘ NSEG HBT ʚ 

ʦʪʥʦʰʝʥʠʠ ʩʘʤʦʚʳʨʘʚʥʠʚʘʥʠʷ ʠ ʤʘʩʰʪʘʙʠʨʫʝʤʦʩʪʠ, ʦʥ ʩʣʫʞʠʣ ʨʘʙʦʯʝʡ ʣʦʰʘʜʢʦʡ ʜʣʷ 

ʦʧʪʠʤʠʟʘʮʠʠ ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʠ HBT ʢʦʤʧʘʥʠʠ IHP ʚ ʨʘʤʢʘʭ ʧʨʦʝʢʪʦʚ DOTFIVE ʠ 

DOTSEVEN. ʕʪʦ ʩʚʷʟʘʥʦ ʩ ʙʦʣʴʰʠʤ ʦʧʳʪʦʤ ʠ ʟʥʘʢʦʤʩʪʚʦʤ ʩ NSEG HBT ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ 

ʢʦʥʮʝʧʮʠʷʤʠ ʩ ʩʝʣʝʢʪʠʚʥʦʡ ʵʧʠʪʘʢʩʠʝʡ, ʢʦʪʦʨʳʝ ʦʙʩʫʞʜʘʣʠʩʴ ʚʳʰʝ. ʀʟʛʦʪʦʚʣʝʥʠʝ NSEG 

HBT ʚ ʧʨʦʮʝʩʩʝ SG13G2 BiCMOS ʩʪʘʣʦ ʨʝʟʫʣʴʪʘʪʦʤ ʠʥʪʝʥʩʠʚʥʦʡ ʦʧʪʠʤʠʟʘʮʠʠ ʢʦʥʮʝʧ-

ʮʠʠ ʵʪʦʛʦ ʪʨʘʥʟʠʩʪʦʨʘ ʚ ʨʘʤʢʘʭ ʧʨʦʝʢʪʘ DOTFIVE. ɺ ʩʚʷʟʠ ʩ ʵʪʠʤ ʚʦʟʥʠʢʘʝʪ ʚʦʧʨʦʩ, ʤʦʞ-

ʥʦ ʣʠ ʠ ʢʘʢʠʤ ʦʙʨʘʟʦʤ ʜʦʙʠʪʴʩʷ ʜʘʣʴʥʝʡʰʝʛʦ ʧʦʚʳʰʝʥʠʷ ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʠ. ʉʦʛʣʘʩʥʦ 

ʤʦʜʝʣʠʨʦʚʘʥʠʶ ʫʩʪʨʦʡʩʪʚʘ ʚʩʝ ʝʱʝ ʩʫʱʝʩʪʚʫʶʪ ʩʦʣʠʜʥʳʝ ʨʝʟʝʨʚʳ ʜʣʷ ʫʚʝʣʠʯʝʥʠʷ ʩʢʦʨʦ-

ʩʪʠ. ɺ ʯʘʩʪʥʦʩʪʠ, ʙʦʢʦʚʦʝ ʤʘʩʰʪʘʙʠʨʦʚʘʥʠʝ ʜʦʣʞʥʦ ʩʧʦʩʦʙʩʪʚʦʚʘʪʴ ʜʘʣʴʥʝʡʰʝʤʫ ʫʚʝʣʠ-

ʯʝʥʠʶ fMAX. ʂʨʦʤʝ ʪʦʛʦ, ʜʣʷ ʨʝʘʣʠʟʘʮʠʠ ʮʝʣʠ ʩʙʘʣʘʥʩʠʨʦʚʘʥʥʳʭ ʚʳʩʦʢʠʭ ʟʥʘʯʝʥʠʡ fT ʠ 

fMAX ʪʨʝʙʫʝʪʩʷ ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʝ ʚʝʨʪʠʢʘʣʴʥʦʝ ʤʘʩʰʪʘʙʠʨʦʚʘʥʠʝ ʧʨʦʬʠʣʷ ʣʝʛʠʨʦʚʘʥʠʷ ʠ 

Ge. 

1.3.4 ʂʨʝʤʥʠʡ-ʛʝʨʤʘʥʠʝʚʳʝ HEMT/MODFET ʪʨʘʥʟʠʩʪʦʨʳ 

ɺ ʨʘʙʦʪʝ [83] ʘʚʪʦʨʳ ʩʦʦʙʱʘʶʪ ʦ ʩʦʟʜʘʥʠʠ n-ʢʘʥʘʣʴʥʦʛʦ Si/SiGe ʪʨʘʥʟʠʩʪʦʨʘ ʩ ʚʳ-

ʩʦʢʦʡ ʧʦʜʚʠʞʥʦʩʪʴʶ ʵʣʝʢʪʨʦʥʦʚ (HEMT) ʩ ʊ-ʦʙʨʘʟʥʳʤ ʤʝʪʘʣʣʠʯʝʩʢʠʤ ʟʘʪʚʦʨʦʤ ʐʦʪʪʢʠ, 

ʜʣʠʥʘ ʢʦʪʦʨʦʛʦ (Lg) ʥʝ ʧʨʝʚʳʰʘʣʘ 60 ʥʤ ʠ ʠʩʩʣʝʜʦʚʘʥʠʠ ʝʛʦ ʭʘʨʘʢʪʝʨʠʩʪʠʢ. 

ɻʝʪʝʨʦʩʪʨʫʢʪʫʨʘ ʪʨʘʥʟʠʩʪʦʨʘ ʧʦʢʘʟʘʥʘ ʥʘ ʨʠʩʫʥʢʝ 1.44 (ʠʥʜʝʢʩ çʃè ï ʩʣʦʡ ʣʝʛʠʨʦ-

ʚʘʥʥʳʡ, çʅ/ʃè ï ʥʝʣʝʛʠʨʦʚʘʥʥʳʡ).  
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ʀʩʪʦʢ ʉʪʦʢ 

ɿʘʪʚʦʨ SiO2 20 ʥʤ 

Si ʧʦʜʣʦʞʢʘ 

SiGe ʙʫʬʝʨ 

Siʅ/ʃ ʢʘʥʘʣ 10ʥʤ 

SiGeʅ/ʃ ʩʧʝʡʩʝʨ3 ʥʤ 
SiGeʃ ʩʣʦʡ 10ʥʤ 

Siʅ/ʃ 8 ʥʤ 

Siʃ 16 ʥʤ 

 

ʈʠʩʫʥʦʢ 1.44 ï ʉʪʨʫʢʪʫʨʘ Si/SiGe HEMT ʩ ʊ-ʦʙʨʘʟʥʳʤ ʟʘʪʚʦʨʦʤ 

 

ʅʘ Si ʧʦʜʣʦʞʢʝ ʩ ʚʳʩʦʢʠʤ ʫʜʝʣʴʥʳʤ ʩʦʧʨʦʪʠʚʣʝʥʠʝʤ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦ ʧʫʪʝʤ ʭʠ-

ʤʠʯʝʩʢʦʛʦ ʦʩʘʞʜʝʥʠʷ ʠʟ ʛʘʟʦʚʦʡ ʬʘʟʳ ʚʳʨʘʱʠʚʘʣʠʩʴ ʩʣʦʠ: ʩʪʫʧʝʥʯʘʪʳʡ ʙʫʬʝʨ ʪʦʣʱʠʥʦʡ 

2 ʤʢʤ; ʦʜʥʦʨʦʜʥʳʡ ʙʫʬʝʨ ʪʦʣʱʠʥʦʡ 1 ʤʢʤ; ʥʝʣʝʛʠʨʦʚʘʥʥʳʡ ʥʘʧʨʷʞʝʥʥʳʡ ʢʘʥʘʣʴʥʳʡ 

ʩʣʦʡ Si ʪʦʣʱʠʥʦʡ 10 ʥʤ; ʥʝʣʝʛʠʨʦʚʘʥʥʳʡ SiGe ʩʧʝʡʩʝʨ ʪʦʣʱʠʥʦʡ 3 ʥʤ; ʣʝʛʠʨʦʚʘʥʥʳʡ 

ʩʣʦʡ ʥʦʩʠʪʝʣʝʡ SiGe 10 ʥʤ; 8 ʥʤ ʚʝʨʭʥʠʡ Si ʥʝʣʝʛʠʨʦʚʘʥʥʳʡ ʩʣʦʡ ʠ 16 ʥʤ ʚʝʨʭʥʠʡ ʣʝʛʠ-

ʨʦʚʘʥʥʳʡ ʬʦʩʬʦʨʦʤ Si ʩʣʦʡ. ʂʦʥʮʝʥʪʨʘʮʠʷ ʬʦʩʬʦʨʘ ʚ ʩʣʦʝ ʥʦʩʠʪʝʣʝʡ ʩʦʩʪʘʚʣʷʣʘ 

3,5Ŀ10
18

 ʩʤ
-3
, ʘ ʚ ʣʝʛʠʨʦʚʘʥʥʦʤ ʚʝʨʭʥʝʤ ʩʣʦʝ - 3,5Ŀ10

19
 ʩʤ

-3
. ʉʦʜʝʨʞʘʥʠʝ Ge ʚ ʙʫʬʝʨʝ ʠ ʚ 

ʩʣʦʝ ʥʦʩʠʪʝʣʝʡ ʩʦʩʪʘʚʣʷʣʦ 30%. ʍʦʣʣʦʚʩʢʠʝ ʠʟʤʝʨʝʥʠʷ ʧʣʘʩʪʠʥʳ ʧʦʢʘʟʳʚʘʣʠ ʧʣʦʪʥʦʩʪʴ 

ʥʦʩʠʪʝʣʝʡ 1,4Ŀ10
13

 ʩʤ
-2

 ʠ ʧʦʜʚʠʞʥʦʩʪʴ ʵʣʝʢʪʨʦʥʦʚ 660 ʩʤ
2
/(ɺĿʩ). ʀʟʛʦʪʦʚʣʝʥʠʝ ʫʩʪʨʦʡʩʪʚʘ 

ʥʘʯʠʥʘʣʦʩʴ ʩ ʬʦʨʤʠʨʦʚʘʥʠʷ ʤʝʟʳ ʪʦʣʱʠʥʦʡ 100 ʥʤ, ʦʩʫʱʝʩʪʚʣʷʝʤʦʛʦ ʧʣʘʟʤʝʥʥʳʤ ʪʨʘʚ-

ʣʝʥʠʝʤ ʚ SF6. ʆʙʣʘʩʪʠ ʠʩʪʦʢʘ ʠ ʩʪʦʢʘ (S/D) ʩʦʟʜʘʚʘʣʠʩʴ ʩ ʧʦʤʦʱʴʶ ʬʦʪʦʣʠʪʦʛʨʘʬʠʠ çʥʘ 

ʚʟʨʳʚè ʩ ʥʘʧʳʣʝʥʠʝʤ ʤʝʪʘʣʣʠʯʝʩʢʠʭ ʧʣʝʥʦʢ Ti/Pt/Au. ʈʘʩʩʪʦʷʥʠʝ ʤʝʞʜʫ S/D ʩʦʩʪʘʚʣʷʣʦ 

2 ʤʢʤ. 

ʊ-ʦʙʨʘʟʥʳʝ ʟʘʪʚʦʨʥʳʝ ʵʣʝʢʪʨʦʜʳ ʰʠʨʠʥʦʡ 50x2 ʤʢʤ ʠʟʛʦʪʘʚʣʠʚʘʣʠʩʴ ʤʝʪʦʜʦʤ 

ʵʣʝʢʪʨʦʥʥʦ-ʣʫʯʝʚʦʡ ʣʠʪʦʛʨʘʬʠʠ çʥʘ ʚʟʨʳʚè ʩ ʥʘʧʳʣʝʥʠʝʤ ʤʝʪʘʣʣʠʯʝʩʢʠʭ ʧʣʝʥʦʢ Pt/Au. 

ʇʝʨʝʜ ʦʩʘʞʜʝʥʠʝʤ ʟʘʪʚʦʨʥʦʡ ʤʝʪʘʣʣʠʟʘʮʠʠ ʦʙʣʘʩʪʴ ʟʘʪʚʦʨʘ ʩʪʨʘʚʣʠʚʘʣʘʩʴ 0,1%-ʥʳʤ ʨʘʩ-

ʪʚʦʨʦʤ ʂʆʅ ʜʦ ʥʝʣʝʛʠʨʦʚʘʥʥʦʛʦ ʚʝʨʭʥʝʛʦ Si ʩʣʦʷ. ɼʣʷ ʩʪʨʘʚʣʝʥʥʦʡ ʧʣʘʩʪʠʥʳ ʠʟʤʝʨʝʥʠʷ 

ʍʦʣʣʘ ʧʦʢʘʟʳʚʘʣʠ ʧʣʦʪʥʦʩʪʴ ʥʦʩʠʪʝʣʝʡ 1,5Ŀ10
12

 ʩʤ
-2

 ʠ ʧʦʜʚʠʞʥʦʩʪʴ ʵʣʝʢʪʨʦʥʦʚ 

950 ʩʤ
2
/(ɺĿʩ).  
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 ʀʟʦʙʨʘʞʝʥʠʝ ʟʘʪʚʦʨʘ ʠʟʛʦʪʦʚʣʝʥʥʦʛʦ ʪʨʘʥʟʠʩʪʦʨʘ ʚ ʧʦʧʝʨʝʯʥʦʤ ʩʝʯʝʥʠʠ, ʧʦʣʫʯʝʥ-

ʥʦʝ ʩ ʧʦʤʦʱʴʶ ʧʨʦʩʚʝʯʠʚʘʶʱʝʛʦ ʵʣʝʢʪʨʦʥʥʦʛʦ ʤʠʢʨʦʩʢʦʧʘ (ʇʕʄ), ʧʦʢʘʟʘʥʦ ʥʘ ʨʠʩʫʥʢʝ 

1.45. 

 

 

ɿʘʪʚʦʨ 

 

ʈʠʩʫʥʦʢ 1.45 ï ʀʟʦʙʨʘʞʝʥʠʝ ʇʕʄ ʠʟʛʦʪʦʚʣʝʥʥʦʛʦ ʪʨʘʥʟʠʩʪʦʨʘ  

ʩ ʟʘʪʚʦʨʦʤ ʜʣʠʥʦʡ 60 ʥʤ 

 

ʀʟʤʝʨʝʥʠʷ Si/SiGe HEMT ʩ ʜʣʠʥʦʡ ʟʘʪʚʦʨʘ Lg = 60 ʥʤ ʧʦ ʧʦʩʪʦʷʥʥʦʤʫ ʪʦʢʫ ʧʦʢʘ-

ʟʘʣʠ ʭʦʨʦʰʠʝ ʟʥʘʯʝʥʠʷ ʧʘʨʘʤʝʪʨʦʚ ʠ ʝʛʦ ʤʘʢʩʠʤʘʣʴʥʘʷ ʧʨʦʚʦʜʠʤʦʩʪʴ ʩʦʩʪʘʚʣʷʣʘ 

gm = 156 ʤʉʤ/ʤʤ. ɿʥʘʯʝʥʠʝ ʛʨʘʥʠʯʥʦʡ ʯʘʩʪʦʪʳ ʫʩʠʣʝʥʠʷ ʧʦ ʪʦʢʫ ʩʦʩʪʘʚʠʣʦ fT = 52 ɻɻʮ, ʘ 

ʤʘʢʩʠʤʘʣʴʥʦʡ ʯʘʩʪʦʪʳ ʛʝʥʝʨʘʮʠʠ fMAX = 112 ɻɻʮ. ɸʚʪʦʨʳ ʪʘʢʞʝ ʫʪʚʝʨʞʜʘʶʪ, ʯʪʦ ʥʘ ʤʦ-

ʤʝʥʪ ʥʘʧʠʩʘʥʠʷ ʩʪʘʪʴʠ ʩʦʟʜʘʥʥʳʡ ʠʤʠ ʟʘʪʚʦʨ ʜʣʠʥʦʡ Lg = 60 ʥʤ ʷʚʣʷʣʩʷ ʩʘʤʳʤ ʢʦʨʦʪʢʠʤ 

ʠʟ ʢʦʛʜʘ-ʣʠʙʦ ʠʟʚʝʩʪʥʳʭ ʜʣʷ Si/SiGe HEMT. 

ɺ ʨʘʙʦʪʝ [84] ʩʦʦʙʱʘʝʪʩʷ ʦ ʨʘʟʨʘʙʦʪʢʝ ʠ ʠʩʩʣʝʜʦʚʘʥʠʠ ʚʳʩʦʢʦʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʛʦ 

n-MODFET ʪʨʘʥʟʠʩʪʦʨʘ ʥʘ ʜʚʦʡʥʦʡ ʥʘʧʨʷʞʝʥʥʦʡ ʛʝʪʝʨʦʩʪʨʫʢʪʫʨʝ Si/Si0,6Ge0,4 ʩ T-

ʦʙʨʘʟʥʳʤ ʟʘʪʚʦʨʦʤ ʜʣʠʥʦʡ Lg = 100 ʥʤ. ɺʝʨʪʠʢʘʣʴʥʦʝ ʧʦʧʝʨʝʯʥʦʝ ʩʝʯʝʥʠʝ ʩʪʨʫʢʪʫʨʳ n-

MODFET ʵʧʠʪʘʢʩʠʘʣʴʥʳʭ ʩʣʦʝʚ ʧʦʢʘʟʘʥʘ ʥʘ ʨʠʩʫʥʢʝ 1.46. 
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Si ʢʘʥʘʣ 

Si ʧʦʜʣʦʞʢʘ 

SiGe ʩʪʫʧʝʥʯʘʪʳʡ ʙʫʬʝʨ 

Si0,6Ge0,4 ʙʫʬʝʨ 

5-40% 

500 ʥʤ 

5 ʥʤ 1Ŀ10
19

 ʩʤ
-3
 Sb 

4 ʥʤ ʥ/ʣ 

9 ʥʤ ʥ/ʣ 

3,5 ʥʤ ʥ/ʣ 

4 ʥʤ ʥ/ʣ 
5 ʥʤ 2,5Ŀ10

19
 ʩʤ

-3
 Sb 

ɿʘʪʚʦʨ 

Si0,6Ge0,4 ʩʣʦʡ ʥʦʩʠʪʝʣʝʡ 
Si0,6Ge0,4 ʩʧʝʡʩʝʨ 

Si ʚʝʨʭʥʠʡ ʩʣʦʡ 
Si0,6Ge0,4 
Si0,6Ge0,4 ʩʣʦʡ ʥʦʩʠʪʝʣʝʡ 
Si0,6Ge0,4 ʩʧʝʡʩʝʨ 

 

ʈʠʩʫʥʦʢ 1.46 ï ʉʪʨʫʢʪʫʨʘ ʩʣʦʝʚ Si/Si0,6Ge0,4 n-MODFET 

 

ʇʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʴ ʩʣʦʝʚ ʚʳʨʘʱʝʥʘ ʤʝʪʦʜʦʤ ʤʦʣʝʢʫʣʷʨʥʦ-ʣʫʯʝʚʦʡ ʵʧʠʪʘʢʩʠʠ ʥʘ 

ʧʦʜʣʦʞʢʝ Si p-ʪʠʧʘ (100) ʩ ʚʳʩʦʢʠʤ ʫʜʝʣʴʥʳʤ ʩʦʧʨʦʪʠʚʣʝʥʠʝʤ, ʥʘʯʠʥʘʷ ʩ ʦʩʣʘʙʣʷʶʱʝʛʦ 

ʜʝʬʦʨʤʘʮʠʠ ʙʫʬʝʨʥʦʛʦ ʩʣʦʷ SiGe, ʩʦʜʝʨʞʘʥʠʝ Ge ʚ ʢʦʪʦʨʦʤ ʚʘʨʴʠʨʦʚʘʣʦʩʴ ʦʪ 5% ʜʦ 40%. 

ʅʘʣʠʯʠʝ ʥʘʧʨʷʞʝʥʥʦʩʪʠ ʚ ʢʨʝʤʥʠʝʚʦʤ ʩʣʦʝ ʦʢʘʟʳʚʘʝʪ ʩʠʣʴʥʦʝ ʚʣʠʷʥʠʝ ʥʘ ʟʦʥʥʫʶ ʩʪʨʫʢ-

ʪʫʨʫ. ɻʠʜʨʦʩʪʘʪʠʯʝʩʢʦʝ ʥʘʧʨʷʞʝʥʠʝ ʚʳʟʳʚʘʝʪ ʩʜʚʠʛ ʵʥʝʨʛʠʠ ʟʘʧʨʝʱʝʥʥʦʡ ʟʦʥʳ, ʚ ʪʦ ʚʨʝ-

ʤʷ ʢʘʢ ʦʜʥʦʦʩʥʦʝ ʥʘʧʨʷʞʝʥʠʝ ʚʳʟʳʚʘʝʪ ʜʦʧʦʣʥʠʪʝʣʴʥʦʝ ʨʘʩʱʝʧʣʝʥʠʝ ʚʳʨʦʞʜʝʥʥʳʭ 

ʫʨʦʚʥʝʡ ʧʫʪʝʤ ʧʦʥʠʞʝʥʠʷ ʩʠʤʤʝʪʨʠʠ ʨʝʰʝʪʢʠ. ʕʣʝʢʪʨʦʥʳ ʟʦʥʳ ʧʨʦʚʦʜʠʤʦʩʪʠ ʚ ʪʝʧʣʦ-

ʚʦʤ ʨʘʚʥʦʚʝʩʠʠ ʚ ʥʘʧʨʷʞʝʥʥʦʡ ʢʚʘʥʪʦʚʦʡ ʷʤʝ (ʂʗ) Si ʚ ʦʩʥʦʚʥʦʤ ʩʦʩʨʝʜʦʪʦʯʝʥʳ ʚ ʵʣʣʠʧ-

ʩʦʠʜʘʣʴʥʳʭ æ-ʜʦʣʠʥʘʭ ʩ ʛʣʘʚʥʦʡ ʦʩʴʶ, ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦʡ ʧʣʦʩʢʦʩʪʠ ʩʣʦʷ. ʆʥʠ ʜʚʠʞʫʪʩʷ 

ʧʘʨʘʣʣʝʣʴʥʦ ʧʣʦʩʢʦʩʪʠ ʩʣʦʷ ʩ ʧʦʧʝʨʝʯʥʦʡ ʤʘʩʩʦʡ met = 0,19m0, ʥʘʤʥʦʛʦ ʤʝʥʴʰʝʡ, ʯʝʤ 

ʧʨʦʜʦʣʴʥʘʷ ʤʘʩʩʘ mel = 0,91m0, ʪʘʢ ʯʪʦ ʧʦʜʚʠʞʥʦʩʪʴ ʵʣʝʢʪʨʦʥʦʚ ʚ ʢʘʥʘʣʝ ʫʚʝʣʠʯʠʚʘʝʪʩʷ 

ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʧʦʜʚʠʞʥʦʩʪʴʶ ʚ ʥʝʣʝʛʠʨʦʚʘʥʥʦʤ ʦʙʲʝʤʥʦʤ Si. ʉʝʨʜʮʝʚʠʥʘ ʘʢʪʠʚʥʦʡ 

ʩʪʨʫʢʪʫʨʳ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʜʚʫʭʦʩʥʦ-ʜʝʬʦʨʤʠʨʦʚʘʥʥʳʡ, ʥʝʥʘʤʝʨʝʥʥʦ ʣʝʛʠʨʦʚʘʥʥʳʡ 

ʢʘʥʘʣ ʩ ʢʚʘʥʪʦʚʳʤʠ ʷʤʘʤʠ Si, ʠʤʝʶʱʠʡ ʪʦʣʱʠʥʫ 9 ʥʤ. ʆʥ ʚʩʪʨʦʝʥ ʤʝʞʜʫ ʜʚʫʤʷ Si0,6Ge0,4 

ʩʧʝʡʩʝʨʘʤʠ 3,5 ʥʤ (ʚʳʰʝ ʢʚʘʥʪʦʚʦʡ ʷʤʳ) ʠ 4 ʥʤ (ʥʠʞʝ ʢʚʘʥʪʦʚʦʡ ʷʤʳ) ʠ ʤʝʞʜʫ ʜʚʫʤʷ 

ʩʣʦʷʤʠ ʧʦʜʘʯʠ ʥʦʩʠʪʝʣʝʡ Si0,6Ge0,4, ʣʝʛʠʨʦʚʘʥʥʳʭ Sb, ʪʦʣʱʠʥʘʤʠ 5 ʥʤ. ɺ ʛʝʪʝʨʦʧʝʨʝʭʦʜʝ 

Si/Si0,6Ge0,4 ʬʦʨʤʠʨʫʝʪʩʷ ʟʘʧʨʝʱʝʥʥʘʷ ʟʦʥʘ æEC = 0,24 ʵɺ, ʯʪʦ ʧʦʟʚʦʣʷʝʪ ʫʩʪʘʥʦʚʠʪʴ ʭʦ-

ʨʦʰʝʝ ʩʦʝʜʠʥʝʥʠʝ ʥʦʩʠʪʝʣʝʡ ʚ ʥʘʧʨʷʞʝʥʥʦʡ ʢʚʘʥʪʦʚʦʡ ʷʤʝ Si, ʧʨʠ ʵʪʦʤ ʢʦʥʮʝʥʪʨʘʮʠʷ 

ʵʣʝʢʪʨʦʥʦʚ ʚ ʩʣʦʷʭ ʜʦʩʪʠʛʘʝʪ 6Ŀ10
12

 ʩʤ
2
 ʩ ʧʦʜʚʠʞʥʦʩʪʴʶ 1100 ʩʤ

2
/ɺĿʩ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 

300 ʂ. 
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ʌʦʨʤʠʨʦʚʘʥʠʝ ʤʝʟʳ ʦʩʫʱʝʩʪʚʣʷʣʦʩʴ ʩʫʭʠʤ ʪʨʘʚʣʝʥʠʝʤ ʯʝʨʝʟ ʚʝʨʭʥʠʡ ʦʢʩʠʜʥʳʡ 

ʩʣʦʡ. ʀʩʪʦʢ ʠ ʩʪʦʢ ʩʦʟʜʘʶʪʩʷ ʠʤʧʣʘʥʪʘʮʠʝʡ P, ʘ T-ʦʙʨʘʟʥʳʡ 100 ʥʤ Pt ʟʘʪʚʦʨ ʐʦʪʪʢʠ 

ʬʦʨʤʠʨʦʚʘʣʩʷ ʧʦʩʨʝʜʩʪʚʦʤ ʵʣʝʢʪʨʦʥʥʦ-ʣʫʯʝʚʦʡ ʣʠʪʦʛʨʘʬʠʠ çʥʘ ʚʟʨʳʚè. ʇʨʝʜʩʪʘʚʣʝʥʥʳʝ 

ʟʜʝʩʴ ʨʝʟʫʣʴʪʘʪʳ ʦʪʥʦʩʷʪʩʷ, ʚ ʦʩʥʦʚʥʦʤ, ʢ ʫʩʪʨʦʡʩʪʚʘʤ ʩ ʜʣʠʥʦʡ ʟʘʪʚʦʨʘ Lg = 100 ʥʤ ʠ 

ʰʠʨʠʥʦʡ 100 ʤʢʤ, ʨʘʟʜʝʣʝʥʥʳʤ ʥʘ ʜʚʘ ʧʘʣʴʮʘ. 

ʅʘ ʨʠʩʫʥʢʝ 1.47 ʧʨʝʜʩʪʘʚʣʝʥʳ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʠʟʛʦʪʦʚʣʝʥʥʳʭ n-MODFET SiGe ʧʨʠ 

ʪʝʤʧʝʨʘʪʫʨʘʭ T = 50 ʠ 300 K. 
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ʘ) ʙ) 

ʈʠʩʫʥʦʢ 

1.47 ï ɺɸʍ (ʘ) ʠ ʟʘʚʠʩʠʤʦʩʪʴ ʢʨʫʪʠʟʥʳ ʦʪ ʥʘʧʨʷʞʝʥʠʷ ʟʘʪʚʦʨ-ʩʪʦʢ (ʙ) n-MODFET ʧʘʨʘ-

ʤʝʪʨʳ ʪʨʘʥʟʠʩʪʦʨʘ ʥʘ ʥʘʧʨʷʞʝʥʥʦʡ ʛʝʪʝʨʦʩʪʨʫʢʪʫʨʝ Si/Si0,6Ge0,4 ʩ T-ʦʙʨʘʟʥʳʤ ʟʘʪʚʦʨʦʤ 

ʜʣʠʥʦʡ Lg = 100 ʥʤ 

ʪʝʤʧʝʨʘʪʫʨʘʭ T = 50 ʠ 300 K 

ʅʘ ʨʠʩʫʥʢʝ 1.48 ʧʨʝʜʩʪʘʚʣʝʥʳ ʟʘʚʠʩʠʤʦʩʪʠ ʛʨʘʥʠʯʥʦʡ ʯʘʩʪʦʪʳ ʫʩʠʣʝʥʠʷ ʧʦ ʪʦʢʫ fT 

ʠ ʤʘʢʩʠʤʘʣʴʥʦʡ ʯʘʩʪʦʪʳ ʛʝʥʝʨʘʮʠʠ fMAX ʦʪ ʥʘʧʨʷʞʝʥʠʷ ʟʘʪʚʦʨ-ʩʪʦʢ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ 

T = 50 ʠ 300 K. 
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ʈʠʩʫʥʦʢ 1.48 ï ɿʘʚʠʩʠʤʦʩʪʠ ʛʨʘʥʠʯʥʦʡ ʯʘʩʪʦʪʳ ʫʩʠʣʝʥʠʷ ʧʦ ʪʦʢʫ fT (ʘ) ʠ ʤʘʢʩʠʤʘʣʴʥʦʡ 

ʯʘʩʪʦʪʳ ʛʝʥʝʨʘʮʠʠ fMAX (ʙ) ʦʪ ʥʘʧʨʷʞʝʥʠʷ ʟʘʪʚʦʨ-ʩʪʦʢ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ T = 50 ʠ 300 K 
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ɸʚʪʦʨʳ ʨʘʙʦʪʳ [84] ʫʪʚʝʨʞʜʘʶʪ, ʯʪʦ ʟʘ ʩʯʝʪ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʥʘʧʨʷʞʝʥʥʦʡ ʜʚʦʡʥʦʡ 

ʛʝʪʝʨʦʩʪʨʫʢʪʫʨʳ Si/Si0,6Ge0,4 ʠ ʊ-ʦʙʨʘʟʥʦʛʦ ʟʘʪʚʦʨʘ ʐʦʪʪʢʠ ʜʣʠʥʦʡ Lg = 100 ʥʤ ʚ n-

MODFET ʠʤ ʫʜʘʣʦʩʴ ʜʦʩʪʠʯʴ ʥʦʚʳʭ ʨʝʢʦʨʜʥʦ ʚʳʩʦʢʠʭ ʟʥʘʯʝʥʠʡ ʧʘʨʘʤʝʪʨʦʚ ʪʨʘʥʟʠʩʪʦʨʘ: 

ʯʘʩʪʦʪʘ ʫʩʠʣʝʥʠʷ ʧʦ ʪʦʢʫ fT = 74 ɻɻʮ, ʯʘʩʪʦʪʘ ʛʝʥʝʨʘʮʠʠ fMAX = 107 ɻɻʮ, ʢʨʫʪʠʟʥʘ 

gm = 460 ʤʉʤ/ʤʤ, ʢʦʪʦʨʳʝ ʚʤʝʩʪʝ ʧʨʠʚʦʜʷʪ ʢ ʦʯʝʥʴ ʥʠʟʢʠʤ ʰʫʤʦʚʳʤ ʧʘʨʘʤʝʪʨʘʤ 

NFmin = 0,4 ʜɹ ʠ ʧʦʤʝʭʦʫʩʪʦʡʯʠʚʦʩʪʠ Rn = 52 ɋ ʥʘ ʯʘʩʪʦʪʝ 2,5 ɻɻʮ. ʇʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 

T = 50 ʂ ʧʦʢʘʟʘʪʝʣʠ ʚʦʟʨʘʩʪʘʶʪ ʜʦ fT = 105 ɻɻʮ, ʯʘʩʪʦʪʘ ʛʝʥʝʨʘʮʠʠ fMAX = 170 ɻɻʮ, ʢʨʫʪʠʟ-

ʥʘ gm = 730 ʤʉʤ/ʤʤ. ɺʧʝʨʚʳʝ ʪʘʢʦʝ ʩʦʯʝʪʘʥʠʝ ʧʘʨʘʤʝʪʨʦʚ ʧʦ ʧʦʩʪʦʷʥʥʦʤʫ ʪʦʢʫ ʠ ʉɺʏ 

ʩʠʛʥʘʣʫ ʧʨʝʜʩʪʘʚʣʝʥʦ ʜʣʷ ʪʝʭʥʦʣʦʛʠʠ Si/SiGe n-MODFET, ʯʪʦ ʜʝʤʦʥʩʪʨʠʨʫʝʪ ʤʥʦʛʦʦʙʝ-

ʱʘʶʱʠʝ ʧʝʨʩʧʝʢʪʠʚʳ. ʆʜʥʘʢʦ ʠʤʝʝʪʩʷ ʚʧʦʣʥʝ ʦʙʦʩʥʦʚʘʥʥʘʷ ʥʝʦʙʭʦʜʠʤʦʩʪʴ ʜʘʣʴʥʝʡʰʝʛʦ 

ʫʤʝʥʴʰʝʥʠʷ ʜʣʠʥʳ ʊ-ʦʙʨʘʟʥʦʛʦ ʟʘʪʚʦʨʘ. 

ɸʚʪʦʨʳ ʩʪʘʪʴʠ [85] ʩʦʦʙʱʘʶʪ ʦʙ ʠʩʩʣʝʜʦʚʘʥʠʠ ʢʨʫʧʥʳʭ ʤʦʱʥʳʭ MODFET ʪʨʘʥʟʠ-

ʩʪʦʨʦʚ ʥʘ Si/SiGe ʩ ʙʦʣʴʰʦʡ ʰʠʨʠʥʦʡ ʟʘʪʚʦʨʘ. MODFET ʩʪʨʫʢʪʫʨʘ ʙʳʣʘ ʚʳʨʘʱʝʥʘ ʤʝʪʦ-

ʜʦʤ ʤʦʣʝʢʫʣʷʨʥʦ-ʣʫʯʝʚʦʡ ʵʧʠʪʘʢʩʠʠ ʥʘ ʧʦʜʣʦʞʢʝ ʩ ʚʳʩʦʢʠʤ ʫʜʝʣʴʥʳʤ ʩʦʧʨʦʪʠʚʣʝʥʠʝʤ 

(> 5000 ʆʤĿʩʤ) n-Si (001). ʇʦ ʤʝʨʝ ʨʦʩʪʘ ʩʪʨʫʢʪʫʨʘ ʩʥʠʟʫ ʚʚʝʨʭ ʩʦʩʪʦʠʪ ʠʟ ʦʩʣʘʙʣʝʥʥʦʛʦ 

ʙʫʬʝʨʥʦʛʦ ʩʣʦʷ Si1-xGex ʪʦʣʱʠʥʦʡ 4,5 ʤʢʤ ʩ ʣʠʥʝʡʥʳʤ ʛʨʘʜʠʝʥʪʦʤ x ʦʪ 0 ʜʦ 0,3, ʙʫʬʝʨʥʦ-

ʛʦ ʩʣʦʷ Si0,7Ge0,3 ʪʦʣʱʠʥʦʡ 1 ʤʢʤ ʧʦʚʝʨʭ ʦʩʣʘʙʣʝʥʥʦʛʦ ʙʫʬʝʨʘ Si1-xGex, ʥʘʧʨʷʞʝʥʥʦʛʦ ʥʝ-

ʣʝʛʠʨʦʚʘʥʥʦʛʦ Si-ʢʘʥʘʣʘ ʪʦʣʱʠʥʦʡ 8,5 ʥʤ, ʩʣʦʷ ʩʧʝʡʩʝʨʘ Si0,7Ge0,3 ʪʦʣʱʠʥʦʡ 4 ʥʤ, ʦʜʥʦ-

ʤʝʨʥʦʛʦ ŭ-ʣʝʛʠʨʦʚʘʥʥʦʛʦ ʩʣʦʷ Sb ʩ ʧʣʦʪʥʦʩʪʴʶ ʩʣʦʝʚʦʛʦ ʣʝʛʠʨʦʚʘʥʠʷ 6Ŀ10
12

 ʩʤ
-2

, 5 ʥʤ 

ʚʝʨʭʥʝʛʦ ʩʣʦʷ Si0,7Ge0,3 ʠ, ʥʘʢʦʥʝʮ, 4 ʥʤ ʚʝʨʭʥʝʛʦ ʩʣʦʡ Si. 
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PECVD ʦʢʩʠʜ 
ʀ 

ɿ 

ʉ 

ʩʧʝʡʩʝʨ 

ʢʘʥʘʣ 

ʙʫʬʝʨ 

ŭ-ʣʝʛʠʨʦʚʘʥʠʝ 

(ʘ) 

(ʙ) 

ɿʘʪʚʦʨ 

ʀʩʪʦʢ 

ʉʪʦʢ 

 

ʈʠʩʫʥʦʢ 1.49 ï ʉʭʝʤʘʪʠʯʝʩʢʦʝ ʧʦʧʝʨʝʯʥʦʝ ʩʝʯʝʥʠʝ ʛʝʪʝʨʦʩʪʨʫʢʪʫʨʳ MODFET (ʘ) ʠ ʉʕʄ 

ʬʦʪʦʛʨʘʬʠʷ ʛʦʪʦʚʦʛʦ 10-ʧʘʣʴʮʝʚʦʛʦ ʩʠʣʦʚʦʛʦ MODFET ʩ ʦʙʱʝʡ ʰʠʨʠʥʦʡ ʟʘʪʚʦʨʘ 

Wg = 500 ʤʢʤ (ʙ) 

 

ʀʟʤʝʨʝʥʥʘʷ ʧʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ ʢʦʥʮʝʥʪʨʘʮʠʷ ʵʣʝʢʪʨʦʥʦʚ ʚ ʩʣʦʷʭ ʩʦʩʪʘʚ-

ʣʷʝʪ 2Ŀ10
12

 ʩʤ
-2

 ʩ ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʡ ʧʦʜʚʠʞʥʦʩʪʴʶ ʍʦʣʣʘ 1500 ʩʤ2/(ɺĿʩ). ʈʠʩʫʥʦʢ 1.49, ʘ 

ʠʣʣʶʩʪʨʠʨʫʝʪ ʩʭʝʤʘʪʠʯʝʩʢʦʝ ʧʦʧʝʨʝʯʥʦʝ ʩʝʯʝʥʠʝ ʩʪʨʫʢʪʫʨʳ MODFET ʠ ʦʜʥʦʛʦ ʊ-

ʦʙʨʘʟʥʦʛʦ ʟʘʪʚʦʨʘ (ʚ ʦʜʥʦʡ ʛʨʫʧʧʝ ʟʘʪʚʦʨʳ ʠʟʦʣʠʨʦʚʘʥʳ ʜʨʫʛ ʦʪ ʜʨʫʛʘ ʦʢʩʠʜʦʤ PECVD), 

ʥʘ ʦʩʥʦʚʘʥʠʠ ʢʦʪʦʨʳʭ ʚʧʦʩʣʝʜʩʪʚʠʠ ʙʳʣʠ ʠʟʛʦʪʦʚʣʝʥʳ ʨʝʘʣʴʥʳʝ ʪʨʘʥʟʠʩʪʦʨʳ. ʅʘ ʨʠʩʫʥ-

ʢʝ 1.49, ʙ ʧʦʢʘʟʘʥʦ ʥʘʢʣʦʥʥʦʝ ʠʟʦʙʨʘʞʝʥʠʝ ʉʕʄ ʦʜʥʦʛʦ ʠʟ ʠʟʛʦʪʦʚʣʝʥʥʳʭ ʩʠʣʦʚʳʭ 

MODFET ʩ ʦʙʱʝʡ ʰʠʨʠʥʦʡ ʟʘʪʚʦʨʘ Wg = 500 ʤʢʤ. ʊʘʢʞʝ ʙʳʣ ʠʟʛʦʪʦʚʣʝʥ ʪʨʘʥʟʠʩʪʦʨ ʩ 10 

ʧʘʣʴʮʘʤʠ, ʠʤʝʶʱʠʝ ʦʙʱʫʶ ʰʠʨʠʥʫ ʟʘʪʚʦʨʘ Wg = 750 ʤʢʤ. 

ʅʘ ʨʠʩʫʥʢʝ 1.50 ʧʦʢʘʟʘʥʳ ʥʦʨʤʠʨʦʚʘʥʥʳʝ ʚʳʭʦʜʥʳʝ ʠ ʧʝʨʝʜʘʪʦʯʥʳʝ ʭʘʨʘʢʪʝʨʠ-

ʩʪʠʢʠ ʤʦʱʥʦʛʦ MODFET ʩ Lg = 0,3 ʤʢʤ ʠ Wg = 500 ʤʢʤ. 
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ʈʠʩʫʥʦʢ 1.50 ï ʅʦʨʤʠʨʦʚʘʥʥʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʧʦʩʪʦʷʥʥʦʛʦ ʪʦʢʘ ʩʠʣʦʚʦʛʦ MODFET ʩ 

Lg = 0,3 ʤʢʤ ʠ Wg = 500 ʤʢʤ: (ʘ) ʚʳʭʦʜʥʘʷ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘ, 

(ʙ) ʧʝʨʝʜʘʪʦʯʥʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ 

 

ʅʘʙʣʶʜʘʣʩʷ ʚʳʩʦʢʠʡ ʪʦʢ ʚ ʚʳʢʣʶʯʝʥʥʦʤ ʩʦʩʪʦʷʥʠʠ, ʠ ʵʪʦ ʥʝ ʷʚʣʷʝʪʩʷ ʯʝʤ-ʪʦ ʥʝ-

ʦʙʳʯʥʳʤ ʜʣʷ ʤʘʣʦʤʦʱʥʳʭ MODFET, ʦ ʢʦʪʦʨʳʭ ʩʦʦʙʱʘʣʦʩʴ ʨʘʥʝʝ. ʇʨʝʜʧʦʣʘʛʘʝʪʩʷ, ʯʪʦ 

ʧʣʦʭʘʷ ʠʟʦʣʷʮʠʷ ʤʝʞʜʫ ʘʢʪʠʚʥʳʤʠ ʩʣʦʷʤʠ ʠ ʥʠʞʝʣʝʞʘʱʠʤ SiGe-ʙʫʬʝʨʦʤ ʤʦʞʝʪ ʩʧʦʩʦʙ-

ʩʪʚʦʚʘʪʴ ʧʨʦʚʦʜʠʤʦʩʪʠ ʚ ʚʳʢʣʶʯʝʥʥʦʤ ʩʦʩʪʦʷʥʠʠ, ʠ ʵʪʦ ʤʦʞʥʦ ʤʠʥʠʤʠʟʠʨʦʚʘʪʴ, ʜʦʙʘʚ-

ʣʷʷ ʣʝʛʠʨʫʶʱʠʡ ʩʣʦʡ ʩ p-ʦʙʣʘʩʪʷʤʠ ʤʝʞʜʫ ʘʢʪʠʚʥʳʤʠ ʩʣʦʷʤʠ ʠ ʧʦʜʣʦʞʢʦʡ. ʆʯʝʥʴ ʚʳʩʦ-

ʢʦʝ ʧʨʦʙʠʚʥʦʝ ʥʘʧʨʷʞʝʥʠʝ (~12 ɺ) ʜʝʤʦʥʩʪʨʠʨʦʚʘʣʦʩʴ ʚ ʩʠʣʦʚʳʭ MODFET ʪʨʘʥʟʠʩʪʦʨʘʭ 

ʠʟ-ʟʘ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʙʦʣʴʰʦʛʦ ʨʘʩʩʪʦʷʥʠʷ ʠʩʪʦʢ-ʟʘʪʚʦʨ ʠ ʩʪʦʢ-ʟʘʪʚʦʨ (1,2 ʤʢʤ). ʅʝʜʦʩʪʘʪ-

ʢʘʤʠ ʚʳʩʦʢʠʭ ʥʘʧʨʷʞʝʥʠʡ ʧʨʦʙʦʷ ʷʚʣʷʶʪʩʷ ʧʦʥʠʞʝʥʥʳʡ ʪʦʢ ʥʘʩʳʱʝʥʠʷ IDS ʠ, ʩʣʝʜʦʚʘ-

ʪʝʣʴʥʦ, ʧʦʥʠʞʝʥʥʳʝ ʟʥʘʯʝʥʠʷ ʢʨʫʪʠʟʥʳ gm. 

ɺ ʨʘʙʦʪʝ [86] ʘʚʪʦʨʳ ʧʨʦʚʦʜʷʪ ʩʨʘʚʥʝʥʠʝ ʧʘʨʘʤʝʪʨʦʚ ʪʨʘʥʟʠʩʪʦʨʦʚ, ʩʬʦʨʤʠʨʦʚʘʥ-

ʥʳʭ ʧʦ ʪʝʭʥʦʣʦʛʠʷʤ MODFET ʠ MOS-MODFET. 

ʉʣʦʠ ʛʝʪʝʨʦʩʪʨʫʢʪʫʨʳ SiGe/Si ʙʳʣ ʚʳʨʘʱʝʥʳ ʧʫʪʝʤ ʭʠʤʠʯʝʩʢʦʛʦ ʦʩʘʞʜʝʥʠʷ ʠʟ ʛʘ-

ʟʦʚʦʡ ʬʘʟʳ ʚ ʩʚʝʨʭʚʳʩʦʢʠʤ ʚʘʢʫʫʤʝ (UHV-CVD) ʥʘ ʧʦʜʣʦʞʢʝ n-Si. ʇʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʴ 

ʩʣʦʝʚʦʛʦ ʨʦʩʪʘ ʥʘʯʠʥʘʣʘʩʴ ʩʦ ʩʪʫʧʝʥʯʘʪʦʛʦ ʙʫʬʝʨʥʦʛʦ ʩʣʦʷ Si(1-y)Gey, ʨʝʣʘʢʩʠʨʦʚʘʥʥʦʛʦ ʜʦ 

ʧʦʩʪʦʷʥʥʦʡ ʨʝʰʝʪʢʠ Si0,7Ge0,3. ɼʘʣʝʝ ʚʳʨʘʱʠʚʘʣʩʷ ʙʫʬʝʨʥʳʡ ʩʦʡ Si0,7Ge0,3 ʪʦʣʱʠʥʦʡ 

1 ʤʢʤ, ʥʘ ʢʦʪʦʨʦʤ ʬʦʨʤʠʨʦʚʘʣʘʩʴ ʩʪʨʫʢʪʫʨʘ p-Si0,7Ge0,3 ʪʦʣʱʠʥʦʡ 4 ʥʤ ʣʝʛʠʨʦʚʘʥʥʘʷ B 

ʢʦʥʮʝʥʪʨʘʮʠʝʡ 2Ŀ10
18

 ʩʤ
-3

, Si0,7Ge0,3 ʩʧʝʡʩʝʨ ʪʦʣʱʠʥʦʡ 3 ʥʤ, Si(1-x)Gex ʢʘʥʘʣ ʪʦʣʱʠʥʦʡ 

4,5 ʥʤ ʩ ʛʨʘʜʫʠʨʦʚʢʦʡ ʦʪ 0,8 ʜʦ 0,7, Si0,7Ge0,3 ʚʝʨʭʥʠʡ ʩʣʦʡ ʪʦʣʱʠʥʦʡ 10 ʥʤ. ʂʘʥʘʣʴʥʳʡ 

ʩʣʦʡ ʧʦʢʘʟʘʣ ʜʚʫʤʝʨʥʫʶ ʧʦʜʚʠʞʥʦʩʪʴ ʜʳʨʦʯʥʦʛʦ ʛʘʟʘ 930 ʩʤ/(ɺĿʩ) ʠ ʧʣʦʪʥʦʩʪʴ ʩʣʦʷ ʜʳ-

ʨʦʢ 2,6Ŀ10
12

 ʩʤ
-2
, ʯʪʦ ʙʳʣʦ ʦʧʨʝʜʝʣʝʥʦ ʠʟʤʝʨʝʥʠʷʤʠ ʍʦʣʣʘ ʧʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ. 
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ʌʦʨʤʠʨʦʚʘʥʠʝ ʪʨʘʥʟʠʩʪʦʨʘ ʧʦ ʪʝʭʥʦʣʦʛʠʠ MOS-MODFET ʥʘʯʘʣʦʩʴ ʩ ʦʩʘʞʜʝʥʠʷ 

ʧʣʝʥʢʠ SiO2 ʪʦʣʱʠʥʦʡ 5 ʥʤ ʩʪʨʫʡʥʳʤ ʤʝʪʦʜʦʤ (JVD). ɼʣʷ ʫʧʣʦʪʥʝʥʠʷ ʧʣʝʥʢʠ ʦʙʨʘʟʝʮ 

ʧʦʜʚʝʨʛʘʣʩʷ ʦʪʞʠʛʫ ʧʦʩʣʝ ʦʩʘʞʜʝʥʠʷ ʧʨʠ 300 Áʉ ʚ ʘʪʤʦʩʬʝʨʝ ʘʟʦʪʘ ʚ ʪʝʯʝʥʠʝ 30 ʤʠʥ. ʄʝ-

ʟʘ ʙʳʣʘ ʩʬʦʨʤʠʨʦʚʘʥʘ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʨʝʘʢʪʠʚʥʦʛʦ ʠʦʥʥʦʛʦ ʪʨʘʚʣʝʥʠʷ ʚ ʧʣʘʟʤʝ CF4. 

ɺʳʩʦʪʘ ʤʝʟʳ ʩʦʩʪʘʚʣʷʣʘ 170 ʥʤ. ɼʣʷ ʧʘʩʩʠʚʘʮʠʠ ʦʙʨʘʟʮʘ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʵʣʝʢʪʨʦʥʥʦ-

ʣʫʯʝʚʦʛʦ ʥʘʧʳʣʝʥʠʷ ʚ ʚʘʢʫʫʤʝ ʦʩʘʞʜʘʣʘʩʴ ʧʣʝʥʢʘ SiO2 ʪʦʣʱʠʥʦʡ 240 ʥʤ. ʄʝʪʘʣʣʠʟʘʮʠʷ 

ʦʤʠʯʝʩʢʠʭ ʢʦʥʪʘʢʪʦʚ ï Pt ʪʦʣʱʠʥʦʡ 30 ʥʤ. ʂʦʥʪʘʢʪʥʦʝ ʩʦʧʨʦʪʠʚʣʝʥʠʝ ~0,2-0,3ɋĿʤʤ ʙʳʣʦ 

ʧʦʣʫʯʝʥʦ ʧʦʩʣʝ ʩʧʝʢʘʥʠʷ ʦʙʨʘʟʮʘ ʚ ʘʪʤʦʩʬʝʨʝ ʘʟʦʪʘ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 350 ÁC ʚ ʪʝʯʝʥʠʝ 

5 ʤʠʥʫʪ. T-ʦʙʨʘʟʥʳʡ ʟʘʪʚʦʨ Ti/Pt/Au ʩ ʜʣʠʥʦʡ 0,1 ʤʢʤ ʙʳʣ ʩʬʦʨʤʠʨʦʚʘʥ ʩ ʧʦʤʦʱʴʶ ʪʨʝʭ-

ʩʣʦʡʥʦʡ ʨʝʟʠʩʪʠʚʥʦʡ ʤʘʩʢʠ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʵʣʝʢʪʨʦʥʥʦ-ʣʫʯʝʚʦʡ ʣʠʪʦʛʨʘʬʠʠ. ʅʘʢʦʥʝʮ, 

ʬʦʨʤʠʨʦʚʘʣʠʩʴ ʢʦʥʪʘʢʪʥʳʝ ʧʣʦʱʘʜʢʠ ʦʩʘʞʜʝʥʠʝʤ Ti/Pt/Au. ʈʘʩʩʪʦʷʥʠʝ ʤʝʞʜʫ ʠʩʪʦʢʦʤ ʠ 

ʩʪʦʢʦʤ ʩʦʩʪʘʚʣʷʣʦ 2 ʤʢʤ, ʘ ʰʠʨʠʥʘ ʟʘʪʚʦʨʘ ʚʩʝʭ ʫʩʪʨʦʡʩʪʚ ʩʦʩʪʘʚʣʷʣʘ 100 ʤʢʤ ʜʚʫʤʷ 

ʧʘʣʴʮʘʤʠ ʚ ʊ-ʢʦʥʬʠʛʫʨʘʮʠʠ. ʉʪʨʫʢʪʫʨʘ ʫʩʪʨʦʡʩʪʚʘ MOS-MODFET ʧʦʢʘʟʘʥʘ ʥʘ ʨʠʩʫʥʢʝ 

1.51. ʆʙʳʯʥʳʝ MODFET ʙʳʣʠ ʦʜʥʦʚʨʝʤʝʥʥʦ ʠʟʛʦʪʦʚʣʝʥʳ ʥʘ ʜʨʫʛʦʤ ʦʙʨʘʟʮʝ ʩ ʪʘʢʦʡ ʞʝ 

ʩʪʨʫʢʪʫʨʦʡ, ʥʦ ʙʝʟ ʦʢʩʠʜʘ JVD. ʆʙʨʘʙʦʪʢʘ MODFET ʙʳʣʘ ʘʥʘʣʦʛʠʯʥʘ ʦʙʨʘʙʦʪʢʝ MOS-

MODFET. ʇʝʨʝʜ ʥʘʧʳʣʝʥʠʝʤ ʤʝʪʘʣʣʠʟʘʮʠʡ ʟʘʪʚʦʨʘ ʠ ʦʤʠʯʝʩʢʠʭ ʢʦʥʪʘʢʪʦʚ ʥʘ ʤʦʜʝʣʷʭ 

MODFET ʩʦʙʩʪʚʝʥʥʳʡ ʦʢʩʠʜ ʫʜʘʣʷʣʠ ʧʦʛʨʫʞʝʥʠʝʤ ʚ ʨʘʟʙʘʚʣʝʥʥʫʶ HF ʢʠʩʣʦʪʫ. 

 

ʈʠʩʫʥʦʢ 1.51 ï ʉʭʝʤʘ ʧʦʧʝʨʝʯʥʦʛʦ ʩʝʯʝʥʠʷ ʚʳʨʘʱʝʥʥʦʡ ʛʝʪʝʨʦʩʪʨʫʢʪʫʨʳ SiGe MOS-

MODFET p-ʪʠʧʘ 

 

ɺ ʨʝʟʫʣʴʪʘʪʝ ʜʣʷ MODFET ʙʳʣʠ ʜʦʩʪʠʛʥʫʪʳ ʩʣʝʜʫʶʱʠʝ ʧʘʨʘʤʝʪʨʳ: ʤʘʢʩʠʤʘʣʴʥʘʷ 

ʢʨʫʪʠʟʥʘ gm = 142 ʤʉʤ/ʤʤ; ʤʘʢʩʠʤʘʣʴʥʳʡ ʪʦʢ ʩʪʦʢʘ 114 ʤɸ/ʤʤ; ʥʘʧʨʷʞʝʥʠʝ ʧʨʦʙʦʷ ʟʘ-

ʪʚʦʨʘ ʥʘ ʩʪʦʢ 6,7 ɺ; ʯʘʩʪʦʪʘ ʫʩʠʣʝʥʠʷ ʧʦ ʪʦʢʫ fT = 45 ɻɻʮ; ʯʘʩʪʦʪʘ ʛʝʥʝʨʘʮʠʠ fMAX = 81 ɻɻʮ. 

ɼʣʷ MOS-MODFET ʚ ʢʘʯʝʩʪʚʝ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʩʣʦʷ ʟʘʪʚʦʨʘ ʠʩʧʦʣʴʟʦʚʘʣʩʷ ʚʳʩʦʢʦʢʘʯʝ-
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ʩʪʚʝʥʥʳʡ ʫʣʴʪʨʘʪʦʥʢʠʡ ʦʢʩʠʜ JVD. ɺ ʩʚʷʟʠ ʩ ʵʪʠʤ MOS-MODFET ʧʦʢʘʟʘʣ ʦʯʝʥʴ ʤʘʣʝʥʴ-

ʢʠʡ ʪʦʢ ʫʪʝʯʢʠ ʟʘʪʚʦʨʘ (ʤʝʥʝʝ 1 ʥɸ/ʤʢʤ ʥʘʧʨʷʞʝʥʠʠ ʥʘ ʟʘʪʚʦʨʝ ʦʪ 2,16 ɺ ʜʦ 6,0 ɺ) ʠ ʰʠ-

ʨʦʢʠʡ ʧʝʨʝʧʘʜ ʥʘʧʨʷʞʝʥʠʷ ʥʘ ʟʘʪʚʦʨʝ. ʅʦ ʩ ʚʚʝʜʝʥʠʝʤ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʩʣʦʷ ʟʘʪʚʦʨʘ ʙʳʣ 

ʚʚʝʜʝʥ ʧʘʨʘʟʠʪʥʳʡ ʧʦʚʝʨʭʥʦʩʪʥʳʡ ʢʘʥʘʣ ʚ ʚʝʨʭʥʝʤ ʩʣʦʝ, ʢʦʪʦʨʳʡ ʙʳʣ ʧʦʣʥʦʩʪʴʶ ʚʢʣʶ-

ʯʝʥ ʧʨʠ ʥʘʧʨʷʞʝʥʠʠ ʦʢʦʣʦ 2 ɺ. ɺ ʨʝʟʫʣʴʪʘʪʝ MOS-MODFET ʠʤʝʶʪ ʙʦʣʝʝ ʚʳʩʦʢʠʝ ʥʘʧʨʷ-

ʞʝʥʠʷ ʦʪʩʝʯʢʠ. ʇʦʨʦʛʦʚʦʝ ʥʘʧʨʷʞʝʥʠʝ ʠʟʤʝʥʷʝʪʩʷ ʦʪ 0,45 ɺ ʜʣʷ MODFET ʜʦ 1,33 ɺ ʜʣʷ 

MOS-MODFET. ʀʟ-ʟʘ ʙʦʣʝʝ ʥʠʟʢʦʡ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʤʦʜʫʣʷʮʠʠ, ʚʳʟʚʘʥʥʦʡ ʙʦʣʴʰʠʤ ʨʘʩ-

ʩʪʦʷʥʠʝʤ ʤʝʞʜʫ ʟʘʪʚʦʨʦʤ ʠ ʢʘʥʘʣʦʤ, MOS-MODFET ʧʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʣʠ ʤʘʢʩʠʤʫʤʳ 

gm = 90 ʤʉʤ/ʤʤ, fT = 38 ɻɻʮ, fMAX = 64 ɻɻʮ. ʆʥʠ ʥʝʤʥʦʛʦ ʥʠʞʝ, ʯʝʤ ʧʦʣʫʯʝʥʥʳʝ ʜʣʷ 

MODFET ʧʦ ʧʨʠʯʠʥʘʤ, ʫʢʘʟʘʥʥʳʤ ʚʳʰʝ. ʇʨʝʠʤʫʱʝʩʪʚʘ MOS-MODFET ʚʢʣʶʯʘʶʪ 

ʤʝʥʴʰʠʡ ʪʦʢ ʫʪʝʯʢʠ ʥʘ ʟʘʪʚʦʨʝ, ʙʦʣʝʝ ʰʠʨʦʢʠʡ ʨʘʟʤʘʭ ʥʘʧʨʷʞʝʥʠʷ ʥʘ ʟʘʪʚʦʨʝ ʠ ʣʫʯʰʫʶ 

ʣʠʥʝʡʥʦʩʪʴ ʫʩʪʨʦʡʩʪʚʘ. ɿʥʘʯʝʥʠʷ fT ʠ fMAX, ʦ ʢʦʪʦʨʳʭ ʩʦʦʙʱʘʝʪʩʷ ʜʣʷ ʵʪʠʭ ʫʩʪʨʦʡʩʪʚ, ʷʚ-

ʣʷʶʪʩʷ ʩʘʤʳʤʠ ʚʳʩʦʢʠʤʠ ʥʘ ʩʝʛʦʜʥʷʰʥʠʡ ʜʝʥʴ ʜʣʷ ʚʩʝʭ ʥʝʩʘʤʦʩʦʚʤʝʱʝʥʥʳʭ ʄʆʇ-

ʪʨʘʥʟʠʩʪʦʨʦʚ SiGe p-ʪʠʧʘ ʩ ʛʝʪʝʨʦʧʝʨʝʭʦʜʦʤ.  

ʂʨʦʤʝ ʪʦʛʦ, ʚʧʝʨʚʳʝ ʙʳʣʠ ʠʩʩʣʝʜʦʚʘʥʳ ʠ ʟʘʨʝʛʠʩʪʨʠʨʦʚʘʥʳ ʚʳʩʦʢʦʯʘʩʪʦʪʥʳʝ ʰʫ-

ʤʦʚʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ SiGe FET. ɼʣʷ MODFET ʙʳʣʠ ʠʟʤʝʨʝʥʳ NFmin = 1,29 ʜɹ ʠ 

Ga = 12,8 ʜɹ ʥʘ ʯʘʩʪʦʪʝ 2 ɻɻʮ, ʘ ʪʘʢʞʝ NFmin = 1,9 ʜɹ ʥʘ ʯʘʩʪʦʪʝ 4 ɻɻʮ. MOS-MODFET ʧʦ-

ʢʘʟʘʣʠ NFmin = 0,92 ʜɹ ʠ Ga = 12 ʜɹ ʥʘ ʯʘʩʪʦʪʝ 2 ɻɻʮ, ʘ ʪʘʢʞʝ NFmin = 2,1 ʜɹ ʥʘ ʯʘʩʪʦʪʝ 

4 ɻɻʮ. ɺʩʝ ʵʪʠ ʧʨʠʚʣʝʢʘʪʝʣʴʥʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʫʢʘʟʳʚʘʶʪ ʥʘ ʧʦʪʝʥʮʠʘʣʴʥʦʝ ʧʨʠʤʝʥʝʥʠʝ 

SiGe/Si MODFET ʠ MOS-MODFET ʚ ʙʝʩʧʨʦʚʦʜʥʦʡ ʩʚʷʟʠ. ʆʞʠʜʘʝʪʩʷ ʜʘʣʴʥʝʡʰʝʝ ʫʣʫʯ-

ʰʝʥʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʫʩʪʨʦʡʩʪʚ ʟʘ ʩʯʝʪ ʧʨʠʤʝʥʝʥʠʷ ʪʝʭʥʦʣʦʛʠʡ SOI ʠ ʨʘʟʨʘʙʦʪʢʠ ʩʘʤʦʩʦ-

ʚʤʝʱʝʥʥʦʛʦ ʧʨʦʮʝʩʩʘ, ʢʦʪʦʨʳʡ ʫʤʝʥʴʰʠʪ ʚʣʠʷʥʠʝ ʩʦʧʨʦʪʠʚʣʝʥʠʷ ʜʦʩʪʫʧʘ ʠʩʪʦʢʘ ʠ ʟʘ-

ʜʝʨʞʢʠ ʪʨʘʥʟʠʪʘ ʠʩʪʦʢ-ʩʪʦʢ. 
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1.4 ʄʠʢʨʦʵʣʝʢʪʨʦʤʝʭʘʥʠʯʝʩʢʠʝ ʩʠʩʪʝʤʳ 

ʅʘʯʘʣʦ ʘʢʪʠʚʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʚ ʦʙʣʘʩʪʠ ʨʘʟʨʘʙʦʪʢʠ ʤʠʢʨʦʵʣʝʢʪʨʦʤʝʭʘʥʠʯʝʩʢʠʭ 

ʩʠʩʪʝʤ (ʄʕʄʉ) ʜʣʷ ʰʠʨʦʢʦʛʦ ʩʧʝʢʪʨʘ ʥʘʫʯʥʦ-ʪʝʭʥʠʯʝʩʢʠʭ ʧʨʠʣʦʞʝʥʠʡ ʧʨʠʰʣʦʩʴ ʥʘ ʢʦ-

ʥʝʮ ʜʚʘʜʮʘʪʦʛʦ ʚʝʢʘ. ʄʕʄʉ ʧʨʝʜʩʪʘʚʣʷʶʪ ʩʦʙʦʡ ʤʠʥʠʘʪʶʨʥʳʝ ʧʨʠʙʦʨʳ, ʚʳʧʦʣʥʷʶʱʠʝ 

ʨʦʣʴ ʵʣʝʢʪʨʦʤʝʭʘʥʠʯʝʩʢʠʭ ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʝʡ. ʍʘʨʘʢʪʝʨʥʳʝ ʨʘʟʤʝʨʳ ʪʘʢʠʭ ʧʨʠʙʦʨʦʚ ʤʦ-

ʛʫʪ ʚʘʨʴʠʨʦʚʘʪʴʩʷ ʦʪ ʤʠʣʣʠʤʝʪʨʦʚʦʛʦ ʜʦ ʩʫʙʤʠʢʨʦʥʥʦʛʦ ʫʨʦʚʥʷ, ʘ ʤʝʪʦʜʳ ʠʭ ʬʦʨʤʠʨʦʚʘ-

ʥʠʷ ʦʩʥʦʚʘʥʳ ʥʘ ʪʝʭʥʦʣʦʛʠʷʭ ʧʨʦʠʟʚʦʜʩʪʚʘ ʠʥʪʝʛʨʘʣʴʥʳʭ ʤʠʢʨʦʩʭʝʤ (ʀʄʉ).  

ʄʕʄʉ ʧʨʠʙʦʨʳ ʤʦʛʫʪ ʚʢʣʶʯʘʪʴ ʪʘʢʠʝ ʤʝʭʘʥʠʯʝʩʢʠʝ ʵʣʝʤʝʥʪʳ ʢʘʢ ʙʘʣʢʠ, ʰʝʩʪʝʨ-

ʥʠ, ʤʝʤʙʨʘʥʳ ʠ ʧʨʫʞʠʥʳ. ʄʕʄʉ ʤʦʛʫʪ ʚʳʩʪʫʧʘʪʴ ʚ ʢʘʯʝʩʪʚʝ ʩʦʩʪʘʚʥʳʭ ʵʣʝʤʝʥʪʦʚ ʠʣʠ 

ʞʝ ʩʘʤʦʩʪʦʷʪʝʣʴʥʳʭ ʧʨʠʙʦʨʦʚ, ʪʘʢʠʭ ʢʘʢ ʘʢʩʝʣʝʨʦʤʝʪʨʳ, ʠʥʝʨʮʠʦʥʥʳʝ ʜʘʪʯʠʢʠ, ʤʠʢʨʦ-

ʜʚʠʛʘʪʝʣʠ, ʤʠʢʨʦʨʦʙʦʪʳ, ʤʠʢʨʦʟʝʨʢʘʣʘ, ʢʘʨʪʨʠʜʞʠ ʩʪʨʫʡʥʳʭ ʧʨʠʥʪʝʨʦʚ, ʤʠʢʨʦʘʢʪʶʘʪʦ-

ʨʳ, ʦʧʪʠʯʝʩʢʠʝ ʩʢʘʥʝʨʳ, ʤʠʢʨʦʥʘʩʦʩʳ ʜʣʷ ʧʝʨʝʢʘʯʢʠ ʞʠʜʢʦʩʪʝʡ, ʜʘʪʯʠʢʠ ʜʘʚʣʝʥʠʷ, ʨʘʩ-

ʭʦʜʦʤʝʨʳ ʠ ʛʘʟʦʩʠʛʥʘʣʠʟʘʪʦʨʳ. ʌʫʥʢʮʠʷʤʠ ʪʘʢʠʭ ʧʨʠʙʦʨʦʚ ʷʚʣʷʝʪʩʷ ʨʝʛʠʩʪʨʘʮʠʷ ʤʝʭʘ-

ʥʠʯʝʩʢʠʭ ʧʨʦʮʝʩʩʦʚ, ʠʭ ʘʢʪʠʚʘʮʠʷ ʠʣʠ ʢʦʥʪʨʦʣʴ ʥʘ ʤʠʢʨʦʫʨʦʚʥʝ ʜʣʷ ʨʝʰʝʥʠʷ ʨʘʟʣʠʯʥʳʭ 

ʧʨʠʢʣʘʜʥʳʭ ʟʘʜʘʯ. 

ʉʥʠʞʝʥʠʝ ʨʘʟʤʝʨʦʚ ʬʫʥʢʮʠʦʥʘʣʴʥʳʭ ʵʣʝʤʝʥʪʦʚ ʧʨʠ ʧʦʤʦʱʠ ʄʕʄʉ ʧʦʟʚʦʣʷʝʪ ʜʦ-

ʙʠʪʴʩʷ ʤʥʦʞʝʩʪʚʘ ʧʨʝʠʤʫʱʝʩʪʚ. ʅʘʧʨʠʤʝʨ, ʫʤʝʥʴʰʝʥʠʝ ʨʘʟʤʝʨʦʚ ʬʫʥʢʮʠʦʥʘʣʴʥʳʭ ʵʣʝ-

ʤʝʥʪʦʚ ʄʕʄʉ ʜʦ ʟʥʘʯʝʥʠʡ, ʩʦʧʦʩʪʘʚʠʤʳʭ ʩ ʧʣʦʪʥʦʩʪʴʶ ʜʝʬʝʢʪʦʚ ʤʘʪʝʨʠʘʣʘ, ʧʦʟʚʦʣʷʝʪ 

ʧʦʣʫʯʠʪʴ ʧʨʠʙʦʨʳ ʩ ʤʠʥʠʤʘʣʴʥʳʤ ʢʦʣʠʯʝʩʪʚʦʤ ʩʪʨʫʢʪʫʨʥʳʭ ʜʝʬʝʢʪʦʚ. ɺ ʨʝʟʫʣʴʪʘʪʝ, ʪʘ-

ʢʠʝ ʄʕʄʉ ʧʨʠʙʦʨʳ ʢʘʢ ʢʘʥʪʠʣʝʚʝʨʳ, ʦʢʘʟʳʚʘʶʪʩʷ ʟʥʘʯʠʪʝʣʴʥʦ ʥʘʜʝʞʥʝʝ ʩʚʦʠʭ ʤʘʢʨʦ-

ʩʢʦʧʠʯʝʩʢʠʭ ʘʥʘʣʦʛʦʚ [87]. ʉʪʦʠʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʧʨʠ ʤʦʜʝʣʠʨʦʚʘʥʠʠ ʧʨʠʙʦʨʦʚ ʩ ʛʘʙʘʨʠʪʘ-

ʤʠ, ʙʣʠʟʢʠʤʠ ʢ ʨʘʟʤʝʨʘʤ ʦʪʜʝʣʴʥʳʭ ʟʝʨʝʥ ʠʣʠ ʜʨʫʛʠʭ ʤʠʢʨʦʩʢʦʧʠʯʝʩʢʠʭ ʥʝʦʜʥʦʨʦʜʥʦ-

ʩʪʝʡ ʩʦʩʪʘʚʘ, ʠʣʠ ʩʚʦʡʩʪʚ ʤʘʪʝʨʠʘʣʘ, ʧʨʠʙʣʠʞʝʥʠʝ ʦʙ ʦʜʥʦʨʦʜʥʦʩʪʠ ʤʘʩʩʠʚʥʳʭ ʤʘʪʝʨʠʘ-

ʣʦʚ ʩʪʘʥʦʚʠʪʩʷ ʥʝʧʨʠʤʝʥʠʤʦ. ʊʝʤ ʥʝ ʤʝʥʝʝ, ʛʠʙʢʦʩʪʴ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʭ ʧʨʦʮʝʩʩʦʚ ʤʠʢʨʦ-

ʦʙʨʘʙʦʪʢʠ ʤʘʪʝʨʠʘʣʦʚ ʧʦʟʚʦʣʷʝʪ ʩ ʚʳʩʦʢʦʡ ʪʦʯʥʦʩʪʴʶ ʢʦʥʪʨʦʣʠʨʦʚʘʪʴ ʩʚʦʡʩʪʚʘ ʧʦʣʫʯʘʝ-

ʤʳʭ ʧʣʝʥʦʢ. 

ʊʘʢʞʝ ʩʪʦʠʪ ʫʧʦʤʷʥʫʪʴ ʧʨʝʠʤʫʱʝʩʪʚʘ ʄʕʄʉ, ʦʪʥʦʩʷʱʠʝʩʷ ʢ ʦʙʣʘʩʪʠ ʛʠʜʨʦʜʠʥʘ-

ʤʠʢʠ. ɺ ʦʪʣʠʯʠʝ ʦʪ ʤʘʢʨʦʩʢʦʧʠʯʝʩʢʠʭ ʩʠʩʪʝʤ, ʚ ʢʦʪʦʨʳʭ ʜʦʤʠʥʠʨʫʶʪ ʪʫʨʙʫʣʝʥʪʥʳʝ ʠ 

ʭʘʦʪʠʯʝʩʢʠʝ ʧʦʪʦʢʠ ʞʠʜʢʦʩʪʝʡ, ʨʝʞʠʤ ʧʦʪʦʢʘ ʞʠʜʢʦʩʪʝʡ ʧʦ ʤʠʢʨʦʢʘʥʘʣʘʤ ʄʕʄʉ ʧʨʘʢ-

ʪʠʯʝʩʢʠ ʚʩʝʛʜʘ ʷʚʣʷʝʪʩʷ ʣʘʤʠʥʘʨʥʳʤ.  

ʂʨʦʤʝ ʪʦʛʦ, ʢʨʘʡʥʝ ʧʨʠʚʣʝʢʘʪʝʣʴʥʳʤ ʷʚʣʷʝʪʩʷ ʧʨʠʤʝʥʝʥʠʝ ʄʕʄʉ-ʘʥʘʣʠʟʘʪʦʨʦʚ ʚ 

ʭʠʤʠʯʝʩʢʠʭ ʠ ʙʠʦʣʦʛʠʯʝʩʢʠʭ ʩʠʩʪʝʤʘʭ, ʯʪʦ ʧʦʟʚʦʣʷʝʪ ʫʤʝʥʴʰʠʪʴ ʨʘʟʤʝʨʳ ʠʩʩʣʝʜʫʝʤʦʛʦ 

ʦʙʨʘʟʮʘ ʧʨʠ ʩʦʭʨʘʥʝʥʠʠ ʧʦʩʪʦʷʥʥʦʛʦ ʫʨʦʚʥʷ ʜʝʪʝʢʪʠʨʫʝʤʦʡ ʢʦʥʮʝʥʪʨʘʮʠʠ. ɹʠʦ-ʄʕʄʉ 

ʠʤʝʶʪ ʤʫʣʴʪʠʜʠʩʮʠʧʣʠʥʘʨʥʳʡ ʭʘʨʘʢʪʝʨ, ʠ ʚʢʣʶʯʘʶʪ ʚ ʩʝʙʷ ʤʝʭʘʥʠʯʝʩʢʠʝ, ʵʣʝʢʪʨʠʯʝʩʢʠʝ 
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ʠ ʛʠʜʨʘʚʣʠʯʝʩʢʠʝ ʵʣʝʤʝʥʪʳ. ʄʘʣʳʝ ʨʘʟʤʝʨʳ ʧʦʟʚʦʣʷʶʪ ʦʙʝʩʧʝʯʠʪʴ ʙʳʩʪʨʳʡ ʦʪʚʦʜ ʪʝʧʣʘ 

ʦʪ ʄʕʄʉ. ɺ ʪʦʞʝ ʚʨʝʤʷ, ʩʫʱʝʩʪʚʫʶʪ ʚʘʨʠʘʥʪʳ ʠʩʧʦʣʥʝʥʠʷ ʄʕʄʉ ʩ ʚʳʩʦʢʦʡ ʪʝʧʣʦʧʨʦ-

ʚʦʜʥʦʩʪʴʶ ʣʠʰʴ ʚ ʦʜʥʦʤ ʥʘʧʨʘʚʣʝʥʠʠ, ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ ʚ ʦʩʪʘʣʴʥʳʭ ʥʘʧʨʘʚʣʝʥʠʷʭ ʠʭ ʩʚʦʡ-

ʩʪʚʘ ʦʩʪʘʶʪʩʷ ʪʝʧʣʦʠʟʦʣʠʨʫʶʱʠʤʠ. 

ʄʕʄʉ ʚʳʧʦʣʥʷʶʪ ʨʦʣʴ ʩʚʷʟʫʶʱʠʭ ʵʣʝʤʝʥʪʦʚ ʤʝʞʜʫ ʮʠʬʨʦʚʦʡ ʵʣʝʢʪʨʦʥʠʢʦʡ ʠ 

ʬʠʟʠʯʝʩʢʠʤ ʤʠʨʦʤ, ʨʦʣʴ ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʝʡ ʩʘʤʳʭ ʨʘʟʥʦʦʙʨʘʟʥʳʭ ʥʝʵʣʝʢʪʨʠʯʝʩʢʠʭ ʩʠʛʥʘ-

ʣʦʚ ʬʠʟʠʯʝʩʢʦʛʦ ʤʠʨʘ ʚ ʵʣʝʢʪʨʠʯʝʩʢʠʡ ʩʠʛʥʘʣ [88]. ʂʨʦʤʝ ʪʦʛʦ, ʚʦʟʤʦʞʥʦ ʠ ʦʙʨʘʪʥʦʝ ʧʨʝ-

ʦʙʨʘʟʦʚʘʥʠʝ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʩʠʛʥʘʣʘ ʚ ʩʠʛʥʘʣʳ ʬʠʟʠʯʝʩʢʦʡ ʧʨʠʨʦʜʳ. ʇʨʠʤʝʨʦʤ ʪʘʢʠʭ 

ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʝʡ ʩʣʫʞʘʪ ʄʕʄʉ ʘʢʪʶʘʪʦʨʳ [89]. ʄʝʭʘʥʠʟʤ ʧʝʨʝʜʘʯʠ ʠʥʬʦʨʤʘʮʠʠ ʤʦʞʝʪ 

ʠʤʝʪʴ ʜʦʩʪʘʪʦʯʥʦ ʩʣʦʞʥʳʡ ʚʠʜ ʠ ʚʢʣʶʯʘʪʴ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʝ ʧʨʝʦʙʨʘʟʦʚʘʥʠʝ ʩʠʛʥʘʣʘ ʠʟ 

ʪʝʧʣʦʚʦʡ ʬʦʨʤʳ ʚ ʤʝʭʘʥʠʯʝʩʢʫʶ, ʦʧʪʠʯʝʩʢʫʶ ʠ ʵʣʝʢʪʨʠʯʝʩʢʫʶ ʬʦʨʤʳ. ɼʘʪʯʠʢʠ ʠ ʘʢʪʶʘ-

ʪʦʨʳ, ʧʦʩʪʨʦʝʥʥʳʝ ʥʘ ʦʩʥʦʚʝ ʄʕʄʉ ʤʦʛʫʪ ʙʳʪʴ ʩʦʧʨʷʞʝʥʳ ʩ ʵʣʝʢʪʨʦʥʥʦʡ ʯʘʩʪʴʶ ʚ ʚʠʜʝ 

ʠʥʪʝʛʨʘʣʴʥʳʭ ʤʠʢʨʦʩʭʝʤ, ʠ ʧʨʝʜʩʪʘʚʣʷʪʴ ʩʦʙʦʡ ʟʘʢʦʥʯʝʥʥʳʝ ʤʠʢʨʦʩʠʩʪʝʤʳ. ʅʘʠʙʦʣʝʝ 

ʫʩʧʝʰʥʳʝ ʧʨʦʜʫʢʪʳ ʥʘ ʦʩʥʦʚʝ ʄʕʄʉ ʦʪʣʠʯʘʶʪʩʷ ʪʝʭʥʦʣʦʛʠʯʥʦʩʪʴʶ ʠ ʚʳʩʦʢʠʤʠ ʤʘʩ-

ʰʪʘʙʠʨʫʶʱʠʤʠ ʩʚʦʡʩʪʚʘʤʠ. 

1.4.1 ʂʣʘʩʩʠʬʠʢʘʮʠʷ ʄʕʄʉ 

ʉʝʥʩʦʨʥʳʝ ʵʣʝʤʝʥʪʳ ʤʠʢʨʦʩʠʩʪʝʤʥʦʡ ʪʝʭʥʠʢʠ (ʄʉʊ) ʩʦʩʪʘʚʣʷʶʪ ʦʜʠʥ ʠʟ ʢʣʘʩʩʦʚ 

ʪʚʝʨʜʦʪʝʣʴʥʳʭ ʜʘʪʯʠʢʦʚ, ʦʩʥʦʚʥʦʡ ʦʩʦʙʝʥʥʦʩʪʴʶ ʢʦʪʦʨʳʭ ʷʚʣʷʝʪʩʷ ʢʦʥʩʪʨʫʢʪʠʚʥʦ-

ʪʝʭʥʦʣʦʛʠʯʝʩʢʘʷ ʠ ʬʫʥʢʮʠʦʥʘʣʴʥʘʷ ʠʥʪʝʛʨʘʮʠʷ ʥʘ ʦʜʥʦʤ ʢʨʠʩʪʘʣʣʝ ʩʦʚʤʝʩʪʥʦ ʩ ʫʩʪʨʦʡʩʪ-

ʚʘʤʠ ʠʥʪʝʛʨʘʣʴʥʳʭ ʩʭʝʤ. ʂʘʢ ʧʨʘʚʠʣʦ, ʩʝʥʩʦʨʥʳʝ ʵʣʝʤʝʥʪʳ ʷʚʣʷʶʪʩʷ ʯʘʩʪʴʶ ʙʦʣʴʰʦʡ 

ʤʠʢʨʦʩʠʩʪʝʤʳ, ʩʦʩʪʦʷʱʝʡ ʠʟ ʥʘʙʦʨʘ ʨʘʟʣʠʯʥʳʭ, ʧʦ ʬʫʥʢʮʠʦʥʘʣʴʥʦʤʫ ʧʨʠʟʥʘʢʫ, ʩʝʥʩʦʨʦʚ 

ʠ ʘʥʘʣʦʛʦ-ʮʠʬʨʦʚʳʭ ʮʝʧʝʡ ʦʙʨʘʙʦʪʢʠ ʩʠʛʥʘʣʘ. 

ɺ ʢʘʯʝʩʪʚʝ ʩʝʥʩʦʨʥʳʭ ʵʣʝʤʝʥʪʦʚ ʄʉʊ ʠʩʧʦʣʴʟʫʶʪʩʷ ʢʘʢ ʵʣʝʤʝʥʪʳ ʠʥʪʝʛʨʘʣʴʥʳʭ 

ʩʭʝʤ (ʨʝʟʠʩʪʦʨʳ, ʢʦʥʜʝʥʩʘʪʦʨʳ, ʜʠʦʜʳ ʠ ʪʨʘʥʟʠʩʪʦʨʳ), ʠʟʛʦʪʦʚʣʝʥʥʳʝ ʧʦ ʪʨʘʜʠʮʠʦʥʥʳʤ 

ʪʝʭʥʦʣʦʛʠʷʤ ʀʉ, ʪʘʢ ʠ ʤʠʢʨʦʤʝʭʘʥʠʯʝʩʢʠʝ ʩʪʨʫʢʪʫʨʳ (ʤʝʤʙʨʘʥʳ, ʙʘʣʢʠ), ʠʟʛʦʪʘʚʣʠʚʘʝ-

ʤʳʝ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʪʝʭʥʦʣʦʛʠʡ ʄʉʊ. 

ɺ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʢʣʘʩʩʠʬʠʢʘʮʠʷ ʩʝʥʩʦʨʦʚ ʧʨʦʚʦʜʠʪʩʷ ʧʦ ʨʘʟʣʠʯʥʳʤ ʧʨʠʟʥʘʢʘʤ 

[90]. ʇʦ ʪʝʭʥʦʣʦʛʠʠ ʠʟʛʦʪʦʚʣʝʥʠʷ ʨʘʟʣʠʯʘʶʪ ʛʠʙʨʠʜʥʦ-ʧʣʝʥʦʯʥʳʝ, ʙʠʧʦʣʷʨʥʳʝ ʠʣʠ ʄɼʇ 

ʩʝʥʩʦʨʳ. ʇʦ ʚʠʜʫ ʚʳʭʦʜʥʦʛʦ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʩʠʛʥʘʣʘ ʤʦʞʥʦ ʚʳʜʝʣʠʪʴ ʝʤʢʦʩʪʥʳʝ, ʨʝʟʠ-

ʩʪʠʚʥʳʝ, ʠʥʜʫʢʪʠʚʥʳʝ ʩʝʥʩʦʨʳ. ʇʦ ʠʟʤʝʨʷʝʤʦʤʫ ʧʘʨʘʤʝʪʨʫ ʚʳʜʝʣʷʶʪ ʜʘʪʯʠʢʠ ʪʝʤʧʝʨʘ-

ʪʫʨʳ, ʜʘʚʣʝʥʠʷ, ʵʣʝʢʪʨʠʯʝʩʢʠʭ ʠ ʤʘʛʥʠʪʥʳʭ ʧʦʣʝʡ. 

ʉ ʪʦʯʢʠ ʟʨʝʥʠʷ ʬʦʨʤʠʨʦʚʘʥʠʷ ʩʠʛʥʘʣʘ, ʩʝʥʩʦʨʥʳʝ ʵʣʝʤʝʥʪʳ ʜʝʣʷʪʩʷ ʥʘ ʘʢʪʠʚʥʳʝ ʠ 

ʧʘʩʩʠʚʥʳʝ. ɸʢʪʠʚʥʳʡ ʩʝʥʩʦʨ ʪʨʝʙʫʝʪ ʥʘʣʠʯʠʷ ʚʥʝʰʥʝʛʦ ʠʩʪʦʯʥʠʢʘ ʚʦʟʙʫʞʜʝʥʠʷ, ʚ ʪʦ 
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ʚʨʝʤʷ ʢʘʢ ʧʘʩʩʠʚʥʳʡ ʩʝʥʩʦʨ ʛʝʥʝʨʠʨʫʝʪ ʩʚʦʡ ʚʳʭʦʜʥʦʡ ʩʠʛʥʘʣ ʙʝʟ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʚʥʝʰʥʝ-

ʛʦ ʠʩʪʦʯʥʠʢʘ ʪʦʢʘ ʠʣʠ ʥʘʧʨʷʞʝʥʠʷ. ʇʨʠʤʝʨʘʤʠ ʘʢʪʠʚʥʳʭ ʩʝʥʩʦʨʦʚ ʷʚʣʷʶʪʩʷ ʪʝʥʟʦʜʘʪʯʠ-

ʢʠ ʠ ʘʢʩʝʣʝʨʦʤʝʪʨʳ, ʩʝʥʩʦʨʳ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʠ ʭʠʤʠʯʝʩʢʦʛʦ ʩʦʩʪʘʚʘ ʛʘʟʦʚʳʭ ʩʨʝʜʩʪʚ. ʂ 

ʧʘʩʩʠʚʥʳʤ ʩʝʥʩʦʨʘʤ ʤʦʞʥʦ ʦʪʥʝʩʪʠ ʪʝʨʤʦʵʣʝʤʝʥʪʳ ʠ ʬʦʪʦʜʠʦʜʳ, ʢʦʪʦʨʳʝ ʦʙʨʘʟʫʶʪ ʪʝʨ-

ʤʦʵʣʝʢʪʨʠʯʝʩʢʠʝ ʥʘʧʨʷʞʝʥʠʷ ʠʣʠ ʬʦʪʦʜʠʦʜʥʳʡ ʪʦʢ. 

ɸʢʪʶʘʪʦʨʘʤʠ ʧʨʠʥʷʪʦ ʥʘʟʳʚʘʪʴ ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʠ ʦʙʨʘʪʥʦʛʦ ʪʠʧʘ, ʦʩʫʱʝʩʪʚʣʷʶʱʠʝ 

ʧʨʝʦʙʨʘʟʦʚʘʥʠʝ ʵʣʝʢʪʨʠʯʝʩʢʦʡ ʵʥʝʨʛʠʠ ʚ ʜʨʫʛʠʝ ʚʠʜʳ ʵʥʝʨʛʠʠ ʚ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ʨʘʟʣʠʯ-

ʥʳʤʠ ʬʦʨʤʘʤʠ ʜʚʠʞʝʥʠʷ ʠ ʩʫʱʝʩʪʚʦʚʘʥʠʷ ʤʘʪʝʨʠʠ. ʄʠʢʨʦʘʢʪʶʘʪʦʨʳ ʷʚʣʷʶʪʩʷ ʠʩʧʦʣʥʠ-

ʪʝʣʴʥʳʤʠ ʦʢʦʥʝʯʥʳʤʠ ʫʩʪʨʦʡʩʪʚʘʤʠ ʤʠʢʨʦʩʠʩʪʝʤʥʦʡ ʪʝʭʥʠʢʠ ʠ ʤʦʛʫʪ ʙʳʪʴ ʨʝʘʣʠʟʦʚʘʥʳ 

ʢʘʢ ʦʪʜʝʣʴʥʳʝ ʬʫʥʢʮʠʦʥʘʣʴʥʳʝ ʫʟʣʳ ʠʣʠ ʩʣʦʞʥʦ ʬʫʥʢʮʠʦʥʘʣʴʥʳʝ ʤʠʢʨʦʵʣʝʢʪʨʦʤʝʭʘʥʠ-

ʯʝʩʢʠʝ ʩʠʩʪʝʤʳ. 

ɺ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʥʘʟʥʘʯʝʥʠʷ ʠ ʢʦʥʩʪʨʫʢʮʠʠ ʤʠʢʨʦʘʢʪʶʘʪʦʨʳ ʦʙʣʘʜʘʶʪ ʣʠʥʝʡʥʳʤʠ 

ʨʘʟʤʝʨʘʤʠ ʦʪ ʥʝʩʢʦʣʴʢʠʭ ʤʠʢʨʦʤʝʪʨʦʚ ʜʦ ʩʘʥʪʠʤʝʪʨʘ. ʆʙʣʘʩʪʠ ʧʨʠʤʝʥʝʥʠʷ ʤʠʢʨʦʘʢʪʶʘ-

ʪʦʨʦʚ ʯʨʝʟʚʳʯʘʡʥʦ ʰʠʨʦʢʠ, ʯʪʦ ʦʙʫʩʣʦʚʣʝʥʦ ʚʳʧʦʣʥʷʝʤʳʤʠ ʠʤʠ ʨʘʟʣʠʯʥʳʤʠ ʬʫʥʢʮʠʷʤʠ 

ʚ ʩʦʩʪʘʚʝ ʠʥʬʦʨʤʘʮʠʦʥʥʦ-ʠʟʤʝʨʠʪʝʣʴʥʳʭ ʢʘʥʘʣʦʚ ʫʧʨʘʚʣʷʶʱʠʭ ʩʠʩʪʝʤ, ʄʠʢʨʦʘʢʪʶʘʪʦ-

ʨʳ ʠʩʧʦʣʴʟʫʶʪʩʷ ʚ ʫʧʨʘʚʣʷʶʱʠʭ ʩʠʩʪʝʤʘʭ ʠ ʫʩʪʨʦʡʩʪʚʘʭ ʨʦʙʦʪʦʪʝʭʥʠʢʠ, ʨʘʢʝʪʥʦ-

ʢʦʩʤʠʯʝʩʢʦʡ ʪʝʭʥʠʢʠ, ʤʝʜʠʮʠʥʳ, ʪʝʣʝʤʝʪʨʠʠ ʠ ʜʦʟʠʤʝʪʨʠʠ ʠ ʠʟʤʝʨʠʪʝʣʴʥʳʭ ʧʨʠʙʦʨʘʭ. 

ɺ ʦʙʱʝʤ ʩʣʫʯʘʝ ʩʧʦʩʦʙʳ ʘʢʪʠʚʘʮʠʠ ʤʠʢʨʦʘʢʪʶʘʪʦʨʦʚ ʤʦʛʫʪ ʙʳʪʴ ʩʚʝʜʝʥʳ ʚ ʧʷʪʴ 

ʦʩʥʦʚʥʳʭ, ʘ ʠʤʝʥʥʦ: ʵʣʝʢʪʨʦʩʪʘʪʠʯʝʩʢʠʡ, ʤʘʛʥʠʪʥʳʡ, ʧʴʝʟʦʵʣʝʢʪʨʠʯʝʩʢʠʡ, ʛʠʜʨʘʚʣʠʯʝ-

ʩʢʠʡ ʠ ʪʝʧʣʦʚʦʡ. 

1.4.2 ʊʝʭʥʦʣʦʛʠʯʝʩʢʠʝ ʦʩʦʙʝʥʥʦʩʪʠ ʬʦʨʤʠʨʦʚʘʥʠʷ ʄʕʄʉ 

1.4.2.1 ʆʙʲʝʤʥʘʷ ʤʠʢʨʦʦʙʨʘʙʦʪʢʘ 

ʆʙʲʝʤʥʘʷ ʤʠʢʨʦʦʙʨʘʙʦʪʢʘ ï ʵʪʦ ʧʨʦʠʟʚʦʜʩʪʚʝʥʥʳʡ ʧʨʦʮʝʩʩ, ʠʜʫʱʠʡ ʦʪ ʧʦʚʝʨʭʥʦ-

ʩʪʠ ʚ ʚʛʣʫʙʴ ʧʣʘʩʪʠʥʳ, ʯʘʱʝ ʚʩʝʛʦ ʢʨʝʤʥʠʝʚʦʡ. ʉ ʧʦʤʦʱʴʶ ʤʦʢʨʦʛʦ ʭʠʤʠʯʝʩʢʦʛʦ ʪʨʘʚʣʝ-

ʥʠʷ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦ ʫʜʘʣʷʶʪʩʷ ʥʝʥʫʞʥʳʝ ʫʯʘʩʪʢʠ ʧʣʘʩʪʠʥʳ, ʚ ʨʝʟʫʣʴʪʘʪʝ ʯʝʛʦ ʩʦʟʜʘʝʪʩʷ 

ʄʕʄʉ. ʉ ʧʦʤʦʱʴʶ ʪʨʘʜʠʮʠʦʥʥʦʛʦ ʤʝʪʦʜʘ ʬʦʪʦʣʠʪʦʛʨʘʬʠʠ ʥʘ ʧʣʘʩʪʠʥʝ ʬʦʨʤʠʨʫʝʪʩʷ ʨʠ-

ʩʫʥʦʢ, ʟʘʱʠʱʘʶʱʠʡ ʪʝ ʫʯʘʩʪʢʠ, ʢʦʪʦʨʳʝ ʥʝʦʙʭʦʜʠʤʦ ʩʦʭʨʘʥʠʪʴ. ɿʘʪʝʤ ʧʣʘʩʪʠʥʳ ʧʦʛʨʫ-

ʞʘʶʪʩʷ ʚ ʪʨʘʚʠʪʝʣʴ, ʚ ʢʦʪʦʨʦʤ ʫʜʘʣʷʶʪʩʷ ʥʝʟʘʱʠʱʝʥʥʳʝ ʫʯʘʩʪʢʠ ʧʣʘʩʪʠʥʳ. ʊʝʭʥʦʣʦʛʠʷ 

ʦʙʲʝʤʥʦʡ ʤʠʢʨʦʦʙʨʘʙʦʪʢʠ ʦʪʥʦʩʠʪʝʣʴʥʦ ʧʨʦʩʪʘ ʠ ʥʝʜʦʨʦʛʘ, ʠ ʭʦʨʦʰʦ ʧʦʜʭʦʜʠʪ ʜʣʷ ʥʝ 

ʩʣʠʰʢʦʤ ʩʣʦʞʥʳʭ ʧʨʠʣʦʞʝʥʠʡ, ʢʨʠʪʠʯʥʳʭ ʢ ʮʝʥʝ [91]. 

1.4.2.2 ʇʦʚʝʨʭʥʦʩʪʥʘʷ ʤʠʢʨʦʦʙʨʘʙʦʪʢʘ 

ʇʨʠ ʧʦʚʝʨʭʥʦʩʪʥʦʡ ʤʠʢʨʦʦʙʨʘʙʦʪʢʝ ʧʨʦʠʩʭʦʜʠʪ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʝ ʥʘʨʘʱʠʚʘʥʠʝ 

ʩʣʦʝʚ ʤʘʪʝʨʠʘʣʘ ʥʘ ʢʨʝʤʥʠʝʚʫʶ ʧʣʘʩʪʠʥʫ. ʊʠʧʠʯʥʳʡ ʧʨʦʮʝʩʩ ʧʦʚʝʨʭʥʦʩʪʥʦʡ ʤʠʢʨʦʦʙʨʘ-
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ʙʦʪʢʠ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʧʦʚʪʦʨʷʶʱʫʶʩʷ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʴ ʥʘʥʝʩʝʥʠʷ ʥʘ ʧʦʚʝʨʭʥʦʩʪʴ 

ʢʨʝʤʥʠʝʚʦʡ ʧʣʘʩʪʠʥʳ ʪʦʥʢʠʭ ʧʣʝʥʦʢ, ʬʦʨʤʠʨʦʚʘʥʠʷ ʥʘ ʧʣʝʥʢʝ ʟʘʱʠʪʥʦʛʦ ʨʠʩʫʥʢʘ ʤʝʪʦ-

ʜʦʤ ʬʦʪʦʣʠʪʦʛʨʘʬʠʠ ʠ ʭʠʤʠʯʝʩʢʦʛʦ ʪʨʘʚʣʝʥʠʷ ʧʣʝʥʢʠ [92]. ʏʪʦʙʳ ʩʦʟʜʘʪʴ ʧʦʜʚʠʞʥʳʝ, 

ʬʫʥʢʮʠʦʥʠʨʫʶʱʠʝ ʤʝʭʘʥʠʟʤʳ, ʚ ʩʣʦʷʭ ʯʝʨʝʜʫʶʪ ʪʦʥʢʠʝ ʧʣʝʥʢʠ ʢʦʥʩʪʨʫʢʮʠʦʥʥʦʛʦ ʤʘʪʝ-

ʨʠʘʣʘ ʠ ʟʘʧʦʣʥʠʪʝʣʷ, ʥʘʟʳʚʘʝʤʦʛʦ ʪʘʢʞʝ ʘʙʣʷʮʠʦʥʥʳʤ ʤʘʪʝʨʠʘʣʦʤ (ʢʘʢ ʧʨʘʚʠʣʦ, ʜʚʫ-

ʦʢʠʩʴ ʢʨʝʤʥʠʷ). ʀʟ ʢʦʥʩʪʨʫʢʮʠʦʥʥʦʛʦ ʤʘʪʝʨʠʘʣʘ ʦʙʨʘʟʫʶʪʩʷ ʤʝʭʘʥʠʯʝʩʢʠʝ ʵʣʝʤʝʥʪʳ, ʘ 

ʘʙʣʷʮʠʦʥʥʳʡ ʤʘʪʝʨʠʘʣ ʟʘʧʦʣʥʷʝʪ ʧʫʩʪʦʪʳ ʤʝʞʜʫ ʥʠʤʠ. ʅʘ ʧʦʩʣʝʜʥʝʤ ʵʪʘʧʝ ʟʘʧʦʣʥʠʪʝʣʴ 

ʫʜʘʣʷʝʪʩʷ ʪʨʘʚʣʝʥʠʝʤ, ʠ ʢʦʥʩʪʨʫʢʮʠʦʥʥʳʝ ʵʣʝʤʝʥʪʳ ʧʨʠʦʙʨʝʪʘʶʪ ʧʦʜʚʠʞʥʦʩʪʴ ʠ ʬʫʥʢ-

ʮʠʦʥʘʣʴʥʦʩʪʴ. 

ʇʦʚʝʨʭʥʦʩʪʥʘʷ ʤʠʢʨʦʦʙʨʘʙʦʪʢʘ ʪʨʝʙʫʝʪ ʙʦʣʴʰʝʛʦ ʢʦʣʠʯʝʩʪʚʘ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʭ 

ʦʧʝʨʘʮʠʡ, ʯʝʤ ʦʙʲʝʤʥʘʷ, ʠ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʦʥʘ ʜʦʨʦʞʝ. ʇʦʚʝʨʭʥʦʩʪʥʘʷ ʤʠʢʨʦʦʙʨʘʙʦʪʢʘ 

ʠʩʧʦʣʴʟʫʝʪʩʷ ʜʣʷ ʩʦʟʜʘʥʠʷ ʙʦʣʝʝ ʩʣʦʞʥʳʭ, ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʄʕʄʉ ʧʦʣʫʯʘʝʤʳʝ ʧʨʠ ʦʙʲ-

ʝʤʥʦʡ ʤʠʢʨʦʦʙʨʘʙʦʪʢʝ, ʤʝʭʘʥʠʯʝʩʢʠʭ ʵʣʝʤʝʥʪʦʚ. 

1.4.2.3 ʊʝʭʥʦʣʦʛʠʷ LIGA 

LIGA (Litographie, Galvanoformung ʠ Abformung) ʪʝʭʥʦʣʦʛʠʷ ï ʵʪʦ ʪʝʭʥʦʣʦʛʠʷ, ʧʦ-

ʟʚʦʣʷʶʱʘʷ ʤʝʪʦʜʘʤʠ ʨʝʥʪʛʝʥʦʣʠʪʦʛʨʘʬʠʠ, ʛʘʣʴʚʘʥʦʧʣʘʩʪʠʢʠ ʠ ʧʨʝʩʩ-ʬʦʨʤʦʚʢʠ ʩʦʟʜʘʚʘʪʴ 

ʚʳʩʦʢʦʘʩʧʝʢʪʥʳʝ ʤʠʢʨʦʩʪʨʫʢʪʫʨʳ [93]. ʅʘ ʧʦʚʝʨʭʥʦʩʪʠ ʧʦʜʣʦʞʢʠ ʬʦʨʤʠʨʫʝʪʩʷ ʧʦʣʠʤʝʨ-

ʥʘʷ ʧʣʝʥʢʘ (ʨʝʥʪʛʝʥʦʨʝʟʠʩʪ), ʟʘʪʝʤ ʨʝʥʪʛʝʥʦʨʝʟʠʩʪ ʧʦʜʚʝʨʛʘʝʪʩʷ ʵʢʩʧʦʥʠʨʦʚʘʥʠʶ ʨʝʥʪʛʝ-

ʥʦʚʩʢʠʤʠ ʣʫʯʘʤʠ ʚʳʩʦʢʦʡ ʵʥʝʨʛʠʠ ʯʝʨʝʟ ʩʧʝʮʠʘʣʴʥʳʡ ʰʘʙʣʦʥ. ʕʢʩʧʦʥʠʨʦʚʘʥʥʳʝ ʫʯʘʩʪʢʠ 

ʫʜʘʣʷʶʪʩʷ ʩ ʧʦʤʦʱʴʶ ʪʨʘʚʠʪʝʣʷ, ʚ ʨʝʟʫʣʴʪʘʪʝ ʯʝʛʦ ʦʙʨʘʟʫʶʪʩʷ ʠʩʢʣʶʯʠʪʝʣʴʥʦ ʪʦʯʥʳʝ 

ʤʠʢʨʦʩʢʦʧʠʯʝʩʢʠʝ ʵʣʝʤʝʥʪʳ.  

ʅʘ ʩʣʝʜʫʶʱʝʤ ʵʪʘʧʝ LIGA ʪʝʭʥʦʣʦʛʠʠ ʫʯʘʩʪʢʠ ʧʨʦʚʦʜʷʱʝʡ ʧʦʜʣʦʞʢʠ, ʚʩʢʨʳʚ-

ʰʠʝʩʷ ʧʦʩʣʝ ʫʜʘʣʝʥʠʷ, ʤʦʛʫʪ ʙʳʪʴ ʤʝʪʘʣʣʠʟʠʨʦʚʘʥʳ ʧʦʩʨʝʜʩʪʚʦʤ ʵʣʝʢʪʨʦʬʦʨʤʦʚʢʠ-

ʛʘʣʴʚʘʥʠʯʝʩʢʠʤ ʦʩʘʞʜʝʥʠʝʤ ʩʣʦʷ ʤʝʪʘʣʣʘ ʠʟ ʵʣʝʢʪʨʦʣʠʪʘ.  ʇʦʩʣʝ ʯʝʛʦ, ʦʩʪʘʚʰʠʡʩʷ ʨʝʟʠʩʪ 

ʫʜʘʣʷʝʪʩʷ, ʦʩʪʘʚʣʷʷ ʤʝʪʘʣʣʠʯʝʩʢʠʝ ʩʪʨʫʢʪʫʨʳ ʩ ʨʠʩʫʥʢʦʤ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʤ ʰʘʙʣʦʥʫ ʚ 

ʢʘʯʝʩʪʚʝ ʢʦʥʝʯʥʦʛʦ ʧʨʦʜʫʢʪʘ.  

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʤʠʢʨʦʩʪʨʫʢʪʫʨʘ ʠʟ ʨʝʟʠʩʪʘ ʷʚʣʷʝʪʩʷ ʚʪʦʨʠʯʥʦʡ ʤʘʩʢʦʡ ʜʣʷ ʩʦʟʜʘ-

ʥʠʷ ʤʠʢʨʦʩʪʨʫʢʪʫʨʳ ʠʟ ʤʝʪʘʣʣʘ, ʥʘʧʨʠʤʝʨ, ʥʠʢʝʣʷ, ʤʝʜʠ ʠ ʟʦʣʦʪʘ, ʠʣʠ ʩʧʣʘʚʦʚ, ʪʘʢʠʭ ʢʘʢ 

ʢʦʙʘʣʴʪʘ-ʥʠʢʝʣʷ ʠ ʞʝʣʝʟʘ-ʥʠʢʝʣʷ. ʕʪʘ ʪʝʭʥʦʣʦʛʠʷ ʤʦʞʝʪ ʠʩʧʦʣʴʟʦʚʘʪʴʩʷ ʜʣʷ ʧʨʦʠʟʚʦʜʩʪʚʘ 

ʤʠʢʨʦʩʪʨʫʢʪʫʨ ʢʘʢ ʜʣʷ ʧʨʷʤʦʛʦ ʠʩʧʦʣʴʟʦʚʘʥʠʷ, ʪʘʢ ʠ ʜʣʷ ʠʟʛʦʪʦʚʣʝʥʠʷ ʧʨʝʩʩ-ʬʦʨʤ ʜʣʷ 

ʧʦʩʣʝʜʫʶʱʝʛʦ ʪʠʨʘʞʠʨʦʚʘʥʠʷ ʧʦʣʠʤʝʨʥʳʭ ʤʠʢʨʦʩʪʨʫʢʪʫʨ ʤʝʪʦʜʦʤ ʛʦʨʷʯʝʡ ʬʦʨʤʦʚʢʠ 

(ʧʨʝʩʩʦʚʘʥʠʷ). ʕʪʠ ʚʪʦʨʠʯʥʳʝ ʧʦʣʠʤʝʨʥʳʝ ʩʪʨʫʢʪʫʨʳ ʤʦʛʫʪ ʬʦʨʤʠʨʦʚʘʪʴ ʢʦʥʝʯʥʳʡ ʧʦ-

ʣʠʤʝʨʥʳʡ ʢʦʤʧʦʥʝʥʪ, ʠʩʧʦʣʴʟʦʚʘʪʴʩʷ ʢʘʢ ʰʘʙʣʦʥ ʧʨʠ ʚʪʦʨʠʯʥʦʤ ʛʘʣʴʚʘʥʦʧʦʢʨʳʪʠʠ ʠʣʠ 
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ʩʣʫʞʠʪʴ ʚ ʢʘʯʝʩʪʚʝ ʦʜʥʦʨʘʟʦʚʦʡ ʣʠʪʝʡʥʦʡ ʬʦʨʤʳ ʜʣʷ ʠʟʛʦʪʦʚʣʝʥʠʷ ʢʝʨʘʤʠʯʝʩʢʠʭ ʤʠʢʨʦ-

ʩʪʨʫʢʪʫʨ [94]. 

1.4.2.4 ʊʝʭʥʦʣʦʛʠʷ ʛʣʫʙʦʢʦʛʦ ʘʢʪʠʚʥʦʛʦ ʠʦʥʥʦʛʦ ʪʨʘʚʣʝʥʠʷ 

ʆʪ ʪʨʘʜʠʮʠʦʥʥʦʡ ʦʙʲʝʤʥʦʡ ʤʠʢʨʦʦʙʨʘʙʦʪʢʠ ʛʣʫʙʦʢʦʝ ʨʝʘʢʪʠʚʥʦʝ ʠʦʥʥʦʝ ʪʨʘʚʣʝ-

ʥʠʝ (Deep Reactive Ion Etching ï DRIE) ʦʪʣʠʯʘʝʪʩʷ ʪʦʣʴʢʦ ʪʝʤ, ʯʪʦ ʚʤʝʩʪʦ ʚʣʘʞʥʦʛʦ ʭʠʤʠ-

ʯʝʩʢʦʛʦ ʪʨʘʚʣʝʥʠʷ ʜʣʷ ʩʦʟʜʘʥʠʷ ʵʣʝʤʝʥʪʦʚ, ʠʩʧʦʣʴʟʫʝʪʩʷ ʩʫʭʦʝ ʧʣʘʟʤʝʥʥʦʝ ʪʨʘʚʣʝʥʠʝ 

[95]. ʕʪʦ ʧʦʟʚʦʣʷʝʪ ʥʘʤʥʦʛʦ ʛʠʙʯʝ ʫʧʨʘʚʣʷʪʴ ʧʨʦʬʠʣʷʤʠ ʪʨʘʚʣʝʥʠʷ ʠ ʩʫʱʝʩʪʚʝʥʥʦ ʨʘʩʰʠ-

ʨʠʪʴ ʘʩʩʦʨʪʠʤʝʥʪ ʠʟʛʦʪʘʚʣʠʚʘʝʤʳʭ ʵʣʝʤʝʥʪʦʚ. ʇʨʦʠʟʚʦʜʩʪʚʝʥʥʦʝ ʦʙʦʨʫʜʦʚʘʥʠʝ ʜʣʷ ʠʦʥ-

ʥʦʛʦ ʪʨʘʚʣʝʥʠʷ ʚʝʩʴʤʘ ʜʦʨʦʛʦ, ʧʦʵʪʦʤʫ ʠ ʧʨʠʙʦʨʳ, ʩʦʟʜʘʥʥʳʝ ʧʦ ʪʝʭʥʦʣʦʛʠʠ DRIE, ʢʘʢ 

ʧʨʘʚʠʣʦ, ʜʦʨʦʞʝ ʧʨʠʙʦʨʦʚ, ʩʜʝʣʘʥʥʳʭ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʪʨʘʜʠʮʠʦʥʥʦʛʦ ʚʣʘʞʥʦʛʦ ʪʨʘʚ-

ʣʝʥʠʷ. 

1.4.3 ʄʝʪʦʜʳ ʢʦʨʧʫʩʠʨʦʚʘʥʠʷ ʄʕʄʉ 

ʊʝʭʥʠʯʝʩʢʠʝ ʪʨʝʙʦʚʘʥʠʷ ʢ ʢʦʨʧʫʩʫ ʠʥʪʝʛʨʘʣʴʥʦʡ ʩʭʝʤʳ, ʢʘʢ ʧʨʘʚʠʣʦ, ʯʝʪʢʦ ʦʧʨʝ-

ʜʝʣʝʥʳ ï ʵʪʦ ʤʝʭʘʥʠʯʝʩʢʘʷ ʧʦʜʜʝʨʞʢʘ ʢʨʠʩʪʘʣʣʘ, ʵʣʝʢʪʨʠʯʝʩʢʦʝ ʩʦʝʜʠʥʝʥʠʝ ʠ ʪʝʧʣʦʦʪʚʦʜ. 

ʊʘʢ ʢʘʢ ʄʕʄʉ ʤʦʛʫʪ ʵʢʩʧʣʫʘʪʠʨʦʚʘʪʴʩʷ ʚ ʩʘʤʳʭ ʨʘʟʣʠʯʥʳʭ ʫʩʣʦʚʠʷʭ, ʩʣʝʜʦʚʘʪʝʣʴʥʦ, ʧʨʠ 

ʢʦʨʧʫʩʠʨʦʚʢʝ ʄʕʄʉ ʥʝʦʙʭʦʜʠʤʦ ʜʦʙʠʪʴʩʷ ʩʦʛʣʘʩʦʚʘʥʥʦʡ ʨʘʙʦʪʳ ʢʨʠʩʪʘʣʣʘ ʠ ʢʦʨʧʫʩʘ ʚ 

ʫʩʣʦʚʠʷʭ ʢʦʥʢʨʝʪʥʦʡ ʦʢʨʫʞʘʶʱʝʡ ʩʨʝʜʳ. 

ʉʨʝʜʠ ʤʝʪʦʜʦʚ ʢʦʨʧʫʩʠʨʦʚʢʠ ʄʕʄʉ ʤʦʞʥʦ ʚʳʜʝʣʠʪʴ ʜʚʝ ʛʨʫʧʧʳ: ʤʝʪʦʜʳ ʢʦʨʧʫ-

ʩʠʨʦʚʢʠ ʥʘ ʫʨʦʚʥʝ ʢʨʠʩʪʘʣʣʘ (DLP) ʠ ʤʝʪʦʜʳ ʢʦʨʧʫʩʠʨʦʚʢʠ ʥʘ ʫʨʦʚʥʝ ʧʣʘʩʪʠʥʳ (WLP). ɺ 

ʧʝʨʚʦʡ ʛʨʫʧʧʝ ʤʝʪʦʜʦʚ ʢʦʨʧʫʩʠʨʦʚʘʥʠʝ ʄʕʄʉ ʧʨʦʠʟʚʦʜʠʪʩʷ ʠʥʜʠʚʠʜʫʘʣʴʥʦ ʧʦʩʣʝ ʨʘʟ-

ʜʝʣʝʥʠʷ ʧʣʘʩʪʠʥʳ ʥʘ ʦʪʜʝʣʴʥʳʝ ʢʨʠʩʪʘʣʣʳ ʠ ʷʚʣʷʝʪʩʷ ʢʦʥʝʯʥʳʤ ʵʪʘʧʦʤ ʧʨʦʠʟʚʦʜʩʪʚʘ. ɺʦ 

ʚʪʦʨʦʡ ʛʨʫʧʧʝ ʛʝʨʤʝʪʠʟʘʮʠʷ ʚʩʝʭ ʄʕʄʉ ʧʨʦʠʩʭʦʜʠʪ ʦʜʥʦʚʨʝʤʝʥʥʦ ʜʦ ʠʭ ʨʘʟʜʝʣʝʥʠʷ ʥʘ 

ʦʪʜʝʣʴʥʳʝ ʯʠʧʳ. 

ɼʣʷ ʨʘʟʜʝʣʝʥʠʷ ʧʣʘʩʪʠʥ ʪʨʘʜʠʮʠʦʥʥʦ ʠʩʧʦʣʴʟʫʝʪʩʷ ʜʠʩʢʦʚʘʷ ʧʠʣʘ ʩ ʘʣʤʘʟʥʦʡ ʨʝ-

ʞʫʱʝʡ ʢʨʦʤʢʦʡ, ʯʪʦ ʪʨʝʙʫʝʪ ʜʦʧʦʣʥʠʪʝʣʴʥʦʛʦ ʦʭʣʘʞʜʝʥʠʷ ʧʣʘʩʪʠʥʳ ʧʦʪʦʢʦʤ ʭʣʘʜʘʛʝʥʪʘ. 

ʇʨʠ ʵʪʦʤ ʚ ʩʣʫʯʘʝ DLP ʤʝʪʦʜʦʚ ʚʳʩʦʢʘ ʚʝʨʦʷʪʥʦʩʪʴ ʟʘʛʨʷʟʥʝʥʠʷ ʄʕʄʉ ʧʨʦʜʫʢʪʘʤʠ ʨʝʟ-

ʢʠ, ʩʤʝʰʘʥʥʳʤʠ ʩ ʦʭʣʘʞʜʘʶʱʝʡ ʞʠʜʢʦʩʪʴʶ. ɸʣʴʪʝʨʥʘʪʠʚʦʡ ʤʦʞʝʪ ʚʳʩʪʫʧʘʪʴ ʩʧʦʩʦʙ 

ʨʘʟʜʝʣʝʥʠʷ ʧʨʠʙʦʨʦʚ ʩ ʧʦʤʦʱʴʶ ʣʘʟʝʨʥʦʡ ʨʝʟʢʠ, ʦʜʥʘʢʦ ʧʨʠ ʵʪʦʤ ʚʝʨʦʷʪʥʦʩʪʴ ʪʝʧʣʦʚʦʛʦ 

ʧʦʚʨʝʞʜʝʥʠʷ ʄʕʄʉ ʟʥʘʯʠʪʝʣʴʥʦ ʧʦʚʳʰʘʝʪʩʷ [96]. 

ɼʣʷ ʨʝʟʢʠ ʄʕʄʉ ʧʣʘʩʪʠʥ ʥʝʦʙʭʦʜʠʤʦ ʧʨʠʤʝʥʝʥʠʝ ʩʧʝʮʠʘʣʴʥʳʭ ʤʘʥʠʧʫʣʷʪʦʨʦʚ. 

ʇʨʠʤʝʥʝʥʠʝ ʪʨʘʜʠʮʠʦʥʥʳʭ ʚʘʢʫʫʤʥʳʭ ʟʘʭʚʘʪʦʚ ʦʩʣʦʞʥʷʝʪʩʷ ʥʘʣʠʯʠʝʤ ʨʘʟʚʠʪʦʛʦ ʨʝʣʴʝʬʘ 

ʄʕʄʉ, ʧʦʜʚʝʨʞʝʥʥʳʭ ʤʝʭʘʥʠʯʝʩʢʠʤ ʧʦʚʨʝʞʜʝʥʠʷʤ [97]. ʄʘʥʠʧʫʣʷʮʠʠ ʩ ʄʕʄʉ ʢʨʠ-

ʩʪʘʣʣʘʤʠ ʥʝʦʙʭʦʜʠʤʦ ʧʨʦʚʦʜʠʪʴ ʟʘ ʫʛʣʳ ʢʨʠʩʪʘʣʣʘ ʧʨʠ ʧʦʤʦʱʠ ʩʧʝʮʠʘʣʴʥʳʭ ʨʦʙʦʪʠʟʠ-
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ʨʦʚʘʥʥʳʭ ʟʘʭʚʘʪʦʚ [98]. ʉʨʘʚʥʝʥʠʝ DLP ʠ WLP ʤʝʪʦʜʦʚ ʢʦʨʧʫʩʠʨʦʚʘʥʠʷ ʄʕʄʉ ʧʨʠʚʝʜʝ-

ʥʦ ʥʘ ʨʠʩʫʥʢʝ 1.52. 

 

 

ʈʠʩʫʥʦʢ 1.52 ï ʉʨʘʚʥʝʥʠʝ ʤʝʪʦʜʦʚ ʢʦʨʧʫʩʠʨʦʚʢʠ ʄʕʄʉ 

 

ʂ ʧʨʝʠʤʫʱʝʩʪʚʘʤ WLP ʤʝʪʦʜʦʚ ʦʪʥʦʩʷʪʩʷ ʙʦʣʝʝ ʚʳʩʦʢʠʝ ʵʢʦʥʦʤʠʯʝʩʢʘʷ ʮʝʣʝʩʦʦʙ-

ʨʘʟʥʦʩʪʴ ʠ ʚʳʭʦʜ ʛʦʜʥʳʭ ʧʨʠʙʦʨʦʚ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ DLP (Die Level Packaging) ʤʝʪʦʜʘʤʠ. 

ʊʘʢ ʢʘʢ ʢʘʞʜʳʡ ʄʕʄ ʧʨʠʙʦʨ ʥʘ ʧʣʘʩʪʠʥʝ ʩʥʘʙʞʘʝʪʩʷ ʠʥʜʠʚʠʜʫʘʣʴʥʳʤ ʢʦʨʧʫʩʦʤ, ʦʪʧʘ-

ʜʘʶʪ ʢʘʢ ʥʝʦʙʭʦʜʠʤʦʩʪʴ ʧʨʠʤʝʥʝʥʠʷ ʩʧʝʮʠʘʣʴʥʳʭ ʤʘʥʠʧʫʣʷʪʦʨʦʚ, ʪʘʢ ʠ ʦʧʘʩʥʦʩʪʴ ʠʭ ʟʘ-

ʛʨʷʟʥʝʥʠʷ ʥʘ ʩʪʘʜʠʠ ʨʘʟʜʝʣʝʥʠʷ. ɼʘʥʥʳʝ ʤʝʪʦʜʳ ʪʘʢʞʝ ʧʦʟʚʦʣʷʶʪ ʧʨʦʚʝʩʪʠ ʦʙʝʟʛʘʞʠʚʘ-

ʥʠʝ ʠʣʠ ʥʘʧʫʩʪʠʪʴ ʚ ʧʦʣʦʩʪʴ ʢʦʨʧʫʩʘ ʠʥʝʨʪʥʳʡ ʛʘʟ. 

WLP ʤʝʪʦʜʳ ʧʦʟʚʦʣʷʶʪ ʧʨʦʚʦʜʠʪʴ ʪʝʩʪʠʨʦʚʘʥʠʝ ʠ ʦʪʙʨʘʢʦʚʢʫ ʧʨʠʙʦʨʦʚ ʚ ʧʨʦʮʝʩʩʝ 

ʧʨʦʠʟʚʦʜʩʪʚʘ, ʯʪʦ ʧʦʟʚʦʣʷʝʪ ʩʦʢʨʘʪʠʪʴ ʚʨʝʤʝʥʥʳʝ ʠ ʤʘʪʝʨʠʘʣʴʥʳʝ ʟʘʪʨʘʪʳ ʧʦ ʩʨʘʚʥʝʥʠʶ 

ʩ ʤʝʪʦʜʘʤʠ ʠʥʜʠʚʠʜʫʘʣʴʥʦʛʦ ʢʦʨʧʫʩʠʨʦʚʘʥʠʷ, ʧʨʠ ʢʦʪʦʨʳʭ ʪʝʩʪʠʨʦʚʘʥʠʝ ʧʨʠʙʦʨʘ ʚʦʟ-

ʤʦʞʥʦ ʣʠʰʴ ʧʦʩʣʝ ʨʘʟʜʝʣʝʥʠʷ ʠ ʛʝʨʤʝʪʠʟʘʮʠʠ ʢʨʠʩʪʘʣʣʘ. 

ɻʝʨʤʝʪʠʟʘʮʠʷ ʧʦʣʦʩʪʠ ʄʕʄʉ ʥʘ ʨʘʥʥʠʭ ʩʪʘʜʠʷʭ ʪʝʭʥʦʣʦʛʠʯʝʩʢʦʛʦ ʧʨʦʮʝʩʩʘ ʦʙʝʩ-

ʧʝʯʠʚʘʝʪ ʤʝʭʘʥʠʯʝʩʢʫʶ ʟʘʱʠʪʫ ʧʨʠʙʦʨʘ, ʟʘʱʠʪʫ ʦʪ ʟʘʛʨʷʟʥʝʥʠʡ ʥʘ ʩʪʘʜʠʠ ʨʝʟʢʠ, ʠ ʠʟʙʘʚ-

ʣʷʶʪ ʦʪ ʥʝʦʙʭʦʜʠʤʦʩʪʠ ʧʨʠʤʝʥʝʥʠʷ ʩʧʝʮʠʘʣʠʟʠʨʦʚʘʥʥʦʛʦ ʦʙʦʨʫʜʦʚʘʥʠʷ. ʊʘʢʞʝ ʧʨʝʠʤʫ-

ʱʝʩʪʚʦʤ WLP ʤʝʪʦʜʦʚ ʷʚʣʷʶʪʩʷ ʤʘʣʳʝ ʛʘʙʘʨʠʪʥʳʝ ʨʘʟʤʝʨʳ ʢʦʨʧʫʩʘ, ʧʦʟʚʦʣʷʶʱʠʝ ʠʥ-

ʪʝʛʨʠʨʦʚʘʪʴ ʄʕʄʉ ʚ ʤʥʦʞʝʩʪʚʦ ʜʨʫʛʠʭ ʩʠʩʪʝʤ. 

ʅʝʩʤʦʪʨʷ ʥʘ ʚʩʝ ʚʳʰʝʧʝʨʝʯʠʩʣʝʥʥʳʝ ʧʨʝʠʤʫʱʝʩʪʚʘ, WLP ʤʝʪʦʜʳ ʥʝ ʷʚʣʷʶʪʩʷ 

ʫʥʠʚʝʨʩʘʣʴʥʳʤʠ. 
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1.4.3.1 ʂʦʨʧʫʩʠʨʦʚʘʥʠʝ ʩ ʧʦʤʦʱʴʶ ʤʦʥʦʣʠʪʥʳʭ ʢʘʧʩʫʣ 

ɼʘʥʥʳʡ ʤʝʪʦʜ ʧʦʜʨʘʟʫʤʝʚʘʝʪ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʚʥʝʰʥʝʡ ʢʘʧʩʫʣʳ, ʨʘʟʤʝʱʝʥʥʦʡ ʥʘʜ 

ʘʢʪʠʚʥʳʤʠ ʵʣʝʤʝʥʪʘʤʠ ʄʕʄʉ ʢʘʢ ʧʦʢʘʟʘʥʦ ʥʘ ʨʠʩʫʥʢʝ 1.53. ʇʦʜʦʙʥʳʡ ʢʦʨʧʫʩ ʚʢʣʶʯʘʝʪ 

ʪʨʠ ʢʣʶʯʝʚʳʭ ʵʣʝʤʝʥʪʘ: ʢʘʧʩʫʣʫ, ʵʣʝʢʪʨʠʯʝʩʢʠʝ ʢʦʥʪʘʢʪʳ, ʠ ʩʣʦʡ ʧʨʠʧʦʷ ʤʝʞʜʫ ʢʘʧʩʫʣʦʡ 

ʠ ʧʣʘʩʪʠʥʦʡ ʧʨʠʙʦʨʘ. ɺ ʢʘʯʝʩʪʚʝ ʤʘʪʝʨʠʘʣʘ ʢʘʧʩʫʣʳ ʤʦʛʫʪ ʚʳʩʪʫʧʘʪʴ ʤʝʪʘʣʣʳ, ʩʪʝʢʣʦ, 

ʢʝʨʘʤʠʢʘ, ʠʣʠ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʝ ʤʘʪʝʨʠʘʣʳ [99]. ʉʦʝʜʠʥʝʥʠʝ ʢʘʧʩʫʣʳ ʩ ʧʦʣʫʧʨʦʚʦʜʥʠ-

ʢʦʚʦʡ ʧʣʘʩʪʠʥʦʡ ʧʨʦʠʟʚʦʜʠʪʩʷ ʩ ʧʦʤʦʱʴʶ ʧʨʠʧʦʷ. 

 

ʈʠʩʫʥʦʢ 1.53ï ʉʝʯʝʥʠʝ ʄʕʄʉ ʧʨʠʙʦʨʘ, ʢʦʨʧʫʩʠʨʦʚʘʥʥʦʛʦ ʤʝʪʦʜʦʤ ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ ʤʦʥ-

ʪʘʞʘ 

ɼʣʷ ʧʨʝʜʦʪʚʨʘʱʝʥʠʷ ʪʝʨʤʠʯʝʩʢʦʛʦ ʧʦʚʨʝʞʜʝʥʠʷ ʵʣʝʤʝʥʪʦʚ ʄʕʄʉ ʠ ʤʝʞʩʦʝʜʠʥʝ-

ʥʠʡ, ʥʝʦʙʭʦʜʠʤʦ ʠʟʙʝʛʘʪʴ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʳʭ ʧʨʦʮʝʩʩʦʚ. ʊʘʢʞʝ ʧʨʠʩʫʪʩʪʚʫʶʪ ʦʛʨʘʥʠ-

ʯʝʥʠʷ ʥʘ ʨʝʣʴʝʬʥʦʩʪʴ ʄʕʄʉ ʧʣʘʩʪʠʥʳ. ʇʨʠ ʥʘʣʠʯʠʠ ʨʘʟʚʠʪʦʛʦ ʨʝʣʴʝʬʘ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ 

ʄʕʄʉ ʧʣʘʩʪʠʥʳ, ʵʣʝʢʪʨʠʯʝʩʢʠʝ ʤʝʞʩʦʝʜʠʥʝʥʠʷ ʤʦʛʫʪ ʚʳʧʦʣʥʝʥʳ ʚ ʩʣʦʝ ʢʘʧʩʫʣʳ. ɹʦʣʴ-

ʰʠʥʩʪʚʦ ʢʦʨʧʫʩʦʚ ʜʘʥʥʦʛʦ ʪʠʧʘ ʫʩʪʦʡʯʠʚʳ ʢ ʥʝʛʘʪʠʚʥʳʤ ʬʘʢʪʦʨʘʤ ʦʢʨʫʞʘʶʱʝʡ ʩʨʝʜʳ.  

ʆʜʥʠʤ ʠʟ ʥʘʠʙʦʣʝʝ ʯʘʩʪʦ ʧʨʠʤʝʥʷʝʤʳʭ ʩʧʦʩʦʙ ʩʦʝʜʠʥʝʥʠʷ ʢʨʝʤʥʠʝʚʦʡ ʧʣʘʩʪʠʥʳ ʩ 

ʢʘʧʩʫʣʦʡ ʠʟ ʙʦʨʦʩʠʣʠʢʘʪʥʦʛʦ ʩʪʝʢʣʘ Pyrex ʷʚʣʷʝʪʩʷ ʤʝʪʦʜ ʘʥʦʜʥʦʡ ʩʚʘʨʢʠ [100]. ʅʘ ʨʠ-

ʩʫʥʢʝ 1.54 ʧʦʢʘʟʘʥʘ ʩʭʝʤʘ ʜʘʥʥʦʛʦ ʧʨʦʮʝʩʩʘ ʠ ʤʝʭʘʥʠʟʤ ʠʦʥʥʦʛʦ ʜʨʝʡʬʘ, ʧʨʠʚʦʜʷʱʠʡ ʢ 

ʭʠʤʠʯʝʩʢʦʡ ʩʚʘʨʢʝ ʜʚʫʭ ʧʣʘʩʪʠʥ. 

 

ʈʠʩʫʥʦʢ 1.54 ï ʀʟʦʙʨʘʞʝʥʠʝ ʧʨʦʮʝʩʩʘ ʘʥʦʜʥʦʡ ʩʚʘʨʢʠ (a)  

ʠ ʠʦʥʥʦʛʦ ʜʨʝʡʬʘ (b) 
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ʄʝʭʘʥʠʟʤ ʩʚʘʨʢʠ ʦʩʥʦʚʘʥ ʥʘ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʠʭ ʨʝʘʢʮʠʷʭ, ʧʨʦʠʩʭʦʜʷʱʠʭ ʤʝʞʜʫ 

ʧʦʚʝʨʭʥʦʩʪʷʤʠ ʩʪʝʢʣʘ ʠ ʢʨʝʤʥʠʷ ʧʨʠ ʧʦʚʳʰʝʥʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ ʠ ʚʦʟʜʝʡʩʪʚʠʠ ʵʣʝʢʪʨʠʯʝ-

ʩʢʦʛʦ ʧʦʣʷ. ʇʦʚʝʨʭʥʦʩʪʠ ʜʚʫʭ ʧʣʘʩʪʠʥ ʧʨʠʚʦʜʷʪʩʷ ʚ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʳʡ ʢʦʥʪʘʢʪ ʠ ʥʘʛʨʝ-

ʚʘʶʪʩʷ ʜʦ 400ÁC, ʧʦʩʣʝ ʯʝʛʦ ʢ ʧʦʣʫʯʝʥʥʦʡ ʩʪʨʫʢʪʫʨʝ ʧʨʠʢʣʘʜʳʚʘʶʪ ʥʘʧʨʷʞʝʥʠʝ ʚ 800-

1500ɺ. ʕʣʝʢʪʨʦʩʪʘʪʠʯʝʩʢʦʝ ʧʦʣʝ ʚʳʟʳʚʘʝʪ ʜʨʝʡʬ ʠʦʥʦʚ, ʦʙʨʘʟʦʚʘʥʥʳʭ ʚ ʨʝʟʫʣʴʪʘʪʝ ʨʘʩ-

ʧʘʜʘ ʩʚʷʟʝʡ Na-O, ʠ ʦʢʠʩʣʝʥʠʝ ʧʦʚʝʨʭʥʦʩʪʠ ʢʨʝʤʥʠʝʚʦʡ ʧʣʘʩʪʠʥʳ ʠʦʥʘʤʠ O
2+

. ʇʦʩʣʝ ʦʙ-

ʨʘʟʦʚʘʥʠʷ ʫʩʪʦʡʯʠʚʦʛʦ ʤʝʭʘʥʠʯʝʩʢʦʛʦ ʢʦʥʪʘʢʪʘ ʩʪʨʫʢʪʫʨʘ ʦʭʣʘʞʜʘʝʪʩʷ ʜʦ ʢʦʤʥʘʪʥʦʡ 

ʪʝʤʧʝʨʘʪʫʨʳ, ʘ ʭʦʨʦʰʝʝ ʩʦʛʣʘʩʦʚʘʥʠʝ ʊʂʈ ʩʪʝʢʣʘ ʠ ʢʨʝʤʥʠʷ ʚ ʜʠʘʧʘʟʦʥʝ ʪʝʤʧʝʨʘʪʫʨ ʦʪ 20 

ʜʦ 400ÁC ʧʦʟʚʦʣʷʝʪ ʠʟʙʝʞʘʪʴ ʬʦʨʤʠʨʦʚʘʥʠʷ ʚ ʩʪʨʫʢʪʫʨʝ ʚʳʩʦʢʠʭ ʤʝʭʘʥʠʯʝʩʢʠʭ ʥʘʧʨʷʞʝ-

ʥʠʡ [101]. 

ɺʳʩʦʢʘʷ ʧʨʦʟʨʘʯʥʦʩʪʴ ʩʪʝʢʣʷʥʥʦʡ ʢʘʧʩʫʣʳ ʧʦʟʚʦʣʷʝʪ ʠʩʧʦʣʴʟʦʚʘʪʴ ʝʝ ʚʦ ʤʥʦʞʝʩʪ-

ʚʝ ʤʠʢʨʦ-ʦʧʪʦ-ʵʣʝʢʪʨʦʤʝʭʘʥʠʯʝʩʢʠʭ ʩʠʩʪʝʤ (ʄʆʕʄʉ), ʘ ʪʘʢʞʝ ʚ ʨʷʜʝ ʙʠʦʣʦʛʠʯʝʩʢʠʭ 

ʤʠʢʨʦ-ʵʣʝʢʪʨʦʤʝʭʘʥʠʯʝʩʢʠʭ ʩʠʩʪʝʤ (Bio-MEMS), ʚ ʢʦʪʦʨʳʭ ʚʦʟʥʠʢʘʝʪ ʥʝʦʙʭʦʜʠʤʦʩʪʴ ʧʝ-

ʨʝʜʘʯʠ ʉɺʏ ʩʠʛʥʘʣʘ ʩʢʚʦʟʴ ʢʦʨʧʫʩ ʠʤʧʣʘʥʪʠʨʦʚʘʥʥʦʛʦ ʧʨʠʙʦʨʘ. ɹʦʨʦʩʠʣʠʢʘʪʥʦʝ ʩʪʝʢʣʦ 

ʷʚʣʷʝʪʩʷ ʫʩʪʦʡʯʠʚʳʤ ʢ ʢʦʨʨʦʟʠʠ ʙʠʦʩʦʚʤʝʩʪʠʤʳʤ ʤʘʪʝʨʠʘʣʦʤ, ʘ ʪʝʭʥʦʣʦʛʠʷ ʝʛʦ ʧʨʦʠʟ-

ʚʦʜʩʪʚʘ ʭʦʨʦʰʦ ʦʪʨʘʙʦʪʘʥʘ, ʯʪʦ ʜʝʣʘʝʪ ʜʘʥʥʳʡ ʤʘʪʝʨʠʘʣ ʜʦʩʪʘʪʦʯʥʦ ʜʦʩʪʫʧʥʳʤ. 

1.4.3.2 ʂʦʨʧʫʩʠʨʦʚʘʥʠʝ ʩ ʧʦʤʦʱʴʶ ʧʘʡʢʠ ʩʪʝʢʣʦʢʝʨʘʤʠʯʝʩʢʠʤ ʧʨʠʧʦʝʤ 

ʂ ʤʝʪʦʜʘʤ ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ ʤʦʥʪʘʞʘ ʦʪʥʦʩʷʪʩʷ ʧʘʡʢʘ ʩʪʝʢʣʦʢʝʨʘʤʠʯʝʩʢʠʤ ʧʨʠʧʦʝʤ, 

ʧʘʡʢʘ Si-Au ʵʚʪʝʢʪʠʯʝʩʢʠʤ ʩʧʣʘʚʦʤ, ʧʘʡʢʘ ʧʨʠ ʧʦʤʦʱʠ ʦʧʣʘʚʣʝʥʠʷ [102]. ʅʘʠʙʦʣʝʝ ʨʘʩ-

ʧʨʦʩʪʨʘʥʝʥʥʳʤʠ ʷʚʣʷʶʪʩʷ ʤʝʪʦʜʳ ʩ ʧʨʠʤʝʥʝʥʠʝʤ ʧʨʠʧʦʷ ʠ ʵʚʪʝʢʪʠʯʝʩʢʦʛʦ ʩʧʣʘʚʘ. ɺ ʧʝʨ-

ʚʦʤ ʤʝʪʦʜʝ ʚ ʦʙʣʘʩʪʠ ʢʦʥʪʘʢʪʘ ʤʝʞʜʫ ʢʘʧʩʫʣʦʡ ʠ ʧʣʘʩʪʠʥʦʡ ʥʘʥʦʩʠʪʩʷ ʩʣʦʡ ʧʨʠʧʦʷ, ʧʦʩʣʝ 

ʧʨʠʚʝʜʝʥʠʷ ʧʣʘʩʪʠʥ ʚ ʢʦʥʪʘʢʪ ʥʘʛʨʝʚʘʥʠʝ ʩʪʨʫʢʪʫʨʳ ʧʨʠʚʦʜʠʪ ʢ ʦʧʣʘʚʣʝʥʠʶ ʧʨʠʧʦʷ. ʅʘ-

ʛʨʝʚʘʥʠʝ ʤʦʞʝʪ ʧʨʦʠʟʚʦʜʠʪʩʷ ʪʦʯʝʯʥʦ ʧʨʠ ʧʦʤʦʱʠ ʤʘʛʥʠʪʥʳʭ ʢʘʪʫʰʝʢ, ʯʪʦ ʧʦʟʚʦʣʷʝʪ ʩʦ-

ʭʨʘʥʷʪʴ ʪʝʤʧʝʨʘʪʫʨʫ ʄʕʄ ʧʨʠʙʦʨʘ ʥʠʞʝ 125ÁC [103]. ʆʜʥʘʢʦ ʧʨʠʤʝʩʠ, ʩʦʜʝʨʞʘʱʠʝʩʷ ʚ 

ʧʨʠʧʦʝ ʠ ʠʩʧʘʨʷʶʱʠʝʩʷ ʧʨʠ ʥʘʛʨʝʚʘʥʠʠ, ʤʦʛʫʪ ʦʩʣʦʞʥʠʪʴ ʚʘʢʫʫʤʥʦʝ ʢʦʨʧʫʩʠʨʦʚʘʥʠʝ 

ʄʕʄʉ. 

ɺ ʤʝʪʦʜʝ ʧʘʡʢʠ ʵʚʪʝʢʪʠʯʝʩʢʠʤ ʩʧʣʘʚʦʤ ʜʣʷ ʬʦʨʤʠʨʦʚʘʥʠʷ ʛʝʨʤʝʪʠʯʥʦʛʦ ʩʦʝʜʠʥʝ-

ʥʠʷ ʠʩʧʦʣʴʟʫʶʪʩʷ ʤʝʪʘʣʣʳ, ʠ ʚ ʯʘʩʪʥʦʩʪʠ ʟʦʣʦʪʦ [104]. ʕʚʪʝʢʪʠʯʝʩʢʠʡ ʧʣʘʚ Si-Au ʩ ʪʝʤ-

ʧʝʨʘʪʫʨʦʡ ʧʣʘʚʣʝʥʠʷ ʦʢʦʣʦ 360ÁC ʦʙʣʘʜʘʝʪ ʚʳʩʦʢʦʡ ʯʠʩʪʦʪʦʡ, ʯʪʦ ʧʦʟʚʦʣʷʝʪ ʧʨʠʤʝʥʷʪʴ 

ʝʛʦ ʜʣʷ ʚʘʢʫʫʤʥʦʛʦ ʢʦʨʧʫʩʠʨʦʚʘʥʠʷ. ʅʘ ʨʠʩʫʥʢʝ 1.55 ʧʦʢʘʟʘʥ ʤʝʭʘʥʠʟʤ ʧʘʡʢʠ 

ʵʚʪʝʢʪʠʯʝʩʢʠʤ ʩʧʣʘʚʦʤ. 
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ʈʠʩʫʥʦʢ 1.55 ï ʉʭʝʤʘ ʢʦʨʧʫʩʘ ʄʕʄʉ ʜʦ (a) ʠ ʧʦʩʣʝ (b) ʧʘʡʢʠ  

ʵʚʪʝʢʪʠʯʝʩʢʠʤ ʩʧʣʘʚʦʤ 

ɿʦʣʦʪʘʷ ʧʣʝʥʢʘ, ʢʘʢ ʧʨʘʚʠʣʦ, ʦʩʘʞʜʘʝʪʩʷ ʥʘ ʧʣʘʩʪʠʥʫ ʢʘʧʩʫʣʳ. ɸ ʢʨʝʤʥʠʡ ʧʦʩʪʫʧʘ-

ʝʪ ʚ ʨʘʩʧʣʘʚ ʠʟ ʧʦʚʝʨʭʥʦʩʪʠ ʧʣʘʩʪʠʥʳ ʢʦʨʧʫʩʠʨʫʝʤʦʡ ʄʕʄʉ ʠʣʠ ʞʝ ʠʟ ʦʩʘʞʜʝʥʥʦʡ ʥʘ 

ʧʦʚʝʨʭʥʦʩʪʴ ʧʦʣʠʢʨʝʤʥʠʝʚʦʡ ʧʣʝʥʢʠ. ʇʦʩʣʝ ʧʨʠʚʝʜʝʥʠʷ ʜʚʫʭ ʧʣʘʩʪʠʥ ʚ ʤʝʭʘʥʠʯʝʩʢʠʡ 

ʢʦʥʪʘʢʪ ʠ ʠʭ ʥʘʛʨʝʚʘʥʠʷ, ʧʨʦʠʩʭʦʜʠʪ ʜʠʬʬʫʟʠʷ ʢʨʝʤʥʠʷ ʚ ʟʦʣʦʪʦʡ ʨʘʩʧʣʘʚ. ʇʦʩʣʝ ʦʭʣʘʞ-

ʜʝʥʠʷ ʤʝʞʜʫ ʜʚʫʤʷ ʧʣʘʩʪʠʥʘʤʠ ʬʦʨʤʠʨʫʝʪʩʷ ʢʦʥʪʘʢʪ ʩ ʚʳʩʦʢʦʡ ʘʜʛʝʟʠʝʡ. ʆʜʥʘʢʦ ʜʘʥʥʳʡ 

ʤʝʪʦʜ ʪʘʢʞʝ ʠʤʝʝʪ ʩʚʦʠ ʥʝʜʦʩʪʘʪʢʠ. ʂ ʥʠʤ ʦʪʥʦʩʷʪʩʷ ʥʝʨʘʚʥʦʤʝʨʥʦʩʪʴ ʠ ʥʠʟʢʘʷ ʚʦʩʧʨʦʠʟ-

ʚʦʜʠʤʦʩʪʴ ʩʦʝʜʠʥʝʥʠʷ. ʇʨʠʯʠʥʦʡ ʤʦʞʝʪ ʙʳʪʴ ʦʢʠʩʣʝʥʠʝ ʨʘʩʧʣʘʚʘ, ʝʛʦ ʥʝʨʘʚʥʦʤʝʨʥʦʝ 

ʨʘʩʪʝʢʘʥʠʝ. ʆʙʨʘʟʦʚʘʥʠʝ ʧʦʣʦʩʪʝʡ ʚ ʢʦʥʪʘʢʪʥʦʤ ʩʣʦʝ ʧʨʠʚʦʜʠʪ ʢ ʫʤʝʥʴʰʝʥʠʶ ʧʣʦʱʘʜʠ 

ʢʦʥʪʘʢʪʘ ʠ ʩʥʠʞʝʥʠʶ ʘʜʛʝʟʠʠ. ʅʝʩʤʦʪʨʷ ʥʘ ʪʦʣʱʠʥʫ ʩʣʦʷ ʨʘʩʧʣʘʚʘ ʚ ʥʝʩʢʦʣʴʢʦ ʤʠʢʨʦ-

ʤʝʪʨʦʚ, ʤʝʪʦʜ ʠʤʝʝʪ ʦʛʨʘʥʠʯʝʥʠʷ ʢ ʧʣʦʩʢʦʩʪʥʦʩʪʠ ʢʦʨʧʫʩʠʨʫʝʤʦʡ ʧʣʘʩʪʠʥʳ [105]. 

ʉʦʝʜʠʥʝʥʠʝ ʧʣʘʩʪʠʥ ʩ ʧʦʤʦʱʴʶ ʩʪʝʢʣʦʢʝʨʘʤʠʯʝʩʢʦʛʦ ʧʨʠʧʦʷ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 

ʩʚʳʰʝ 700ÁC, ʯʪʦ ʧʨʝʚʳʰʘʝʪ ʜʦʧʫʩʪʠʤʳʡ ʪʝʤʧʝʨʘʪʫʨʥʳʡ ʜʠʘʧʘʟʦʥ ʙʦʣʴʰʠʥʩʪʚʘ ʄʕʄʉ 

ʠ ʀʉ. ʂʘʢ ʫʧʦʤʠʥʘʣʦʩʴ ʨʘʥʝʝ, ʩʫʱʝʩʪʚʫʶʪ ʤʝʪʦʜʳ ʣʦʢʘʣʴʥʦʛʦ ʨʘʟʦʛʨʝʚʘ ʧʨʠʧʦʷ. ɺ ʥʘ-

ʩʪʦʷʱʝʝ ʚʨʝʤʷ ʨʘʟʨʘʙʦʪʘʥʳ ʪʝʭʥʦʣʦʛʠʠ ʨʝʟʠʩʪʠʚʥʦʛʦ, ʣʘʟʝʨʥʦʛʦ, ʀʂ ʠ ʉɺʏ ʥʘʛʨʝʚʘ, 

ʫʣʴʪʨʘʟʚʫʢʦʚʦʡ ʩʚʘʨʢʠ [106]. ɺ ʢʘʯʝʩʪʚʝ ʧʨʠʤʝʨʘ, ʥʘ ʨʠʩʫʥʢʝ 1.56 ʧʨʝʜʩʪʘʚʣʝʥʘ ʩʭʝʤʘ ʤʝ-

ʪʦʜʘ ʨʝʟʠʩʪʠʚʥʦʛʦ ʥʘʛʨʝʚʘ ʧʨʠʧʦʷ. 

 

ʈʠʩʫʥʦʢ 1.56 ï ʄʝʪʦʜ ʣʦʢʘʣʴʥʦʛʦ ʨʝʟʠʩʪʠʚʥʦʛʦ ʥʘʛʨʝʚʘ ʧʨʠʧʦʷ 
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ɼʣʷ ʨʝʟʠʩʪʠʚʥʦʛʦ ʥʘʛʨʝʚʘ ʤʦʛʫʪ ʙʳʪʴ ʠʩʧʦʣʴʟʦʚʘʥʳ ʪʘʢʠʝ ʤʘʪʝʨʠʘʣʳ ʢʘʢ ʘʣʶʤʠ-

ʥʠʡ ʠʣʠ ʧʦʣʠʢʨʝʤʥʠʡ. ʆʩʘʞʜʘʪʴʩʷ ʦʥʠ ʤʦʛʫ ʢʘʢ ʥʘ ʧʣʘʩʪʠʥʳ ʢʘʧʩʫʣʳ, ʪʘʢ ʠ ʧʣʘʩʪʠʥʫ 

ʢʦʨʧʫʩʠʨʫʝʤʦʡ ʄʕʄʉ. ɼʘʥʥʳʡ ʤʝʪʦʜ ʧʦʟʚʦʣʷʝʪ ʜʦʙʠʪʴʩʷ ʧʝʨʝʧʘʜʘ ʪʝʤʧʝʨʘʪʫʨ ʦʪ 50 ʜʦ 

700ÁC ʥʘ ʨʘʩʩʪʦʷʥʠʠ ʤʝʥʝʝ 100 ʤʢʤ [107]. 

1.4.3.3 ʂʦʨʧʫʩʠʨʦʚʘʥʠʝ ʤʝʪʦʜʦʤ ʦʙʲʝʤʥʦʡ ʧʦʚʝʨʭʥʦʩʪʥʦʡ ʤʠʢʨʦʦʙʨʘʙʦʪʢʦʡ 

ɽʱʝ ʦʜʥʘ ʪʝʭʥʦʣʦʛʠʷ ʢʦʨʧʫʩʠʨʦʚʘʥʠʷ ʄʕʄʉ ʦʩʥʦʚʘʥʘ ʥʘ ʤʝʪʦʜʘʭ ʦʙʲʝʤʥʦʡ ʠ ʧʦ-

ʚʝʨʭʥʦʩʪʥʦʡ ʤʠʢʨʦʦʙʨʘʙʦʪʢʠ ʢʦʨʧʫʩʠʨʫʶʱʝʡ ʧʦʜʣʦʞʢʠ, ʝʝ ʧʦʩʣʝʜʫʶʱʝʛʦ ʩʦʚʤʝʱʝʥʠʷ ʠ 

ʧʘʡʢʠ ʩ ʧʦʜʣʦʞʢʦʡ ʄʕʄʉ-ʧʨʠʙʦʨʘ (Wafer-to-Wafer) [108]. ɼʘʥʥʘʷ ʪʝʭʥʦʣʦʛʠʷ ʷʚʣʷʝʪʩʷ 

ʠʩʪʦʨʠʯʝʩʢʠ ʧʝʨʚʦʡ ʠ ʠʤʝʝʪ ʤʥʦʞʝʩʪʚʦ ʚʘʨʠʘʮʠʡ. ʆʙʱʠʡ ʧʨʠʥʮʠʧ ʧʨʦʠʣʣʶʩʪʨʠʨʦʚʘʥ ʥʘ 

ʨʠʩʫʥʢʝ 1.57. 

 

ʈʠʩʫʥʦʢ 1.57ï ʕʪʘʧʳ ʧʨʦʮʝʩʩʘ ʫʧʘʢʦʚʢʠ ʧʦ ʪʝʭʥʦʣʦʛʠʠ Wafer-to-Wafer: 

a ï ʬʦʨʤʠʨʦʚʘʥʠʝ ʌʈ ʤʘʩʢʠ; b ï ʪʨʘʚʣʝʥʠʝ ʫʛʣʫʙʣʝʥʠʡ; 

c ï ʦʩʘʞʜʝʥʠʝ ʧʨʠʧʦʷ; d ï ʩʦʚʤʝʱʝʥʠʝ ʧʣʘʩʪʠʥ; e ï ʩʧʝʢʘʥʠʝ ʧʣʘʩʪʠʥ; 

f ï ʨʘʟʜʝʣʝʥʠʝ ʥʘ ʢʨʠʩʪʘʣʣʳ 

 

ɼʘʥʥʘʷ ʪʝʭʥʦʣʦʛʠʷ ʚʢʣʶʯʘʝʪ ʥʝʩʢʦʣʴʢʦ ʦʩʥʦʚʥʳʭ ʵʪʘʧʦʚ: 

- ʬʦʨʤʠʨʦʚʘʥʠʝ ʤʘʩʢʠ ʥʘ ʢʦʨʧʫʩʠʨʫʶʱʝʡ ʧʦʜʣʦʞʢʝ (a);  

- ʪʨʘʚʣʝʥʠʝ ʧʦʣʦʩʪʝʡ ʠ ʫʜʘʣʝʥʠʝ ʤʘʩʢʠ (b); 

- ʨʘʩʧʳʣʝʥʠʝ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʪʦʥʢʦʛʦ ʩʣʦʷ ʧʦʣʠʤʝʨʥʦʛʦ ʢʣʝʷ (c); 

- ʩʦʚʤʝʱʝʥʠʝ ʢʦʨʧʫʩʠʨʫʶʱʝʡ ʠ ʦʩʥʦʚʥʦʡ ʧʦʜʣʦʞʝʢ (d); 

- ʩʢʣʝʠʚʘʥʠʝ ʧʦʜʣʦʞʝʢ ʤʝʪʦʜʦʤ ʪʝʨʤʦʢʦʤʧʨʝʩʩʠʠ (e); 

- ʨʘʟʜʝʣʝʥʠʝ ʧʦʣʫʯʝʥʥʦʡ ʩʪʨʫʢʪʫʨʳ ʥʘ ʦʪʜʝʣʴʥʳʝ ʧʨʠʙʦʨʳ (f). 

Wafer-to-Wafer ʤʝʪʦʜ ʢʦʨʧʫʩʠʨʦʚʘʥʠʷ ʪʘʢ ʞʝ ʤʦʞʝʪ ʨʝʘʣʠʟʦʚʳʚʘʪʴʩʷ ʧʫʪʝʤ ʩʦ-

ʚʤʝʱʝʥʠʷ ʩ ʪʝʭʥʦʣʦʛʠʝʡ ʪʦʥʢʦʧʣʝʥʦʯʥʦʛʦ ʢʦʨʧʫʩʠʨʦʚʘʥʠʷ. ʉʫʪʴ ʤʝʪʦʜʘ ʟʘʢʣʶʯʘʝʪʩʷ ʚ 
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ʬʦʨʤʠʨʦʚʘʥʠʠ ʤʘʩʩʠʚʘ cap-ʩʪʨʫʢʪʫʨ ʥʘ ʚʩʧʦʤʦʛʘʪʝʣʴʥʦʡ ʧʦʜʣʦʞʢʝ ʠ ʠʭ ʧʦʩʣʝʜʫʶʱʝʤ 

ʧʝʨʝʥʦʩʝ ʥʘ ʧʦʜʣʦʞʢʫ c ʵʣʝʤʝʥʪʘʤʠ ʄʕʄʉ. ʂ ʥʝʜʦʩʪʘʪʢʘʤ ʤʝʪʦʜʘ ʤʦʞʥʦ ʦʪʥʝʩʪʠ ʧʦʚʳ-

ʰʝʥʥʳʝ ʪʨʝʙʦʚʘʥʠʷ ʢ ʧʣʦʩʢʦʩʪʥʦʩʪʠ ʧʦʜʣʦʞʝʢ [109]. 

ʅʘ ʨʠʩʫʥʢʝ 1.58 ʠʟʦʙʨʘʞʝʥʳ ʦʩʥʦʚʥʳʝ ʵʪʘʧʳ ʪʝʭʥʦʣʦʛʠʠ ʩʦ ʚʩʧʦʤʦʛʘʪʝʣʴʥʦʡ ʧʦʜ-

ʣʦʞʢʦʡ.  

 

ʈʠʩʫʥʦʢ 1.58 ï ʊʝʭʥʦʣʦʛʠʠ ʩ ʧʨʠʤʝʥʝʥʠʝʤ ʚʩʧʦʤʦʛʘʪʝʣʴʥʦʡ ʧʦʜʣʦʞʢʦʡ 

 

ʅʘ ʧʝʨʚʦʤ ʵʪʘʧʝ ʚʩʧʦʤʦʛʘʪʝʣʴʥʘʷ ʩʪʝʢʣʷʥʥʘʷ ʧʦʣʦʞʢʘ ʧʨʠ ʧʦʤʦʱʠ ʢʣʝʷ ʩʦʚʤʝʱʘ-

ʝʪʩʷ ʩ ʢʨʝʤʥʝʚʦʡ ʚʩʧʦʤʦʛʘʪʝʣʴʥʦʡ ʧʦʜʣʦʞʢʦʡ. ʄʝʪʦʜʘʤʠ ʧʦʚʝʨʭʥʦʩʪʥʦʡ ʤʠʢʨʦʦʙʨʘʙʦʪʢʠ 

ʚ ʩʣʦʝ ʢʨʝʤʥʠʷ ʧʦʣʫʯʘʶʪ ʥʝʦʙʭʦʜʠʤʳʝ cap-ʩʪʨʫʢʪʫʨʳ, ʧʦʩʣʝ ʥʘʥʝʩʝʥʠʷ ʩʣʦʷ ʧʨʠʧʦʷ ʠ ʩʦ-

ʚʤʝʱʝʥʠʷ ʧʦʜʣʦʞʝʢ, ʧʦʣʫʯʝʥʥʳʝ cap-ʩʪʨʫʢʪʫʨʳ ʬʠʢʩʠʨʫʶʪʩʷ ʥʘ ʄʕʄʉ-ʧʦʜʣʦʞʢʝ. ʆʪ-

ʜʝʣʝʥʠʝ ʞʝ cap-ʩʪʨʫʢʪʫʨ ʧʨʦʠʟʚʦʜʠʪʩʷ ʧʨʠ ʧʦʤʦʱʠ ʨʘʟʣʦʞʝʥʠʷ ʩʚʷʟʫʶʱʝʛʦ ʢʣʝʷ ʠʣʠ ʣʘ-

ʟʝʨʥʦʡ ʨʝʟʢʠ [110].  

ɺ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʢʦʣʠʯʝʩʪʚʘ ʠʩʧʦʣʴʟʫʝʤʳʭ ʧʣʘʩʪʠʥ (MEMS, ASIC, Cap) ʠ ʨʘʩʧʦ-

ʣʦʞʝʥʠʷ ʚʳʚʦʜʦʚ, ʢʦʪʦʨʳʝ ʤʦʛʫʪ ʙʳʪʴ ʚʳʧʦʣʥʝʥʳ ʚ ʚʠʜʝ ʩʢʚʦʟʥʳʭ ʦʪʚʝʨʩʪʠʡ (TSV), ʛʦ-

ʨʠʟʦʥʪʘʣʴʥʳʭ ʪʦʥʢʦʧʣʝʥʦʯʥʳʭ ʚʳʚʦʜʦʚ ʠʣʠ ʧʘʷʥʳʭ ʧʨʦʚʦʣʦʯʥʳʭ ʩʦʝʜʠʥʝʥʠʡ, ʤʦʞ-

ʥʦ ʚʳʜʝʣʠʪʴ 9 ʪʠʧʦʚ ʢʦʥʩʪʨʫʢʮʠʡ ʄʕʄʉ-ʢʦʨʧʫʩʦʚ, ʢʦʪʦʨʳʝ ʧʨʝʜʩʪʘʚʣʝʥʳ ʥʘ ʨʠʩʫʥʢʝ 

1.59. 
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ʈʠʩʫʥʦʢ 1.59 ï ʊʠʧʳ ʢʦʥʩʪʨʫʢʮʠʡ ʄʕʄʉ-ʢʦʨʧʫʩʦʚ ʥʘ ʦʩʥʦʚʝ ʪʝʭʥʦʣʦʛʠʠ Wafer-to-

Wafer 

 

ʅʘ ʨʠʩʫʥʢʝ 1.60 ʧʨʝʜʩʪʘʚʣʝʥʘ ʠʣʣʶʩʪʨʘʮʠʷ ʯʝʪʳʨʝʭ ʚʘʨʠʘʥʪʦʚ ʧʦʜʦʙʥʳʭ ʢʦʨʧʫʩʦʚ. 

 

ʈʠʩʫʥʦʢ 1.60 ï ɺʘʨʠʘʥʪʳ ʤʝʞʩʦʝʜʠʥʝʥʠʡ ʚ ʪʝʭʥʦʣʦʛʠʠ Wafer-to-Wafer 

 

1.4.3.4 ʄʝʪʦʜʳ ʢʦʨʧʫʩʠʨʦʚʘʥʠʷ ʥʘ ʫʨʦʚʥʝ ʧʣʘʩʪʠʥʳ WLP 

ʄʝʪʦʜ ʪʦʥʢʦʧʣʝʥʦʯʥʦʛʦ ʢʦʨʧʫʩʠʨʦʚʘʥʠʷ WLÕE (Wafer-level micro Encapsulation) 

ʦʩʥʦʚʘʥ ʥʘ ʪʝʭʥʦʣʦʛʠʠ ʧʨʦʠʟʚʦʜʩʪʚʘ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʭ ʠʥʪʝʛʨʘʣʴʥʳʭ ʩʭʝʤ. ʈʘʥʝʝ ʜʘʥ-
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ʥʳʡ ʤʝʪʦʜ ʧʨʠʤʝʥʷʣʩʷ ʜʣʷ ʛʝʨʤʝʪʠʟʘʮʠʠ ʨʘʟʣʠʯʥʳʭ ʄʕʄ ʧʨʠʙʦʨʦʚ, ʪʘʢʠʭ ʢʘʢ ʜʘʪʯʠʢʠ 

ʜʘʚʣʝʥʠʷ, ʨʝʟʦʥʘʪʦʨʳ ʠ ʘʢʩʝʣʝʨʦʤʝʪʨʳ. ʆʩʥʦʚʥʦʡ ʯʝʨʪʦʡ ʪʝʭʥʦʣʦʛʠʠ ʪʦʥʢʦʧʣʝʥʦʯʥʦʛʦ 

ʢʦʨʧʫʩʠʨʦʚʘʥʠʷ ʷʚʣʷʝʪʩʷ ʬʦʨʤʠʨʦʚʘʥʠʝ ʢʘʥʘʣʦʚ, ʧʦʩʨʝʜʩʪʚʦʤ ʢʦʪʦʨʳʭ ʦʙʝʩʧʝʯʠʚʘʝʪʩʷ 

ʚʳʪʨʘʚʣʠʚʘʥʠʝ ʞʝʨʪʚʝʥʥʦʛʦ ʩʣʦʷ ʚ ʢʦʨʧʫʩʠʨʫʝʤʦʡ ʧʦʣʦʩʪʠ. ʅʘʧʨʠʤʝʨ, ʝʩʣʠ ʚ ʢʘʯʝʩʪʚʝ 

ʞʝʨʪʚʝʥʥʦʛʦ ʩʣʦʷ ʠʩʧʦʣʴʟʦʚʘʣʩʷ ʦʢʩʠʜ ʢʨʝʤʥʠʷ, ʪʨʘʚʠʪʝʣʝʤ ʤʦʞʝʪ ʚʳʩʪʫʧʘʪʴ ʙʫʬʝʨʥʳʡ 

ʨʘʩʪʚʦʨ ʧʣʘʚʠʢʦʚʦʡ ʢʠʩʣʦʪʳ. ʇʦʩʣʝ ʫʜʘʣʝʥʠʷ ʞʝʨʪʚʝʥʥʦʛʦ ʩʣʦʷ, ʪʨʘʚʠʣʴʥʳʝ ʢʘʥʘʣʳ ʛʝʨ-

ʤʝʪʠʟʠʨʫʶʪʩʷ ʤʝʪʦʜʦʤ ʭʠʤʠʯʝʩʢʦʛʦ ʦʩʘʞʜʝʥʠʷ ʥʠʪʨʠʜʘ ʢʨʝʤʥʠʷ ʠʟ ʛʘʟʦʚʦʡ ʬʘʟʳ ʧʨʠ ʧʦ-

ʥʠʞʝʥʥʦʤ ʜʘʚʣʝʥʠʠ (LPCVD), ʧʣʘʟʤʦʭʠʤʠʯʝʩʢʦʛʦ ʦʩʘʞʜʝʥʠʷ ʦʢʩʠʜʘ ʢʨʝʤʥʠʷ (PECVD) 

ʠʣʠ ʤʝʪʦʜʦʤ ʦʩʘʞʜʝʥʠʷ ʤʝʪʘʣʣʠʯʝʩʢʦʡ ʧʣʝʥʢʠ. 

ʅʘ ʨʠʩʫʥʢʝ 1.61 ʧʨʠʚʝʜʝʥʘ ʩʪʨʫʢʪʫʨʘ ʉɺʏ ʄʕʄ ʧʝʨʝʢʣʶʯʘʪʝʣʷ, ʢʦʨʧʫʩʠʨʦʚʘʥʥʦ-

ʛʦ ʧʦ ʪʝʭʥʦʣʦʛʠʠ WLÕE (Wafer-level Microencapsulation).  

 

ʈʠʩʫʥʦʢ 1.61 ï ʉʪʨʫʢʪʫʨʘ ʄʕʄʉ ʚ ʪʦʥʢʦʧʣʝʥʦʯʥʦʤ ʢʦʨʧʫʩʝ 

ʊʝʭʥʦʣʦʛʠʯʝʩʢʠʡ ʧʨʦʮʝʩʩ ʚʢʣʶʯʘʝʪ ʚ ʩʝʙʷ ʦʯʠʩʪʢʫ ʧʦʜʣʦʞʢʠ, ʦʩʘʞʜʝ-

ʥʠʝ/ʬʦʪʦʣʠʪʦʛʨʘʬʠʶ/ʪʨʘʚʣʝʥʠʝ (D/P/E) 300-ʥʤ ʟʦʣʦʪʦʛʦ ʵʣʝʢʪʨʦʜʘ, D/P/E 250-ʥʤ SiO2 ʜʠ-

ʵʣʝʢʪʨʠʢʘ, ʵʣʝʢʪʨʦʦʩʘʞʜʝʥʠʝ ʤʝʜʥʳʭ ʣʠʥʠʡ ʧʝʨʝʜʘʯ ʪʦʣʱʠʥʦʡ 2.5-ʤʢʤ, ʬʦʪʦʣʠʪʦʛʨʘʬʠʶ 

ʞʝʨʪʚʝʥʥʦʛʦ ʩʣʦʷ ʦʨʛʘʥʠʯʝʩʢʦʛʦ ʩʦʩʪʘʚʘ, ʠ D/P/E 350-ʥʤ ʤʝʤʙʨʘʥʳ ʥʘ ʦʩʥʦʚʝ ʘʣʶʤʠʥʠʝ-

ʚʦʛʦ ʩʧʣʘʚʘ, ʬʦʨʤʠʨʦʚʘʥʠʝ ʦʧʦʨʥʦʛʦ ʞʝʨʪʚʝʥʥʦʛʦ ʩʣʦʷ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʤʝʤʙʨʘʥʳ, ʧʦʚʝʨʭ 

ʢʦʪʦʨʦʛʦ ʦʩʘʞʜʘʝʪʩʷ ʢʘʨʢʘʩʥʳʡ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʡ ʩʣʦʡ (Glob top - BCB). ɺ ʢʘʨʢʘʩʥʦʤ ʜʠ-

ʵʣʝʢʪʨʠʯʝʩʢʦʤ ʩʣʦʝ ʚʳʧʦʣʥʷʶʪʩʷ ʦʪʚʝʨʩʪʠʷ, ʯʝʨʝʟ ʢʦʪʦʨʳʝ ʧʨʠ ʧʦʤʦʱʠ ʧʣʘʟʤʝʥʥʦʛʦ 

ʪʨʘʚʣʝʥʠʷ ʫʜʘʣʷʶʪʩʷ ʞʝʨʪʚʝʥʥʳʝ ʩʣʦʠ ʢʘʢ ʧʦʜ ʤʝʤʙʨʘʥʦʡ, ʪʘʢ ʠ ʥʘʜ ʥʝʡ. ʅʘ ʟʘʢʣʶʯʠ-

ʪʝʣʴʥʦʤ ʵʪʘʧʝ ʜʘʥʥʦʡ ʪʝʭʥʦʣʦʛʠʠ ʦʪʚʝʨʩʪʠʷ ʚ ʢʘʨʢʘʩʥʦʤ ʩʣʦʝ ʟʘʧʦʣʥʷʶʪʩʷ ʩʣʦʝʤ ʛʝʨʤʝ-

ʪʠʟʠʨʫʶʱʝʛʦ ʤʘʪʝʨʠʘʣʘ ʩ ʜʦʩʪʘʪʦʯʥʦ ʚʳʩʦʢʦʡ ʚʷʟʢʦʩʪʴʶ (SiN/ʧʘʨʠʣʝʥ), ʧʨʝʧʷʪʩʪʚʫʶʱʝʡ 

ʝʛʦ ʧʨʦʥʠʢʥʦʚʝʥʠʶ ʚ ʛʝʨʤʝʪʠʟʠʨʫʝʤʫʶ ʧʦʣʦʩʪʴ. 

ʄʦʞʥʦ ʚʳʜʝʣʠʪʴ ʩʣʝʜʫʶʱʠʝ ʧʨʝʠʤʫʱʝʩʪʚʘ WLÕE ʪʝʭʥʦʣʦʛʠʠ [111]: 

- ʆʪʩʫʪʩʪʚʠʝ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʳʭ ʧʨʦʮʝʩʩʦʚ (200ÁC ï 275ÁC); 

- ʆʪʩʫʪʩʪʚʠʝ ʚʳʩʦʢʠʭ ʪʨʝʙʦʚʘʥʠʡ ʢ ʧʣʦʩʢʦʩʪʥʦʩʪʠ ʠ ʨʝʣʴʝʬʫ ʧʦʜʣʦʞʢʠ; 
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- ʆʪʩʫʪʩʪʚʠʝ ʫʧʣʦʪʥʠʪʝʣʴʥʳʭ ʢʦʣʝʮ; 

- ʏʨʝʟʚʳʯʘʡʥʦ ʤʘʣʳʡ ʦʙʲʝʤ ʧʦʣʦʩʪʠ; 

- ʅʝ ʪʨʝʙʫʝʪ ʩʦʚʤʝʱʝʥʠʷ ʜʚʫʭ ʧʦʜʣʦʞʝʢ; 

- ʆʪʩʫʪʩʪʚʠʝ ʥʝʩʪʘʥʜʘʨʪʥʳʭ ʜʣʷ ʪʝʭʥʦʣʦʛʠʠ ʄʕʄʉ ʧʨʦʮʝʩʩʦʚ; 

- ʉʫʱʝʩʪʚʝʥʥʦʝ ʫʚʝʣʠʯʝʥʠʝ ʜʦʧʫʩʪʠʤʦʛʦ ʯʠʩʣʘ ʧʨʠʙʦʨʦʚ ʥʘ ʧʦʜʣʦʞʢʝ; 

- ʆʙʝʩʧʝʯʠʚʘʝʪ ʫ ʫʤʝʥʴʰʝʥʠʝ ʤʘʩʩʦʛʘʙʘʨʠʪʥʳʭ ʧʘʨʘʤʝʪʨʦʚ ʄʕʄʉ ʧʨʠʙʦʨʘ; 

- ʅʠʟʢʠʝ ʚʥʦʩʠʤʳʝ ʧʦʪʝʨʠ (0.04 dB ʥʘ ʯʘʩʪʦʪʝ 35 GHz); 

- ʆʪʩʫʪʩʪʚʠʝ ʜʦʧʦʣʥʠʪʝʣʴʥʳʭ ʧʘʨʘʟʠʪʥʳʭ ʧʘʨʘʤʝʪʨʦʚ; 

- ʇʨʦʩʪʦʪʘ ʧʨʦʝʢʪʠʨʦʚʘʥʠʷ. 

ʅʘ ʨʠʩʫʥʢʝ 1.62 ʧʨʠʚʝʜʝʥʦ ʉʕʄ-ʠʟʦʙʨʘʞʝʥʠʝ ʝʤʢʦʩʪʥʦʛʦ ʉɺʏ-ʜʘʪʯʠʢʘ, ʥʘ ʧʦ-

ʚʝʨʭʥʦʩʪʠ ʢʦʪʦʨʦʛʦ ʦʩʘʞʜʝʥ ʧʦʣʠʤʝʨʥʳʡ ʞʝʨʪʚʝʥʥʳʡ ʩʣʦʡ ʪʦʣʱʠʥʦʡ 8 ʤʢʤ.  

 

ʈʠʩʫʥʦʢ 1.62 ï ʉʕʄ-ʠʟʦʙʨʘʞʝʥʠʝ ʝʤʢʦʩʪʥʦʛʦ ʉɺʏ-ʜʘʪʯʠʢʘ, ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʢʦʪʦʨʦʛʦ 

ʦʩʘʞʜʝʥ ʧʦʣʠʤʝʨʥʳʡ ʞʝʨʪʚʝʥʥʳʡ ʩʣʦʡ ʪʦʣʱʠʥʦʡ 8 ʤʢʤ 

 

ʂʘʢ ʚʠʜʥʦ ʠʟ ʨʠʩʫʥʢʘ, ʥʘ ʦʩʥʦʚʝ ʜʘʥʥʦʡ ʪʝʭʥʦʣʦʛʠʠ ʚʦʟʤʦʞʥʦ ʧʦʣʫʯʝʥʠʝ ʢʦʨʧʫʩʘ ʩ 

ʧʣʦʱʘʜʴʶ ʙʦʣʝʝ 1 ʤʤ
2
. 

1.4.3.5 ɻʝʨʤʝʪʠʟʘʮʠʷ ʩ ʧʦʤʦʱʴʶ ʣʘʟʝʨʥʦʛʦ ʦʧʣʘʚʣʝʥʠʷ 

ɼʘʥʥʳʡ ʤʝʪʦʜ ʷʚʣʷʝʪʩʷ ʚʘʨʠʘʮʠʝʡ ʪʦʥʢʦʧʣʝʥʦʯʥʦʡ ʪʝʭʥʦʣʦʛʠʠ. ɻʣʘʚʥʳʤ ʦʪʣʠʯʠʝʤ 

ʟʜʝʩʴ ʚʳʩʪʫʧʘʝʪ ʤʝʪʦʜ ʟʘʧʦʣʥʝʥʠʷ ʦʪʚʝʨʩʪʠʡ ʚ ʢʘʨʢʘʩʥʦʤ ʩʣʦʝ. ʅʘ ʧʦʚʝʨʭʥʦʩʪʠ ʦʧʦʨʥʦʛʦ 

ʞʝʨʪʚʝʥʥʦʛʦ ʩʣʦʷ ʧʨʠ ʧʦʤʦʱʠ ʠʦʥʥʦʛʦ ʨʘʩʧʳʣʝʥʠʷ ʩʬʦʨʤʠʨʦʚʘʥ ʢʘʨʢʘʩʥʳʡ ʩʣʦʡ ʥʠʪʨʠ-

ʜʘ ʢʨʝʤʥʠʷ ʪʦʣʱʠʥʦʡ ʦʢʦʣʦ 1 ʤʢʤ. ɺ ʢʘʨʢʘʩʥʦʤ ʩʣʦʝ ʚʳʧʦʣʥʝʥʳ ʤʥʦʞʝʩʪʚʝʥʥʳʝ ʩʢʚʦʟ-

ʥʳʝ ʦʪʚʝʨʩʪʠʷ ʜʠʘʤʝʪʨʦʤ ʦʢʦʣʦ 1 ʤʢʤ. ʅʘ ʧʦʚʝʨʭʥʦʩʪʠ ʢʘʨʢʘʩʥʦʛʦ ʩʣʦʷ ʤʝʪʦʜʦʤ ʠʦʥʥʦʛʦ 
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ʨʘʩʧʳʣʝʥʠʷ ʦʩʘʞʜʘʝʪʩʷ ʧʣʝʥʢʘ ʤʝʜʠ ʪʦʣʱʠʥʦʡ 1 ʤʢʤ. ʉ ʧʦʤʦʱʴʶ ʵʢʩʠʤʝʨʥʦʛʦ ʣʘʟʝʨʘ ʩ 

ʜʣʠʥʦʡ ʚʦʣʥʳ ʦʢʦʣʦ 308 ʥʤ, ʵʥʝʨʛʠʝʡ ʠʤʧʫʣʴʩʘ 500 ʤɼʞ ʠ ʧʣʦʱʘʜʠ ʩʬʦʢʫʩʠʨʦʚʘʥʥʦʛʦ ʥʘ 

ʧʦʚʝʨʭʥʦʩʪʠ ʧʷʪʥʘ 5 ʤʤ ʥʘ 5 ʤʤ ʧʨʦʠʩʭʦʜʠʪ ʦʧʣʘʚʣʝʥʠʝ ʤʝʜʥʦʡ ʧʣʝʥʢʠ, ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ 

ʟʘʧʦʣʥʝʥʠʶ ʦʪʚʝʨʩʪʠʡ ʠ ʛʝʨʤʝʪʠʟʘʮʠʠ ʧʦʣʦʩʪʠ [112]. ʉʪʨʫʢʪʫʨʘ ʄʕʄ ʧʝʨʝʢʣʶʯʘʪʝʣʷ ʧʦ-

ʩʣʝ ʦʩʘʞʜʝʥʠʷ ʦʧʦʨʥʦʛʦ ʞʝʨʪʚʝʥʥʦʛʦ ʩʣʦʷ ʧʨʠʚʝʜʝʥʘ ʥʘ ʨʠʩʫʥʢʝ 1.63. 

 

ʈʠʩʫʥʦʢ 1.63ï ʉʪʨʫʢʪʫʨʘ ʄʕʄ ʧʝʨʝʢʣʶʯʘʪʝʣʷ ʧʦʩʣʝ ʦʩʘʞʜʝʥʠʷ ʦʧʦʨʥʦʛʦ ʞʝʨʪʚʝʥʥʦʛʦ ʠ 

ʢʘʨʢʘʩʥʦʛʦ ʩʣʦʷ ʩ ʤʥʦʞʝʩʪʚʝʥʥʳʤʠ ʩʢʚʦʟʥʳʤʠ ʦʪʚʝʨʩʪʠʷʤʠ: 

1 ï ʣʠʥʠʠ ʧʝʨʝʜʘʯ; 2 -  ʩʢʚʦʟʥʳʝ ʦʪʚʝʨʩʪʠʷ; 3 - ʢʘʨʢʘʩʥʳʡ ʩʣʦʡ; 

4 ï ʞʝʨʪʚʝʥʥʳʡ ʩʣʦʡ; 5 ï ʧʦʜʣʦʞʢʘ. 

 

ʅʘ ʨʠʩʫʥʢʝ 1.64 ʧʨʠʚʝʜʝʥʘ ʩʪʨʫʢʪʫʨʘ ʄʕʄ ʧʝʨʝʢʣʶʯʘʪʝʣʷ ʩ ʛʝʨʤʝʪʠʟʠʨʦʚʘʥʥʳʤ 

ʢʦʨʧʫʩʦʤ. 

 

ʈʠʩʫʥʦʢ 1.64 ï ʉʪʨʫʢʪʫʨʘ ʄʕʄ ʧʝʨʝʢʣʶʯʘʪʝʣʷ ʩ ʛʝʨʤʝʪʠʟʠʨʦʚʘʥʥʳʤ ʢʦʨʧʫʩʦʤ: 

1 ï ʛʝʨʤʝʪʠʟʠʨʦʚʘʥʥʳʝ ʦʪʚʝʨʩʪʠʷ; 2 ï ʩʚʦʙʦʜʥʦʝ ʧʨʦʩʪʨʘʥʩʪʚʦ; 

3 - ʤʝʤʙʨʘʥʘ;  4 ï ʄʕʄʉ-ʧʝʨʝʢʣʶʯʘʪʝʣʴ; 5 ï ʢʘʨʢʘʩʥʳʡ ʩʣʦʡ; 

6 ï ʤʝʜʥʘʷ ʧʣʝʥʢʘ; 7 ï ʧʦʜʣʦʞʢʘ; 8 ï ʣʠʥʠʠ ʧʝʨʝʜʘʯ 

1.4.3.6 ʂʦʨʧʫʩʠʨʦʚʘʥʠʝ ʄʕʄ ʩʪʨʫʢʪʫʨ ʚ ʦʙʲʝʤʝ ʢʨʝʤʥʠʝʚʦʡ ʧʣʘʩʪʠʥʳ 

ɼʣʷ ʄʕʄ ʩʪʨʫʢʪʫʨ, ʚʳʧʦʣʥʝʥʥʳʭ ʚ ʦʙʲʝʤʝ ʤʦʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ ʢʨʝʤʥʠʷ ʧʨʠ-

ʤʝʥʷʝʪʩʷ ʚʘʨʠʘʥʪ ʪʦʥʢʦʧʣʝʥʦʯʥʦʛʦ ʢʦʨʧʫʩʠʨʦʚʘʥʠʷ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʤʥʦʞʝʩʪʚʝʥʥʳʭ 

ʞʝʨʪʚʝʥʥʳʭ ʩʣʦʝʚ [113]. ʆʩʥʦʚʥʳʝ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʝ ʦʧʝʨʘʮʠʠ ʜʘʥʥʦʛʦ ʤʝʪʦʜʘ ʢʦʨʧʫʩʠ-

ʨʦʚʢʠ ʧʨʦʠʣʣʶʩʪʨʠʨʦʚʘʥʳ ʥʘ ʨʠʩʫʥʢʘʭ 1.65 ʠ 1.66. 
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ʈʠʩʫʥʦʢ 1.65 ï ʊʨʘʚʣʝʥʠʝ ʄʕʄ ʩʪʨʫʢʪʫʨʳ ʚ ʦʙʲʝʤʝ ʢʨʝʤʥʠʷ (ɸ) ʠ ʦʩʘʞʜʝʥʠʝ ʞʝʨʪʚʝʥʥʦ-

ʛʦ ʩʣʦʷ (ɹ) 

 

ʅʘ ʧʦʚʝʨʭʥʦʩʪʠ ʧʦʣʫʯʝʥʥʦʡ ʩʪʨʫʢʪʫʨʳ ʦʩʘʞʜʘʝʪʩʷ ʩʣʦʡ ʧʦʣʠʢʨʝʤʥʠʷ, ʚ ʢʦʪʦʨʦʤ 

ʧʨʠ ʧʦʤʦʱʠ ʛʘʟʦʬʘʟʥʦʛʦ ʪʨʘʚʣʝʥʠʷ (HF/XeF2) ʫʜʘʣʷʶʪʩʷ ʞʝʨʪʚʝʥʥʳʝ ʩʣʦʠ, ʦʢʨʫʞʘʶʱʠʝ 

ʄʕʄ ʩʪʨʫʢʪʫʨʫ. 

 

ʈʠʩʫʥʦʢ 1.66 ï ʆʩʘʞʜʝʥʠʝ ʧʦʣʠʢʨʝʤʥʠʷ, ʪʨʘʚʣʝʥʠʝ ʦʪʚʝʨʩʪʠʡ (ɸ) ʠ ʫʜʘʣʝʥʠʝ ʞʝʨʪʚʝʥʥʳʭ 

ʩʣʦʝʚ ʚʦʢʨʫʛ ʄʕʄ ʩʪʨʫʢʪʫʨʳ (ɹ) 

 

ʇʦʣʫʯʝʥʥʳʝ ʦʪʚʝʨʩʪʠʷ ʛʝʨʤʝʪʠʟʠʨʫʶʪʩʷ ʦʩʘʞʜʝʥʠʝʤ ʧʣʝʥʢʠ ʧʦʣʠʢʨʝʤʥʠʷ, ʥʠʪʨʠ-

ʜʘ ʠʣʠ ʦʢʩʠʜʘ ʢʨʝʤʥʠʷ, ʧʦʣʫʯʝʥʥʳʭ ʤʝʪʦʜʘʤʠ ʵʧʠʪʘʢʩʠʠ ʠʣʠ ʦʩʘʞʜʝʥʠʷ ʠʟ ʛʘʟʦʚʦʡ ʬʘʟʳ 

ʧʨʠ ʧʦʥʠʞʝʥʥʦʤ ʜʘʚʣʝʥʠʠ (LPCVD). 

1.4.3.7 ʂʦʨʧʫʩʠʨʦʚʘʥʠʝ ʄʕʄʉ ʩ ʧʨʠʤʝʥʝʥʠʝʤ ʪʝʨʤʦʧʣʘʩʪʠʯʥʳʭ ʤʘʪʝʨʠʘʣʦʚ 

ʆʪʜʝʣʴʥʦʛʦ ʚʥʠʤʘʥʠʷ ʟʘʩʣʫʞʠʚʘʝʪ ʤʝʪʦʜ ʢʦʨʧʫʩʠʨʦʚʘʥʠʷ ʄʕʄʉ ʥʘ ʦʩʥʦʚʝ ʧʣʝʥʦʢ 

ʢʘʨʙʠʜʘ ʢʨʝʤʥʠʷ [114], ʢʦʪʦʨʳʡ ʧʦʟʚʦʣʷʝʪ ʧʦʣʫʯʠʪʴ ʢʘʨʢʘʩʥʳʡ ʩʣʦʡ ʧʦʚʳʰʝʥʥʦʡ ʞʝʩʪ-

ʢʦʩʪʠ, ʯʪʦ ʦʩʦʙʝʥʥʦ ʘʢʪʫʘʣʴʥʦ ʧʨʠ ʧʨʦʠʟʚʦʜʩʪʚʝ ʚʘʢʫʫʤʥʳʭ ʄʕʄ ʧʨʠʙʦʨʦʚ. ɸʚʪʦʨʳ 

ʧʨʠʚʦʜʷʪ ʧʦʜʨʦʙʥʦʝ ʦʧʠʩʘʥʠʝ ʪʝʭʥʦʣʦʛʠʯʝʩʢʦʛʦ ʧʨʦʮʝʩʩʘ ʢʦʨʧʫʩʠʨʦʚʢʠ, ʦʩʥʦʚʥʳʝ ʵʪʘʧʳ 

ʢʦʪʦʨʦʛʦ ʠʟʦʙʨʘʞʝʥʳ ʥʘ ʨʠʩʫʥʢʝ 1.67. 
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ʈʠʩʫʥʦʢ 1.67 ï ʉʭʝʤʘʪʠʯʥʦʝ ʠʟʦʙʨʘʞʝʥʠʝ ʧʨʦʮʝʩʩʘ ʬʦʨʤʠʨʦʚʘʥʠʷ  

ʢʘʨʢʘʩʥʦʡ ʩʪʨʫʢʪʫʨʳ 

 

ʅʘ ʧʝʨʚʦʤ ʵʪʘʧʝ ʪʦʥʢʦʧʣʝʥʦʯʥʦʡ ʪʝʭʥʦʣʦʛʠʠ ʢʦʨʧʫʩʠʨʦʚʢʠ ʄʕʄʉ ʬʦʨʤʠʨʫʶʪ 

ʢʘʨʢʘʩʥʳʡ ʩʣʦʡ ʢʦʨʧʫʩʘ ʥʘ ʧʨʝʜʚʘʨʠʪʝʣʴʥʦ ʦʩʘʞʜʝʥʥʦʤ ʞʝʨʪʚʝʥʥʦʤ ʩʣʦʝ. ɼʣʷ ʦʙʣʝʛʯʝ-

ʥʠʷ ʪʨʘʚʣʝʥʠʷ ʞʝʨʪʚʝʥʥʦʛʦ ʩʣʦʷ ʤʝʪʦʜʘʤʠ ʩʫʭʦʛʦ ʠʣʠ ʞʠʜʢʦʩʪʥʦʛʦ ʪʨʘʚʣʝʥʠʷ ʚ ʢʘʨʢʘʩ-

ʥʦʤ ʩʣʦʝ ʚʩʢʨʳʚʘʶʪʩʷ ʦʢʥʘ. ɺʨʝʤʷ ʧʦʣʥʦʛʦ ʚʳʪʨʘʚʣʠʚʘʥʠʷ ʞʝʨʪʚʝʥʥʦʛʦ ʩʣʦʷ ʟʘʚʠʩʠʪ ʦʪ 

ʢʦʣʠʯʝʩʪʚʘ ʦʪʚʝʨʩʪʠʡ, ʠʭ ʨʘʟʤʝʨʘ ʠ ʨʘʩʧʦʣʦʞʝʥʠʷ. ɼʘʥʥʳʡ ʵʪʘʧ ʟʥʘʯʠʪʝʣʴʥʦ ʟʘʪʨʫʜʥʷʝʪ 

ʪʝʭʥʦʣʦʛʠʶ ʧʨʦʠʟʚʦʜʩʪʚʘ ʄʕʄʉ [115]. ʅʝʩʤʦʪʨʷ ʥʘ ʪʦ, ʯʪʦ ʞʠʜʢʦʩʪʥʳʝ ʪʨʘʚʠʪʝʣʠ ʦʙʣʘ-

ʜʘʶʪ ʙʦʣʴʰʝʡ ʩʢʦʨʦʩʪʴʶ, ʠʭ ʧʨʠʤʝʥʝʥʠʝ ʤʦʞʝʪ ʚʳʟʚʘʪʴ ʟʘʣʠʧʘʥʠʝ ʢʘʢ ʄʕʄ ʧʨʠʙʦʨʘ, ʪʘʢ 

ʠ ʢʦʨʧʫʩʘ. ɼʣʷ ʧʨʝʜʦʪʚʨʘʱʝʥʠʷ ʧʦʧʘʜʘʥʠʷ ʛʝʨʤʝʪʠʟʠʨʫʶʱʝʛʦ ʩʣʦʷ ʥʘ ʬʫʥʢʮʠʦʥʘʣʴʥʳʝ 

ʵʣʝʤʝʥʪʳ ʄʕʄʉ, ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʝ ʦʪʚʝʨʩʪʠʷ ʚ ʢʘʨʢʘʩʥʦʤ ʩʣʦʝ ʜʦʣʞʥʳ ʜʦʩʪʘʪʦʯʥʦ ʙʳʪʴ 

ʤʘʣʳʭ ʨʘʟʤʝʨʦʚ ʠ/ʠʣʠ ʥʘʭʦʜʠʪʴʩʷ ʦʪ ʥʠʭ ʥʘ ʟʥʘʯʠʪʝʣʴʥʦʤ ʨʘʩʩʪʦʷʥʠʠ. ɼʘʥʥʳʝ ʦʛʨʘʥʠʯʝ-

ʥʠʷ ʪʘʢʞʝ ʧʨʠʚʦʜʷʪ ʢ ʫʚʝʣʠʯʝʥʠʶ ʜʣʠʪʝʣʴʥʦʩʪʠ ʧʨʦʮʝʩʩʘ ʪʨʘʚʣʝʥʠʷ ʞʝʨʪʚʝʥʥʦʛʦ ʩʣʦʷ. 

ɸʣʴʪʝʨʥʘʪʠʚʥʳʝ ʤʝʪʦʜʳ ʥʝ ʪʨʝʙʫʶʪ ʬʦʨʤʠʨʦʚʘʥʠʷ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʭ ʦʪʚʝʨʩʪʠʡ ʟʘ 

ʩʯʝʪ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʧʦʨʠʩʪʳʭ ʤʘʪʝʨʠʘʣʦʚ. ʂʘʨʢʘʩʥʘʷ ʩʪʨʫʢʪʫʨʘ ʚ ʵʪʦʤ ʩʣʫʯʘʝ ʚʳʧʦʣʥʷʝʪ-

ʩʷ ʜʦʩʪʘʪʦʯʥʦ ʪʦʥʢʦʡ ʠ ʪʨʝʙʫʝʪ ʩʣʦʷ ʜʦʧʦʣʥʠʪʝʣʴʥʦʡ ʤʝʭʘʥʠʯʝʩʢʦʡ ʧʦʜʜʝʨʞʢʠ [116]. 

ʊʘʢʞʝ ʠʟʚʝʩʪʥʳ ʨʘʙʦʪʳ, ʚ ʢʦʪʦʨʳʭ ʪʦʣʱʠʥʘ ʢʘʨʢʘʩʥʦʡ ʩʪʨʫʢʪʫʨʳ ʜʦʩʪʘʪʦʯʥʘ ʚʝʣʠʢʘ ʠ 

ʤʝʭʘʥʠʯʝʩʢʦʡ ʧʦʜʜʝʨʞʢʠ ʥʝ ʪʨʝʙʫʝʪ. ɼʘʥʥʳʡ ʧʦʜʭʦʜ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʦʤ 

ʪʨʘʚʣʝʥʠʠ ʧʨʦʚʦʜʷʱʝʛʦ ʞʝʨʪʚʝʥʥʦʛʦ ʩʣʦʷ ʯʝʨʝʟ ʧʦʨʠʩʪʫʶ ʤʝʤʙʨʘʥʫ. ʕʣʝʢʪʨʠʯʝʩʢʠʡ ʢʦʥ-

ʪʘʢʪ ʢ ʤʝʤʙʨʘʥʝ ʧʨʠ ʵʪʦʤ ʧʦʜʚʦʜʠʪʩʷ ʯʝʨʝʟ ʧʦʜʣʦʞʢʫ, ʯʪʦ ʥʝ ʧʦʟʚʦʣʷʝʪ ʠʥʪʝʛʨʠʨʦʚʘʪʴ 

ʜʘʥʥʳʡ ʤʝʪʦʜ ʚ ʪʝʭʥʦʣʦʛʠʶ GaAs ʉɺʏ ʄʀʉ. ʇʨʦʮʝʩʩ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʦʛʦ ʪʨʘʚʣʝʥʠʷ ʚ 

HF ʞʝʨʪʚʝʥʥʦʛʦ ʩʣʦʷ PSG ʯʝʨʝʟ ʤʝʤʙʨʘʥʫ ʧʦʨʠʩʪʦʛʦ ʧʦʣʠʢʨʝʤʥʠʷ ʧʨʦʠʣʣʶʩʪʨʠʨʦʚʘʥ ʥʘ 

ʨʠʩʫʥʢʝ 1.67. 
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ʈʠʩʫʥʦʢ 1.67ï ʕʣʝʢʪʨʦʭʠʤʠʯʝʩʢʦʝ ʪʨʘʚʣʝʥʠʝ PSG ʚ HF ʯʝʨʝʟ ʩʣʦʡ Poly-Si 

 

ʉ ʥʝʜʘʚʥʝʛʦ ʚʨʝʤʝʥʠ ʚ ʤʝʪʦʜʘʭ ʪʦʥʢʦʧʣʝʥʦʯʥʦʡ WLP ʢʦʨʧʫʩʠʨʦʚʢʝ ʄʕʄʉ ʚ ʢʘʯʝ-

ʩʪʚʝ ʞʝʨʪʚʝʥʥʳʭ ʩʣʦʝʚ ʧʦʣʫʯʠʣʠ ʧʨʠʤʝʥʝʥʠʝ ʧʦʣʠʤʝʨʥʳʝ ʤʘʪʝʨʠʘʣʳ, ʨʘʟʣʘʛʘʶʱʠʝʩʷ ʧʦʜ 

ʜʝʡʩʪʚʠʝʤ ʪʝʤʧʝʨʘʪʫʨʳ. ɼʘʥʥʳʝ ʧʦʣʠʤʝʨʳ ʨʘʟʣʘʛʘʶʪʩʷ ʧʨʠ ʦʪʥʦʩʠʪʝʣʴʥʦ ʥʠʟʢʠʭ ʪʝʤʧʝ-

ʨʘʪʫʨʘʭ, ʘ ʧʨʦʜʫʢʪʘʤʠ ʠʭ ʨʘʩʧʘʜʘ ʷʚʣʷʶʪʩʷ ʣʝʪʫʯʠʝ ʛʘʟʳ, ʢʦʪʦʨʳʝ ʧʨʦʥʠʢʘʷ ʯʝʨʝʟ ʛʘʟʦ-

ʧʨʦʥʠʮʘʝʤʳʡ ʢʘʨʢʘʩʥʳʡ ʩʣʦʡ ʦʙʨʘʟʫʶʪ ʧʦʣʦʩʪʴ ʚ ʢʦʨʧʫʩʝ ʄʕʄʉ. ʇʦʩʢʦʣʴʢʫ ʜʘʥʥʳʡ 

ʧʨʦʮʝʩʩ ʷʚʣʷʝʪʩʷ ʪʝʤʧʝʨʘʪʫʨʥʦ-ʘʢʪʠʚʠʨʫʝʤʳʤ ʠ ʥʝ ʪʨʝʙʫʝʪ ʜʦʧʦʣʥʠʪʝʣʴʥʳʭ ʭʠʤʠʯʝʩʢʠʭ 

ʨʝʘʛʝʥʪʦʚ, ʫʜʘʣʝʥʠʷ ʞʝʨʪʚʝʥʥʦʛʦ ʩʣʦʷ ʧʨʦʪʝʢʘʝʪ ʩ ʚʳʩʦʢʦʡ ʩʢʦʨʦʩʪʴʶ ʠ ʚ ʧʦʣʥʦʤ ʦʙʲʝʤʝ. 

ɺ ʦʧʠʩʘʥʥʦʡ ʚʳʰʝ ʪʝʭʥʦʣʦʛʠʠ ʢʦʨʧʫʩʠʨʦʚʢʠ ʄʕʄʉ ʢʘʨʢʘʩʥʳʡ ʩʣʦʡ ʚʳʧʦʣʥʷʝʪʩʷ 

ʠʟ ʛʘʟʦʧʨʦʥʠʮʘʝʤʦʛʦ ʤʘʪʝʨʠʘʣʘ, ʦʩʘʞʜʝʥʠʝ ʠ ʩʫʰʢʘ ʢʦʪʦʨʦʛʦ ʧʨʦʠʟʚʦʜʠʪʩʷ ʧʨʠ ʪʝʤʧʝʨʘ-

ʪʫʨʝ ʥʠʞʝ ʪʝʤʧʝʨʘʪʫʨʳ ʨʘʟʣʦʞʝʥʠʷ ʞʝʨʪʚʝʥʥʦʛʦ ʧʦʣʠʤʝʨʘ. ʉʪʦʠʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʚʩʣʝʜʩʪ-

ʚʠʝ ʥʠʟʢʠʭ ʟʥʘʯʝʥʠʡ ʤʦʜʫʣʷ ʖʥʛʘ ʠ ʪʝʤʧʝʨʘʪʫʨʳ ʩʪʝʢʣʦʚʘʥʠʷ ʧʦʣʠʤʝʨʥʳʭ ʤʘʪʝʨʠʘʣʦʚ 

ʧʦʜʦʙʥʳʝ ʢʘʨʢʘʩʥʳʝ ʩʪʨʫʢʪʫʨʳ ʥʘ ʵʪʘʧʝ ʨʘʟʣʦʞʝʥʠʷ ʞʝʨʪʚʝʥʥʦʛʦ ʩʣʦʷ ʧʦʜʚʝʨʞʝʥʳ ʜʝ-

ʬʦʨʤʘʮʠʠ. ʂ ʪʦʤʫ ʞʝ ʟʘʯʘʩʪʫʶ ʚʦʟʥʠʢʘʶʪ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʝ ʧʨʦʙʣʝʤʳ, ʩʚʷʟʘʥʥʳʝ ʩ ʥʠʟ-

ʢʦʡ ʩʝʣʝʢʪʠʚʥʦʩʪʴʶ ʨʘʩʪʚʦʨʠʪʝʣʝʡ ʢ ʧʦʣʠʤʝʨʘʤ ʢʘʨʢʘʩʥʦʛʦ ʠ ʞʝʨʪʚʝʥʥʦʛʦ ʩʣʦʝʚ. ʈʝʰʝ-

ʥʠʝʤ ʵʪʦʡ ʧʨʦʙʣʝʤʳ ʤʦʞʝʪ ʙʳʪʴ ʦʩʘʞʜʝʥʠʝ ʤʝʪʦʜʦʤ PECVD ʪʦʥʢʦʡ ʦʢʩʠʜʥʦʡ ʧʣʝʥʢʠ 

ʧʨʠ 100ÁC ʧʦʜ ʩʣʦʝʤ ʧʦʣʠʤʝʨʘ ʢʘʨʢʘʩʥʦʛʦ ʩʣʦʷ. ʆʢʩʠʜʥʳʡ ʩʣʦʡ ʫʚʝʣʠʯʠʚʘʝʪ ʤʝʭʘʥʠʯʝ-

ʩʢʫʶ ʧʨʦʯʥʦʩʪʴ ʢʦʨʧʫʩʘ ʠ ʚʳʩʪʫʧʘʝʪ ʚ ʢʘʯʝʩʪʚʝ ʭʠʤʠʯʝʩʢʦʛʦ ʙʘʨʴʝʨʘ [117]. ʂʨʦʤʝ ʪʦʛʦ, 

ʦʩʘʞʜʝʥʠʝ ʛʝʨʤʝʪʠʟʠʨʫʶʱʝʛʦ ʩʣʦʷ, ʢʘʢ ʧʨʘʚʠʣʦ, ʧʨʦʠʟʚʦʜʠʪʩʷ ʧʨʠ ʧʦʥʠʞʝʥʥʦʤ ʜʘʚʣʝ-

ʥʠʠ. ɸ ʫʚʝʣʠʯʝʥʠʝ ʨʘʟʥʦʩʪʠ ʚʥʫʪʨʝʥʥʝʛʦ ʠ ʘʪʤʦʩʬʝʨʥʦʛʦ ʜʘʚʣʝʥʠʡ ʧʨʠʚʦʜʠʪ ʢ ʧʦʷʚʣʝʥʠʶ 

ʟʥʘʯʠʪʝʣʴʥʳʭ ʚʝʨʪʠʢʘʣʴʥʳʭ ʜʝʬʦʨʤʘʮʠʡ, ʢʦʪʦʨʳʝ ʦʪʨʠʮʘʪʝʣʴʥʦ ʩʢʘʟʳʚʘʶʪʩʷ ʥʘ ʭʘʨʘʢʪʝ-

ʨʠʩʪʠʢʘʭ ʄʕʄʉ. ɿʥʘʯʠʪʝʣʴʥʦ ʩʥʠʟʠʪʴ ʚʣʠʷʥʠʝ ʧʦʜʦʙʥʳʭ ʜʝʬʦʨʤʘʮʠʡ ʚʦʟʤʦʞʥʦ ʧʨʠ ʧʦ-

ʤʦʱʠ ʦʧʪʠʤʠʟʘʮʠʠ ʛʝʦʤʝʪʨʠʯʝʩʢʠʭ ʨʘʟʤʝʨʦʚ ʢʦʨʧʫʩʘ ʠ ʪʦʣʱʠʥʳ ʝʛʦ ʩʪʝʥʦʢ. 

ɸʣʴʪʝʨʥʘʪʠʚʥʳʡ ʠ ʥʘʠʙʦʣʝʝ ʧʨʠʝʤʣʝʤʳʡ ʤʝʪʦʜ ʢʦʨʧʫʩʠʨʦʚʢʠ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʩʦʯʝ-

ʪʘʥʠʠ ʪʝʨʤʦʧʣʘʩʪʠʯʥʦʛʦ ʞʝʨʪʚʝʥʥʦʛʦ ʩʣʦʷ ʠ ʞʝʩʪʢʦʡ ʢʘʨʢʘʩʥʦʡ ʩʪʨʫʢʪʫʨʳ. ʅʝʥʘʧʨʷʞʝʥ-
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ʥʳʝ ʧʣʝʥʢʠ ʢʝʨʘʤʠʯʝʩʢʦʛʦ ʦʢʩʠʜʘ ʘʣʶʤʠʥʠʷ (Al 2O3) ʦʩʘʞʜʘʶʪʩʷ ʤʝʪʦʜʦʤ ʠʦʥʥʦʛʦ ʨʘʩ-

ʧʳʣʝʥʠʷ ʧʦʚʝʨʭ ʞʝʨʪʚʝʥʥʦʛʦ ʩʣʦʷ ʧʦʣʠʧʨʦʧʠʣʝʥ ʢʘʨʙʦʥʘʪʘ (PPC) ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ ʥʠʞʝ 

ʪʝʤʧʝʨʘʪʫʨʳ ʨʘʟʣʦʞʝʥʠʷ PPC (200ÁC). ʂʘʨʢʘʩʥʳʡ ʩʣʦʡ ʦʢʩʠʜʘ ʘʣʶʤʠʥʠʷ, ʧʦʩʣʝ ʬʦʨʤʠ-

ʨʦʚʘʥʠʷ ʚ ʥʝʤ ʦʪʚʝʨʩʪʠʡ ʠ ʫʜʘʣʝʥʠʷ ʞʝʨʪʚʝʥʥʦʛʦ ʩʣʦʷ PPC ʦʙʝʩʧʝʯʠʚʘʶʪ ʚʳʩʦʢʫʶ ʩʪʨʫʢ-

ʪʫʨʥʫʶ ʥʘʜʝʞʥʦʩʪʴ ʢʦʨʧʫʩʘ ʙʣʘʛʦʜʘʨʷ ʧʨʝʚʦʩʭʦʜʥʳʤ ʤʝʭʘʥʠʯʝʩʢʠʤ ʩʚʦʡʩʪʚʘʤ. ʄʦʜʫʣʴ 

ʖʥʛʘ ʥʠʟʢʦʪʝʤʧʝʨʘʪʫʨʥʦʡ ʢʝʨʘʤʠʯʝʩʢʦʡ ʧʣʝʥʢʠ ʦʢʩʠʜʘ ʘʣʶʤʠʥʠʷ (Al 2O3) ʥʘʭʦʜʠʪʩʷ ʚ 

ʜʠʘʧʘʟʦʥʝ ʦʪ 345 ʜʦ 409 ɻʇʘ [75]. ɺ ʢʘʯʝʩʪʚʝ ʤʘʪʝʨʠʘʣʘ ʢʘʨʢʘʩʥʦʛʦ ʩʣʦʷ ʤʦʛʫʪ ʙʳʪʴ ʪʘʢʞʝ 

ʠʩʧʦʣʴʟʦʚʘʥʳ ʪʘʢʠʝ ʢʝʨʘʤʠʯʝʩʢʠʝ ʤʘʪʝʨʠʘʣʳ ʢʘʢ ʢʘʨʙʠʜ ʛʝʨʤʘʥʠʷ (GeC) ʠ SiC, ʦʩʘʞʜʝʥ-

ʥʳʝ ʤʝʪʦʜʦʤ PECVD [118, 119], ʦʜʥʘʢʦ ʠʭ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʟʘʪʨʫʜʥʷʶʪ ʚʳʩʦʢʠʝ ʪʝʤʧʝʨʘʪʫ-

ʨʳ ʠʭ ʦʩʘʞʜʝʥʠʷ, ʢʦʪʦʨʳʝ ʟʥʘʯʠʪʝʣʴʥʦ ʧʨʝʚʳʰʘʶʪ 300ÁC. ʉʪʨʫʢʪʫʨʘ WLP ʢʦʨʧʫʩʘ ʥʘ 

ʦʩʥʦʚʝ SiC ʧʨʝʜʩʪʘʚʣʝʥʘ ʥʘ ʨʠʩʫʥʢʝ 1.68. 

 

ʈʠʩʫʥʦʢ 1.68ï ʉʪʨʫʢʪʫʨʘ WLP ʢʦʨʧʫʩʘ ʥʘ ʦʩʥʦʚʝ SiC 

 

ɿʥʘʯʝʥʠʝ ʤʦʜʫʣʷ ʖʥʛʘ PECVD-ʧʣʝʥʦʢ ʥʠʪʨʠʜʘ ʢʨʝʤʥʠʷ ʠ ʜʨʫʛʠʭ ʠʭ ʥʠʟʢʦʪʝʤʧʝ-

ʨʘʪʫʨʥʳʭ ʘʥʘʣʦʛʦʚ, ʩʦʛʣʘʩʥʦ ʣʠʪʝʨʘʪʫʨʥʳʤ ʜʘʥʥʳʤ, ʟʥʘʯʠʪʝʣʴʥʦ ʧʘʜʘʝʪ ʧʨʠ ʩʥʠʞʝʥʠʠ 

ʪʝʤʧʝʨʘʪʫʨʳ ʠʭ ʦʩʘʞʜʝʥʠʷ. ʅʘʧʨʠʤʝʨ, ʤʦʜʫʣʴ ʖʥʛʘ PECVD-ʧʣʝʥʢʠ ʥʠʪʨʠʜʘ ʢʨʝʤʥʠʷ, 

ʦʩʘʞʜʝʥʥʦʛʦ ʧʨʠ 100ÁC ʩʦʩʪʘʚʣʷʝʪ 83 ɻʇʘ, ʯʪʦ ʩʦʩʪʘʚʣʷʝʪ 43% ʦʪ ʝʛʦ ʟʥʘʯʝʥʠʷ ʜʣʷ ʧʣʝʥ-

ʢʠ, ʧʦʣʫʯʝʥʥʦʡ ʧʨʠ 300ÁC. ʊʝʤʧʝʨʘʪʫʨʥʳʡ ʨʝʞʠʤ ʧʨʝʜʣʘʛʘʝʤʦʡ ʚ ʨʘʙʦʪʝ ʪʝʭʥʦʣʦʛʠʠ, ʩʦ-

ʯʝʪʘʶʱʝʡ Al 2O3 ʠ PPC ʚ ʢʘʯʝʩʪʚʝ ʦʩʥʦʚʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʪʦʥʢʦʧʣʝʥʦʯʥʦʛʦ ʢʦʨʧʫʩʘ ʄʕʄʉ, 

ʧʦʟʚʦʣʷʝʪ ʠʩʧʦʣʴʟʦʚʘʪʴ ʝʝ ʚ ʧʨʦʠʟʚʦʜʩʪʚʝ ʩʠʩʪʝʤ ʥʘ ʢʨʠʩʪʘʣʣʝ, ʚʢʣʶʯʘʶʱʠʭ ʠʥʪʝ-

ʛʨʘʣʴʥʳʝ ʩʭʝʤʳ. ʉʭʝʤʘʪʠʯʥʦʝ ʠʟʦʙʨʘʞʝʥʠʝ ʧʨʦʮʝʩʩʘ ʢʦʨʧʫʩʠʨʦʚʘʥʠʷ Mʕʄʉ-ʜʘʪʯʠʢʘ 

Pirani ʧʨʠʚʝʜʝʥʦ ʥʘ ʨʠʩʫʥʢʘʭ 1.69 ʠ 1.70. 
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ʈʠʩʫʥʦʢ 1.69 ï ʀʟʦʙʨʘʞʝʥʠʝ ʛʝʨʤʝʪʠʟʠʨʦʚʘʥʥʦʡ ʩʪʨʫʢʪʫʨʳ Pirani 

 

 

ʈʠʩʫʥʦʢ 1.70 ï ʆʩʥʦʚʥʳʝ ʵʪʘʧʳ ʧʨʦʮʝʩʩʘ ʢʦʨʧʫʩʠʨʦʚʘʥʠʷ  

Mʕʄʉ-ʜʘʪʯʠʢʘ Pirani 

ʉʪʨʫʢʪʫʨʘ ʧʣʝʥʦʢ PPC (ʘ) ʠ SiC (b) ʧʦʩʣʝ ʦʧʪʠʤʠʟʘʮʠʠ ʧʨʦʮʝʩʩʘ ʦʩʘʞʜʝʥʠʷ ʧʨʠʚʝ-

ʜʝʥʘ ʥʘ ʨʠʩʫʥʢʝ 1.71.  

 

ʈʠʩʫʥʦʢ 1.71 ï ʉʪʨʫʢʪʫʨʘ ʧʣʝʥʦʢ PPC (ʘ) ʠ SiC (b) ʧʦʩʣʝ ʦʧʪʠʤʠʟʘʮʠʠ ʧʨʦʮʝʩʩʘ 

ʦʩʘʞʜʝʥʠʷ 
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ʄʠʢʨʦʬʦʪʦʛʨʘʬʠʠ ʢʦʨʧʫʩʦʚ, ʧʦʣʫʯʝʥʥʳʭ ʧʦ ʦʧʠʩʘʥʥʦʡ ʪʝʭʥʦʣʦʛʠʠ, ʧʨʠʚʝʜʝʥʳ ʥʘ 

ʨʠʩʫʥʢʝ 1.72. 

 

ʈʠʩʫʥʦʢ 1.72 ï ʀʟʦʙʨʘʞʝʥʠʝ ʢʘʨʢʘʩʥʦʡ SiC ʤʝʤʙʨʘʥʳ (c) ʠ ʦʪʚʝʨʩʪʠʷ ʜʣʷ ʚʳʭʦʜʘ ʧʨʦʜʫʢ-

ʪʦʚ ʨʘʩʧʘʜʘ PPC (d) 

1.4.3.8 ʂʦʨʧʫʩʠʨʦʚʘʥʠʝ ʄʕʄʉ ʤʝʪʦʜʦʤ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʦʛʦ ʦʩʘʞʜʝʥʠʷ 

ɼʘʥʥʘʷ ʪʝʭʥʦʣʦʛʠʷ ʧʦʟʚʦʣʷʝʪ ʧʦʣʫʯʠʪʴ ʢʦʨʧʫʩ ʨʘʟʤʝʨʘʤʠ ʙʦʣʝʝ 800Ĭ800 ʤʢʤ ʧʨʠ 

ʪʦʣʱʠʥʝ ʢʘʨʢʘʩʥʦʡ ʤʝʪʘʣʣʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʳ ʦʢʦʣʦ 40 ʤʢʤ. ʂ ʜʦʩʪʦʠʥʩʪʚʫ ʜʘʥʥʦʡ ʪʝʭʥʦ-

ʣʦʛʠʠ ʤʦʞʥʦ ʦʪʥʝʩʪʠ ʥʠʟʢʫʶ ʪʝʤʧʝʨʘʪʫʨʫ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʭ ʧʨʦʮʝʩʩʦʚ (<250ÁC) [120]. 

ʆʩʥʦʚʥʳʝ ʵʪʘʧʳ ʪʝʭʥʦʣʦʛʠʯʝʩʢʦʛʦ ʧʨʦʮʝʩʩʘ ʧʨʦʠʣʣʶʩʪʨʠʨʦʚʘʥʳ ʥʘ ʨʠʩʫʥʢʝ 1.73. 

 

ʈʠʩʫʥʦʢ 1.73ï ʉʭʝʤʘʪʠʯʝʩʢʦʝ ʠʟʦʙʨʘʞʝʥʠʝ ʧʨʦʮʝʩʩʘ ʬʦʨʤʠʨʦʚʘʥʠʷ ʚʘʢʫʫʤʥʦʛʦ ʢʦʨʧʫʩʘ 

ʥʘ ʦʩʥʦʚʝ ʧʣʝʥʢʠ ʥʠʢʝʣʷ 

ʅʘ ʧʝʨʚʦʤ ʵʪʘʧʝ ʬʦʨʤʠʨʫʝʪʩʷ ʞʝʨʪʚʝʥʥʳʡ ʩʣʦʡ ʘʣʶʤʠʥʠʷ ʪʦʣʱʠʥʦʡ 150 ʥʤ, ʧʦ-

ʚʝʨʭ ʢʦʪʦʨʦʛʦ ʦʩʘʞʜʘʝʪʩʷ ʟʘʱʠʪʥʳʡ ʩʣʦʡ ʭʨʦʤʘ ʪʦʣʱʠʥʦʡ 30 ʥʤ. ɾʝʨʪʚʝʥʥʳʡ ʩʣʦʡ ʬʦʪʦ-

ʨʝʟʠʩʪʘ ʦʩʘʞʜʘʝʪʩʷ ʪʘʢʠʤ ʦʙʨʘʟʦʤ, ʯʪʦʙʳ ʧʦʩʣʝ ʩʝʣʝʢʪʠʚʥʦʛʦ ʫʜʘʣʝʥʠʷ ʧʣʝʥʢʠ Cr/Al  ʦʙ-

ʨʘʟʦʚʘʣʩʷ ʧʦʣʳʡ ʢʘʥʘʣ. ʅʘ ʧʦʚʝʨʭʥʦʩʪʠ ʞʝʨʪʚʝʥʥʦʛʦ ʩʣʦʷ ʦʩʘʞʜʘʶʪ ʟʘʪʨʘʚʦʯʥʳʡ ʩʣʦʡ 

Cr/Au ʠ ʬʦʨʤʠʨʫʶʪ ʬʦʪʦʨʝʟʠʩʪʠʚʥʫʶ ʤʘʩʢʫ ʜʣʷ ʵʣʝʢʪʨʦʦʩʘʞʜʝʥʠʷ ʥʠʢʝʣʝʚʦʛʦ ʢʘʨʢʘʩʥʦ-

ʛʦ ʩʣʦʷ. ʇʦʩʣʝ ʦʩʘʞʜʝʥʠʷ ʥʠʢʝʣʷ ʫʜʘʣʷʶʪ ʞʝʨʪʚʝʥʥʳʝ ʩʣʦʠ Cr/Al, ʦʪʢʨʳʚʘʷ ʪʝʤ ʩʘʤʳʤ 
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ʜʦʩʪʫʧ ʢ ʞʝʨʪʚʝʥʥʦʤʫ ʩʣʦʶ ʨʝʟʠʩʪʘ. ʇʦʣʫʯʝʥʥʘʷ ʥʠʢʝʣʝʚʘʷ ʢʘʧʩʫʣʘ ʛʝʨʤʝʪʠʟʠʨʫʝʪʩʷ ʤʝ-

ʪʦʜʦʤ ʤʘʛʥʝʪʨʦʥʥʦʛʦ ʨʘʩʧʳʣʝʥʠʷ ʧʣʝʥʢʠ Cr/Au. 

1.4.4 ʄʕʄʉ ʥʘ ʦʩʥʦʚʝ Si 

1.4.4.1 ʆʩʦʙʝʥʥʦʩʪʠ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʢʘʨʙʠʜʘ ʢʨʝʤʥʠʷ ʚ ʢʘʯʝʩʪʚʝ ʤʘʪʝʨʠʘʣʘ ʧʦʜʚʠʞʥʦʛʦ 

ʵʣʝʤʝʥʪʘ 

ʂʘʨʙʠʜ ʢʨʝʤʥʠʷ ʜʦʩʪʘʪʦʯʥʦ ʰʠʨʦʢʦ ʠʟʚʝʩʪʝʥ ʟʘ ʩʯʝʪ ʩʚʦʝʡ ʩʪʦʡʢʦʩʪʠ ʚ ʫʩʣʦʚʠʷʭ 

ʞʝʩʪʢʦʡ ʠ ʘʛʨʝʩʩʠʚʥʦʡ ʚʥʝʰʥʝʡ ʩʨʝʜʳ (ʚʳʩʦʢʠʝ ʪʝʤʧʝʨʘʪʫʨʳ, ʨʘʜʠʘʮʠʷ, ʧʦʚʳʰʝʥʥʳʡ ʠʟ-

ʥʦʩ ʠ ʪ.ʜ.). ɽʛʦ ʦʪʣʠʯʥʳʝ ʤʝʭʘʥʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʦʙʝʩʧʝʯʠʚʘʶʪ ʚʳʩʦʢʠʡ ʧʦʪʝʥʮʠʘʣ ʠʩ-

ʧʦʣʴʟʦʚʘʥʠʷ ʚ ʢʘʯʝʩʪʚʝ ʤʘʪʝʨʠʘʣʘ ʧʦʜʚʠʞʥʦʛʦ ʤʠʢʨʦʤʝʭʘʥʠʯʝʩʢʦʛʦ ʵʣʝʤʝʥʪʘ [121]. ʊʘʢ, ʢ 

ʧʨʠʤʝʨʫ, ʧʨʠʩʫʱʠʝ ʚʥʫʪʨʝʥʥʠʝ ʥʘʧʨʷʞʝʥʠʷ ʠ ʞʝʩʪʢʦʩʪʴ ʧʣʝʥʢʠ ʢʘʨʙʠʜʘ ʢʨʝʤʥʠʷ, ʧʦʟʚʦ-

ʣʷʶʪ ʩʦʟʜʘʚʘʪʴ ʤʠʢʨʦʤʦʩʪʠʢʦʚʳʝ ʩʪʨʫʢʪʫʨʳ ʫʩʪʦʡʯʠʚʳʝ ʢ ʧʨʦʚʠʩʘʥʠʶ. ɹʦʣʝʝ ʪʦʛʦ, ʭʠ-

ʤʠʯʝʩʢʘʷ ʠʥʝʨʪʥʦʩʪʴ ʜʝʣʘʝʪ ʧʦʜʚʠʞʥʳʝ ʵʣʝʤʝʥʪʳ ʥʘ ʢʘʨʙʠʜʝ ʢʨʝʤʥʠʷ ʦʯʝʥʴ ʫʩʪʦʡʯʠʚʳʤ 

ʢ ʟʘʣʠʧʘʥʠʶ ʠ ʫʞʝ ʦʪʧʘʜʘʝʪ ʥʝʦʙʭʦʜʠʤʦʩʪʴ ʚ ʜʦʧʦʣʥʠʪʝʣʴʥʦʤ ʠʟʦʣʷʮʠʦʥʥʦʤ ʩʣʦʝ ʤʝʞʜʫ 

ʣʠʥʠʝʡ ʧʝʨʝʜʘʯʠ ʠ ʢʘʥʪʠʣʝʚʝʨʦʤ [122]. 

ɺ ʩʨʘʚʥʝʥʠʠ ʩ ʪʨʘʜʠʮʠʦʥʥʦ ʠʩʧʦʣʴʟʫʝʤʳʤʠ ʤʘʪʝʨʠʘʣʘʤʠ ʧʦʜʚʠʞʥʳʭ ʵʣʝʤʝʥʪʦʚ 

ʤʠʢʨʦʤʝʭʘʥʠʯʝʩʢʠʭ ʢʣʶʯʝʡ (ʨʠʩʫʥʦʢ 1.74), ʢʘʨʙʠʜ ʢʨʝʤʥʠʷ ʦʙʣʘʜʘʝʪ ʩʣʝʜʫʶʱʠʤʠ ʜʦʩʪʦ-

ʠʥʩʪʚʘʤʠ: 

ī ʚʳʩʦʢʦʝ ʟʥʘʯʝʥʠʝ ʤʦʜʫʣʷ ʫʧʨʫʛʦʩʪʠ ʠ, ʢʘʢ ʩʣʝʜʩʪʚʠʝ, ʧʦʚʳʰʝʥʥʘʷ ʞʝʩʪʢʦʩʪʴ 

ʢʦʥʩʪʨʫʢʮʠʠ; 

ī ʥʠʟʢʘʷ ʧʣʦʪʥʦʩʪʴ (ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʤʝʪʘʣʣʘʤʠ) ʦʙʝʩʧʝʯʠʚʘʝʪ ʚʳʩʦʢʫʶ ʨʝʟʦʥʘʥʩ-

ʥʫʶ ʯʘʩʪʦʪʫ ʢʦʥʩʪʨʫʢʮʠʠ ʠ, ʢʘʢ ʩʣʝʜʩʪʚʠʝ, ʚʳʩʦʢʦʝ ʙʳʩʪʨʦʜʝʡʩʪʚʠʝ; 

ī ʚrʩʦʢʠʝ ʟʥʘʯʝʥʠʷ ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʠ ʠ ʪʝʤʧʝʨʘʪʫʨʳ ɼʝʙʘʷ ʧʦʟʚʦʣʷʶʪ ʟʥʘʯʠʪʝʣʴ-

ʥʦ ʨʘʩʰʠʨʠʪʴ ʜʠʘʧʘʟʦʥ ʨʘʙʦʯʠʭ ʪʝʤʧʝʨʘʪʫʨ. 
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ʈʠʩʫʥʦʢ 1.74ï ʉʨʘʚʥʝʥʠʝ ʦʩʥʦʚʥʳʭ ʩʚʦʡʩʪʚ ʢʘʨʙʠʜʘ ʢʨʝʤʥʠʷ, ʟʦʣʦʪʘ ʠ ʢʨʝʤʥʠʷ, ʢʘʢ ʙʘʟʦ-

ʚʳʭ ʤʘʪʝʨʠʘʣʦʚ ʧʦʜʚʠʞʥʦʛʦ ʵʣʝʤʝʥʪʘ  

ʤʠʢʨʦʤʝʭʘʥʠʯʝʩʢʦʛʦ ʢʣʶʯʘ 

ɺ ʊʘʙʣʠʮʝ 1.4 ʧʨʝʜʩʪʘʚʣʝʥʳ ʟʥʘʯʝʥʠʷ ʵʣʝʢʪʨʦʤʝʭʘʥʠʯʝʩʢʠʭ ʧʘʨʘʤʝʪʨʦʚ ʤʠʢʨʦʤʝ-

ʭʘʥʠʯʝʩʢʦʛʦ ʢʣʶʯʘ ʩ ʧʦʜʚʠʞʥʳʤ ʵʣʝʤʝʥʪʦʤ ʪʠʧʦʚʦʡ ʢʦʥʩʪʨʫʢʮʠʠ ʥʘ ʦʩʥʦʚʝ ʧʣʝʥʦʢ ʨʘʟ-

ʣʠʯʥʳʭ ʤʘʪʝʨʠʘʣʦʚ. ʊʘʢ, ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʢʘʨʙʠʜʘ ʢʨʝʤʥʠʷ ʟʥʘʯʝʥʠʝ ʢʨʠʪʝʨʠʷ ʦʧʪʠʤʠ-

ʟʘʮʠʠ ʵʣʝʢʪʨʦʤʝʭʘʥʠʯʝʩʢʠʭ ʧʘʨʘʤʝʪʨʦʚ ʚ 6 ʨʘʟ ʚʳʰʝ, ʯʝʤ ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʟʦʣʦʪʘ. 

ʉʪʦʠʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʫ ʢʨʝʤʥʠʷ ʧʣʦʪʥʦʩʪʴ ʤʘʪʝʨʠʘʣʘ ʥʠʞʝ, ʯʝʤ ʫ ʢʘʨʙʠʜʘ ʢʨʝʤʥʠʷ ʠ ʩʦʦʪ-

ʥʦʰʝʥʠʝ ʵʣʝʢʪʨʦʤʝʭʘʥʠʯʝʩʢʠʭ ʧʘʨʘʤʝʪʨʦʚ ʚʳʰʝ. ʆʜʥʘʢʦ, ʟʘ ʩʯʝʪ ʚʳʩʦʢʦʛʦ ʟʥʘʯʝʥʠʷ ʤʦ-

ʜʫʣʷ ʫʧʨʫʛʦʩʪʠ ʧʣʝʥʢʠ ʢʘʨʙʠʜʘ ʢʨʝʤʥʠʷ ʧʦʷʚʣʷʝʪʩʷ ʚʦʟʤʦʞʥʦʩʪʴ ʫʤʝʥʴʰʝʥʠʷ ʪʦʣʱʠʥʳ 

ʢʦʥʩʪʨʫʢʮʠʠ ʧʨʠ ʩʦʭʨʘʥʝʥʠʠ ʞʝʩʪʢʦʩʪʠ. 

ʊʘʙʣʠʮʘ 1.4 ï ʕʣʝʢʪʨʦʤʝʭʘʥʠʯʝʩʢʠʝ ʧʘʨʘʤʝʪʨʳ ʪʠʧʦʚʦʡ ʢʦʥʩʪʨʫʢʮʠʠ ʧʦʜʚʠʞʥʦʛʦ 

ʵʣʝʤʝʥʪʘ ʥʘ ʦʩʥʦʚʝ ʨʘʟʣʠʯʥʳʭ ʤʘʪʝʨʠʘʣʦʚ 

 
ʏʠʩʣʝʥʥʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʚ ʇʆ 

COMSOL Multiphysics 
ɸʥʘʣʠʪʠʯʝʩʢʠʡ ʨʘʩʯʝʪ 

ʄʘʪʝʨʠʘʣ 

ʢʘʥʪʠʣʝʚʝʨʘ 
SiC Si Au SiC Si Au 

ʂʨʠʪʠʯʝʩʢʦʝ 

ʥʘʧʨʷʞʝʥʠʝ 

ʚʢʣʶʯʝʥʠʷ 

(ɺ) 

10,6 5 3,2 11,7 5,6 3,6 
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ʇʨʦʜʦʣʞʝʥʠʝ ʪʘʙʣʠʮʳ 1.4 

ɺʨʝʤʷ 

ʧʝʨʝʢʣʶʯʝʥʠʷ 

(ʤʢʩ) 

15,8 28,6 126,6 15,4 27,4 123,5 

ʂʨʠʪʝʨʠʡ 

ʦʧʪʠʤʠʟʘʮʠʠ, 

10
-5

 

(ɺ
-2Ŀ
ʤʢʩ

-2
) 

3,6 4,9 0,6 3,1 4,3 0,5 

 

ʂʘʨʙʠʜ ʢʨʝʤʥʠʷ ʢʨʠʩʪʘʣʣʠʟʫʝʪʩʷ ʙʦʣʝʝ ʯʝʤ ʚ 100 ʤʦʜʠʬʠʢʘʮʠʷʭ ʩ ʨʘʟʣʠʯʥʦʡ ʩʠʤ-

ʤʝʪʨʠʝʡ ʢʨʠʩʪʘʣʣʦʚ, ʥʦ ʦʜʠʥʘʢʦʚʦʡ ʩʪʝʭʠʦʤʝʪʨʠʝʡ. ʇʦʣʠʪʠʧʥʫʶ ʩʪʨʫʢʪʫʨʫ ʤʦʞʥʦ ʧʨʝʜ-

ʩʪʘʚʠʪʴ, ʢʘʢ ʢʦʤʙʠʥʘʮʠʶ ʛʝʢʩʘʛʦʥʘʣʴʥʳʭ ʠ ʢʫʙʠʯʝʩʢʠʭ ʙʠʩʣʦʝʚ. ʉʪʨʫʢʪʫʨʘ 2H ʩʦʩʪʦʠʪ 

ʪʦʣʴʢʦ ʠʟ ʛʝʢʩʘʛʦʥʘʣʴʥʳʭ, ʪʦʛʜʘ ʢʘʢ 3C ʪʦʣʴʢʦ ʠʟ ʢʫʙʠʯʝʩʢʠʭ. ɻʝʢʩʘʛʦʥʘʣʴʥʦʩʪʴ ʧʦʣʠʪʠʧʘ 

ʦʧʨʝʜʝʣʷʝʪʩʷ ʜʦʣʝʡ ʛʝʢʩʘʛʦʥʘʣʴʥʳʭ ʩʣʦʝʚ ʚ ʩʪʨʫʢʪʫʨʝ ʧʦʣʠʪʠʧʘ. ʉʨʝʜʠ ʠʟʚʝʩʪʥʳʭ ʧʦʣʠ-

ʪʠʧʦʚ, ʢʫʙʠʯʝʩʢʠʡ (3ʉ) ʠ ʜʚʘ ʛʝʢʩʘʛʦʥʘʣʴʥʳʭ (4ʅ, 6ʅ) ʥʘʠʙʦʣʝʝ ʧʦʜʭʦʜʷʪ ʜʣʷ ʧʨʠʣʦʞʝ-

ʥʠʡ. ʀʥʬʦʨʤʘʮʠʷ ʧʦ ʫʧʨʫʛʠʤ ʢʦʥʩʪʘʥʪʘʤ ʷʚʣʷʝʪʩʷ ʦʙʱʝʜʦʩʪʫʧʥʦʡ ʠ ʦʧʫʙʣʠʢʦʚʘʥʘ ʚ ʥʘ-

ʜʝʞʥʳʭ ʠʩʪʦʯʥʠʢʘʭ.  

ɹʳʣʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʚʷʟʢʦʩʪʴ ʨʘʟʨʫʰʝʥʠʷ ʢʘʨʙʠʜʦʢʨʝʤʥʠʝʚʳʭ ʪʦʥʢʠʭ ʧʣʝʥʦʢ ʠ 

ʩʪʨʫʢʪʫʨ ʤʠʢʨʦʤʝʭʘʥʠʢʠ ʚ 3-4 ʨʘʟʘ ʚʳʰʝ, ʯʝʤ ʜʣʷ ʢʨʝʤʥʠʷ [123]. ʆʜʥʘʢʦ ʧʦ ʟʥʘʯʝʥʠʷʤ 

ʪʚʝʨʜʦʩʪʠ, ʥʘʜʝʞʥʘʷ ʠʥʬʦʨʤʘʮʠʷ ʦʪʩʫʪʩʪʚʫʝʪ. ʉʦʦʙʱʘʝʪʩʷ, ʯʪʦ ʪʚʝʨʜʦʩʪʴ ʧʦ ʂʥʫʧʫ ʩʦ-

ʩʪʘʚʣʷʝʪ 2480 ʢʛĿʤʤ
ī2

 ʠ 1830 ʢʛĿʤʤ
ī2

 ʜʣʷ 3ʉ ʠ 6ʅ ʧʦʣʠʪʠʧʦʚ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʘ ʤʠʢʨʦ-

ʪʚʝʨʜʦʩʪʴ ʜʣʷ 6ʅ ʩʦʩʪʘʚʣʷʝʪ 22,9 ɻʇʘ ʠ 25 ɻʇʘ. ɿʥʘʯʝʥʠʷ ʤʦʜʫʣʷ ʫʧʨʫʛʦʩʪʠ ʚʘʨʴʠʨʫʶʪʩʷ 

ʦʪ 380 ʜʦ 700 ɻʇʘ ʜʣʷ 3ʉ ʧʦʣʠʪʠʧʘ [121]. ɸʥʠʟʦʪʨʦʧʠʷ ʚ ʢʫʙʠʯʝʩʢʦʤ ʢʨʠʩʪʘʣʣʝ ʦʧʨʝʜʝʣʷ-

ʝʪʩʷ 2C44/(C11 ī C12). ʈʘʩʯʝʪʥʦʝ ʟʥʘʯʝʥʠʝ ʢʦʵʬʬʠʮʠʝʥʪʘ ʘʥʠʟʦʪʨʦʧʠʠ ʣʝʞʠʪ ʚ ʜʠʘʧʘʟʦʥʝ ʦʪ 

1,6 ʜʦ 2,2, ʪ.ʝ. ʤʦʜʫʣʴ ʫʧʨʫʛʦʩʪʠ ʷʚʣʷʝʪʩʷ ʘʥʠʟʦʪʨʦʧʥʦʡ ʚʝʣʠʯʠʥʦʡ. 

ʉʣʝʜʦʚʘʪʝʣʴʥʦ, ʤʦʜʫʣʴ ʫʧʨʫʛʦʩʪʠ ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʧʣʝʥʦʢ ʢʘʨʙʠʜʘ ʢʨʝʤʥʠʷ 

ʥʠʞʝ ʤʘʢʩʠʤʘʣʴʥʦʛʦ ʟʥʘʯʝʥʠʷ ʤʦʥʦʢʨʠʩʪʘʣʣʘ, ʯʪʦ ʙʳʣʦ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʧʦʜʪʚʝʨʞʜʝʥʦ 

[123]. ʊʝʤʧʝʨʘʪʫʨʥʳʡ ʢʦʵʬʬʠʮʠʝʥʪ ʤʦʜʫʣʷ ʫʧʨʫʛʦʩʪʠ ʩʦʩʪʘʚʣʷʝʪ ʚʝʣʠʯʠʥʫ ʧʦʨʷʜʢʘ -0,02 

ɻʇʘĿʂ
ī1

 ʚʧʣʦʪʴ ʜʦ 1000 ÁC ʠ ʥʝ ʟʘʚʠʩʠʪ ʦʪ ʧʦʣʠʪʠʧʘ. 

ʄʠʢʨʦʤʝʭʘʥʠʯʝʩʢʠʝ ʫʩʪʨʦʡʩʪʚʘ ʠʟʛʦʪʘʚʣʠʚʘʶʪʩʷ ʢʘʢ ʥʘ ʦʩʥʦʚʝ ʤʦʥʦʢʨʠʩʪʘʣʣʠʯʝ-

ʩʢʠʭ ʧʦʜʣʦʞʝʢ ʢʘʨʙʠʜʘ ʢʨʝʤʥʠʷ, ʪʘʢ ʠ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʪʦʥʢʠʭ ʩʣʦʝʚ. ɺ ʩʣʫʯʘʝ ʩʦʟʜʘʥʠʷ 

ʤʠʢʨʦʤʝʭʘʥʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʳ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʤʦʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʧʦʜʣʦʞʢʠ ʠʩ-

ʧʦʣʴʟʫʝʪʩʷ ʪʝʭʥʦʣʦʛʠʷ ʦʙʲʝʤʥʦʡ ʤʠʢʨʦʤʝʭʘʥʠʢʠ. ʀʟʛʦʪʦʚʣʝʥʠʝ ʫʩʪʨʦʡʩʪʚʘ ʥʝʧʦʩʨʝʜʩʪ-

ʚʝʥʥʦ ʠʟ ʤʘʪʝʨʠʘʣʘ ʧʦʜʣʦʞʢʠ ʠʤʝʝʪ ʩʫʱʝʩʪʚʝʥʥʦʝ ʧʨʝʠʤʫʱʝʩʪʚʦ ʟʘ ʩʯʝʪ ʩʭʦʞʝʩʪʠ ʝʛʦ 

ʤʝʭʘʥʠʯʝʩʢʠʭ ʠ ʵʣʝʢʪʨʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʩʦ ʩʚʦʡʩʪʚʘʤʠ ʠʩʭʦʜʥʦʡ ʧʦʜʣʦʞʢʠ. ɺ ʨʝʟʫʣʴʪʘʪʝ 

ʥʝ ʪʨʝʙʫʝʪʩʷ ʧʨʦʚʦʜʠʪ ʦʧʪʠʤʠʟʘʮʠʶ ʤʘʪʝʨʠʘʣʘ ʧʦ ʛʨʘʜʠʝʥʪʘʤ ʥʘʧʨʷʞʝʥʠʡ ʠ ʜʝʬʦʨʤʘʮʠʡ. 
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ʆʜʥʘʢʦ, ʩ ʪʦʯʢʠ ʟʨʝʥʠʷ ʢʦʥʝʯʥʦʛʦ ʫʩʪʨʦʡʩʪʚʘ, ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʦʙʲʝʤʥʦʡ ʤʠʢʨʦʤʝʭʘʥʠʢʠ 

ʜʦʩʪʘʪʦʯʥʦ ʩʠʣʴʥʦ ʦʛʨʘʥʠʯʠʚʘʝʪ ʩʧʝʢʪʨ ʢʦʥʩʪʨʫʢʮʠʡ, ʢʦʪʦʨʳʝ ʤʦʛʫʪ ʙʳʪʴ ʨʝʘʣʠʟʦʚʘʥʳ. 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʙʦʣʴʰʠʥʩʪʚʦ ʢʘʨʙʠʜʦʢʨʝʤʥʠʝʚʳʭ ʫʩʪʨʦʡʩʪʚ ʠʟʛʦʪʘʚʣʠʚʘʶʪʩʷ ʩ ʠʩʧʦʣʴʟʦ-

ʚʘʥʠʝʤ ʤʝʪʦʜʦʚ ʧʦʚʝʨʭʥʦʩʪʥʦʡ ʤʠʢʨʦʤʝʭʘʥʠʢʠ. 

ɺ ʪʝʭʥʦʣʦʛʠʠ ʧʦʚʝʨʭʥʦʩʪʥʦʡ ʤʠʢʨʦʤʝʭʘʥʠʢʠ, ʩʪʨʫʢʪʫʨʥʳʡ ʩʣʦʡ ʢʘʨʙʠʜʘ ʢʨʝʤʥʠʷ 

ʦʙʳʯʥʦ ʦʩʘʞʜʘʝʪʩʷ ʥʘ ʩʣʦʡ ʜʨʫʛʦʛʦ ʤʘʪʝʨʠʘʣʘ (ʞʝʨʪʚʝʥʥʳʡ ʠʣʠ ʠʟʦʣʠʨʫʶʱʠʡ ʩʣʦʡ), ʯʪʦ 

ʧʨʠʚʦʜʠʪ ʢ ʦʪʢʣʦʥʝʥʠʶ ʢʘʢ ʵʣʝʢʪʨʠʯʝʩʢʠʭ, ʪʘʢ ʠ ʤʝʭʘʥʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ 

ʧʘʨʘʤʝʪʨʘʤʠ ʧʦʜʣʦʞʢʠ. ʇʨʠ ʩʦʚʨʝʤʝʥʥʦʤ ʩʦʩʪʦʷʥʠʠ ʪʝʭʥʦʣʦʛʠʠ ʥʝʚʦʟʤʦʞʥʦ ʧʦʣʫʯʠʪʴ 

ʤʦʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʡ SiC ʩ ʵʣʝʢʪʨʠʯʝʩʢʠʤʠ ʠ ʤʝʭʘʥʠʯʝʩʢʠʤʠ ʩʚʦʡʩʪʚʘʤʠ, ʦʧʪʠʤʠʟʠʨʦ-

ʚʘʥʥʳʤʠ ʜʣʷ ʤʠʢʨʦʤʝʭʘʥʠʢʠ, ʥʘ ʰʠʨʦʢʦ ʠʩʧʦʣʴʟʫʝʤʳʭ ʞʝʨʪʚʝʥʥʳʭ ʠʣʠ ʠʟʦʣʠʨʫʶʱʠʭ 

ʩʣʦʷʭ: ʧʦʣʠ ʢʨʝʤʥʠʡ, ʜʠʦʢʩʠʜ ʢʨʝʤʥʠʷ ʠ ʥʠʪʨʠʜ ʢʨʝʤʥʠʷ. ʆʜʥʘʢʦ, ʤʠʢʨʦʤʝʭʘʥʠʯʝʩʢʠʝ 

ʫʩʪʨʦʡʩʪʚʘ, ʚ ʩʨʘʚʥʝʥʠʠ ʩ ʵʣʝʢʪʨʦʥʥʳʤʠ ʢʦʤʧʦʥʝʥʪʘʤʠ, ʥʝ ʧʨʝʜʲʷʚʣʷʶʪ ʪʘʢʠʭ ʞʝʩʪʢʠʭ 

ʪʨʝʙʦʚʘʥʠʡ ʢ ʵʣʝʢʪʨʠʯʝʩʢʠʤ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤ. ʊʘʢ, ʥʘʧʨʠʤʝʨ, ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʠʡ ʢʘʨ-

ʙʠʜ ʢʨʝʤʥʠʷ ʤʦʞʝʪ ʙʳʪʴ ʧʦʣʫʯʝʥ ʩ ʤʝʭʘʥʠʯʝʩʢʠʤʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ ʩʦʧʦʩʪʘʚʠʤʳʤʠ ʩ 

ʤʦʥʦʢʨʠʩʪʘʣʣʦʤ ʠ ʠʤʝʪʴ ʵʣʝʢʪʨʠʯʝʩʢʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʜʦʩʪʘʪʦʯʥʳʝ ʜʣʷ ʧʨʠʤʝʥʝʥʠʡ ʚ 

ʧʨʠʣʦʞʝʥʠʷʭ ʤʠʢʨʦʤʝʭʘʥʠʢʠ. ʇʦ ʩʦʩʪʦʷʥʠʶ ʥʘ ʩʝʛʦʜʥʷʰʥʠʡ ʜʝʥʴ ʙʦʣʴʰʠʥʩʪʚʦ ʢʘʨʙʠ-

ʜʦʢʨʝʤʥʠʝʚʳʭ ʤʠʢʨʦʤʝʭʘʥʠʯʝʩʢʠʭ ʫʩʪʨʦʡʩʪʚ ʠʟʛʦʪʘʚʣʠʚʘʶʪʩʷ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʧʦʣʠ-

ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ ʢʘʨʙʠʜʘ ʢʨʝʤʥʠʷ [124]. ʊʘʢʞʝ ʠʩʧʦʣʴʟʫʝʪʩʷ ʠ ʘʤʦʨʬʥʳʡ ʢʘʨʙʠʜ ʢʨʝʤ-

ʥʠʷ, ʭʦʪʷ ʚ ʦʩʥʦʚʥʦʤ ʵʣʝʢʪʨʦʠʟʦʣʠʨʫʶʱʠʡ [125]. 

ʂʣʶʯʝʚʳʤʠ ʧʨʦʙʣʝʤʘʤʠ ʚ ʪʝʭʥʦʣʦʛʠʠ ʪʦʥʢʦʧʣʝʥʦʯʥʳʭ ʘʤʦʨʬʥʳʭ ʠ ʧʦʣʠʢʨʠʩʪʘʣ-

ʣʠʯʝʩʢʠʭ ʧʣʝʥʦʢ ʢʘʨʙʠʜʘ ʢʨʝʤʥʠʷ ʷʚʣʷʶʪʩʷ ʦʩʪʘʪʦʯʥʳʝ ʥʘʧʨʷʞʝʥʠʷ ʠ ʛʨʘʜʠʝʥʪ ʥʘʧʨʷʞʝ-

ʥʠʡ ʚ ʦʩʘʞʜʝʥʥʳʭ ʧʣʝʥʢʘʭ. ʀʟʚʝʩʪʥʦ ʤʥʦʛʦ ʬʘʢʪʦʨʦʚ ʧʨʠʚʦʜʷʱʠʭ ʢ ʚʦʟʥʠʢʥʦʚʝʥʠʶ ʦʩʪʘ-

ʪʦʯʥʳʭ ʥʘʧʨʷʞʝʥʠʡ ʚ ʪʦʥʢʠʭ ʧʣʝʥʢʘʭ [126]. 

ʇʣʝʥʢʠ ʦʩʘʞʜʘʶʪʩʷ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ, ʟʥʘʯʠʪʝʣʴʥʦ ʧʨʝʚʳʰʘʶʱʠʭ ʪʝʤʧʝʨʘʪʫʨʫ 

ʦʢʨʫʞʘʶʱʝʡ ʩʨʝʜʳ, ʠ ʨʘʟʥʠʮʘ ʚ ʢʦʵʬʬʠʮʠʝʥʪʘʭ ʪʝʧʣʦʚʦʛʦ ʨʘʩʰʠʨʝʥʠʷ ʤʝʞʜʫ ʧʣʝʥʢʦʡ ʠ 

ʥʠʞʝʣʝʞʘʱʠʤʠ ʩʣʦʷʤʠ ʧʨʠʚʦʜʠʪ ʢ ʦʙʨʘʟʦʚʘʥʠʶ ʥʘʧʨʷʞʝʥʠʡ ʧʨʠ ʦʙʨʘʪʥʦʤ ʦʭʣʘʞʜʝʥʠʠ 

ʜʦ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʳ. ʂʨʠʩʪʘʣʣʠʯʝʩʢʠʝ ʜʝʬʝʢʪʳ, ʚʢʣʶʯʝʥʠʷ ʧʨʠʤʝʩʝʡ, ʨʦʩʪ ʠ ʦʨʠ-

ʝʥʪʘʮʠʷ ʟʝʨʝʥ ʪʘʢʞʝ ʷʚʣʷʶʪʩʷ ʠʩʪʦʯʥʠʢʘʤʠ ʥʘʧʨʷʞʝʥʠʷ ʚ ʧʣʝʥʢʝ. ʂʦʛʜʘ ʤʠʢʨʦʤʝʭʘʥʠʯʝ-

ʩʢʘʷ ʩʪʨʫʢʪʫʨʘ ʚʳʩʚʦʙʦʞʜʘʝʪʩʷ, ʨʝʣʘʢʩʘʮʠʷ ʦʩʪʘʪʦʯʥʳʭ ʥʘʧʨʷʞʝʥʠʡ ʤʦʞʝʪ ʧʨʠʚʝʩʪʠ ʢ 

ʜʝʬʦʨʤʘʮʠʠ ʩʪʨʫʢʪʫʨʥʦʛʦ ʩʣʦʷ. ɺ ʧʨʝʜʝʣʴʥʳʭ ʩʣʫʯʘʷʭ ʪʦʥʢʘʷ ʧʣʝʥʢʘ ʤʦʞʝʪ ʨʘʩʪʨʝʩʢʠ-

ʚʘʪʴʩʷ ʠʣʠ ʜʘʞʝ ʦʪʩʣʘʠʚʘʪʴʩʷ ʦʪ ʥʠʞʝʣʝʞʘʱʠʭ ʩʣʦʝʚ. 

ɺ ʫʩʪʨʦʡʩʪʚʘʭ ʤʠʢʨʦʤʝʭʘʥʠʢʠ ʦʙʳʯʥʦ ʠʩʧʦʣʴʟʫʶʪʩʷ ʟʥʘʯʠʪʝʣʴʥʦ ʙʦʣʝʝ ʪʦʣʩʪʳʝ 

ʧʣʝʥʢʠ, ʯʝʤ ʚ ʵʣʝʢʪʨʦʥʥʳʭ ʢʦʤʧʦʥʝʥʪʘʭ. ʕʪʦ ʝʱʝ ʙʦʣʴʰʝ ʫʩʣʦʞʥʷʝʪ ʧʨʦʮʝʩʩ ʩʦʟʜʘʥʠʷ 

ʧʣʝʥʢʠ ʩ ʥʠʟʢʠʤʠ ʥʘʧʨʷʞʝʥʠʷʤʠ ʠ ʤʘʣʳʤʠ ʛʨʘʜʠʝʥʪʘʤʠ. ʇʦʵʪʦʤʫ ʜʣʷ ʠʟʛʦʪʦʚʣʝʥʠʷ ʤʠʢ-
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ʨʦʤʝʭʘʥʠʯʝʩʢʠʭ ʩʪʨʫʢʪʫʨ ʪʨʝʙʫʶʪʩʷ ʧʨʦʮʝʩʩʳ, ʚ ʢʦʪʦʨʳʭ ʤʦʞʥʦ ʩ ʚʳʩʦʢʦʡ ʩʪʝʧʝʥʴʶ 

ʪʦʯʥʦʩʪʠ ʢʦʥʪʨʦʣʠʨʦʚʘʪʴ ʤʝʭʘʥʠʯʝʩʢʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʦʩʘʞʜʘʝʤʳʭ ʪʦʥʢʠʭ ʧʣʝʥʦʢ. 

1.4.4.2 ʊʝʭʥʦʣʦʛʠʷ ʠʟʛʦʪʦʚʣʝʥʠʷ ʢʘʨʙʠʜʦʢʨʝʤʥʠʝʚʳʭ ʤʠʢʨʦʤʝʭʘʥʠʯʝʩʢʠʭ ʢʣʶʯʝʡ ʥʘ ʧʦʜ-

ʣʦʞʢʝ ʢʨʝʤʥʠʷ 

ʆʩʥʦʚʥʦʡ ʢʦʤʧʦʟʠʮʠʝʡ çʧʦʜʚʠʞʥʳʡ ʵʣʝʤʝʥʪ/ʞʝʨʪʚʝʥʥʳʡ ʩʣʦʡè ʷʚʣʷʝʪʩʷ çʢʘʨʙʠʜ 

ʢʨʝʤʥʠʷ/ʥʠʪʨʠʜ ʘʣʶʤʠʥʠʷè. ʂ ʢʦʤʧʦʟʠʮʠʠ ʧʨʝʜʲʷʚʣʷʶʪʩʷ ʩʣʝʜʫʶʱʠʝ ʪʨʝʙʦʚʘʥʠʷ: 

ī ʩʦʚʤʝʩʪʠʤʦʩʪʴ ʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʨʝʰʝʪʦʢ; 

ī ʪʝʨʤʦʤʝʭʘʥʠʯʝʩʢʘʷ ʩʦʚʤʝʩʪʠʤʦʩʪʴ; 

ī ʫʩʪʦʡʯʠʚʦʩʪʴ ʤʘʪʝʨʠʘʣʘ ʚ ʫʩʣʦʚʠʷʭ ʚʦʟʜʝʡʩʪʚʠʷ ʩʠʣʴʥʳʭ ʵʣʝʢʪʨʠʯʝʩʢʠʭ ʠ ʤʘʛ-

ʥʠʪʥʳʭ ʧʦʣʝʡ, ʘ ʪʘʢʞʝ ʚʳʩʦʢʦʡ ʪʝʤʧʝʨʘʪʫʨʳ; 

ī ʩʧʦʩʦʙʥʦʩʪʴ ʚʦʩʩʪʘʥʘʚʣʠʚʘʪʴ ʠʩʭʦʜʥʫʶ ʬʦʨʤʫ ʧʨʠ ʤʝʭʘʥʠʯʝʩʢʠʭ ʠʣʠ ʪʝʨʤʠʯʝ-

ʩʢʠʭ ʚʦʟʜʝʡʩʪʚʠʷʭ ʨʘʟʥʦʡ ʜʣʠʪʝʣʴʥʦʩʪʠ ʠ ʮʠʢʣʠʯʥʦʩʪʠ. 

ʄʘʪʝʨʠʘʣʳ ʢʦʤʧʦʟʠʮʠʠ ʠ ʧʦʜʣʦʞʢʘ ʦʙʣʘʜʘʶʪ ʭʦʨʦʰʝʡ ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʦʡ ʩʦ-

ʚʤʝʩʪʠʤʦʩʪʴʶ. ʅʝʟʥʘʯʠʪʝʣʴʥʘʷ ʨʘʟʥʠʮʘ ʚ ʢʦʵʬʬʠʮʠʝʥʪʘʭ ʪʝʧʣʦʚʦʛʦ ʨʘʩʰʠʨʝʥʠʷ ʦʙʝʩʧʝ-

ʯʠʚʘʝʪ ʥʠʟʢʠʡ ʚʢʣʘʜ ʵʪʦʛʦ ʬʘʢʪʦʨʘ ʚ ʬʦʨʤʠʨʦʚʘʥʠʝ ʦʩʪʘʪʦʯʥʳʭ ʤʝʭʘʥʠʯʝʩʢʠʭ ʥʘʧʨʷʞʝ-

ʥʠʡ. ʉʝʣʝʢʪʠʚʥʦʩʪʴ ʪʨʘʚʣʝʥʠʷ ʥʠʪʨʠʜʘ ʘʣʶʤʠʥʠʷ, ʧʦʟʚʦʣʷʝʪ ʠʩʧʦʣʴʟʦʚʘʪʴ ʝʛʦ ʚ ʢʘʯʝʩʪʚʝ 

ʞʝʨʪʚʝʥʥʦʛʦ ʩʣʦʷ ʧʨʠ ʩʦʟʜʘʥʠʠ ʤʠʢʨʦʤʝʭʘʥʠʯʝʩʢʠʭ ʧʦʜʚʠʞʥʳʭ ʩʪʨʫʢʪʫʨ. 

ɺ ʢʘʯʝʩʪʚʝ ʠʩʭʦʜʥʦʡ ʩʪʨʫʢʪʫʨʳ ʜʣʷ ʩʦʟʜʘʥʠʷ ʤʠʢʨʦʤʝʭʘʥʠʯʝʩʢʦʛʦ ʢʣʶʯʘ ʧʦ ʨʘʟʨʘ-

ʙʦʪʘʥʥʦʡ ʪʝʭʥʦʣʦʛʠʠ ʙʝʨʝʪʩʷ ʩʪʘʥʜʘʨʪʥʘʷ ʧʣʘʩʪʠʥʘ ʢʨʝʤʥʠʷ ʜʠʘʤʝʪʨʦʤ 100 ʤʤ ʦʨʠʝʥʪʘ-

ʮʠʝʡ (100). ʇʝʨʝʜ ʧʦʩʣʝʜʫʶʱʠʤʠ ʦʧʝʨʘʮʠʷʤʠ ʧʣʘʩʪʠʥʘ ʧʦʜʚʝʨʛʘʝʪʩʷ ʦʯʠʩʪʢʝ ʩ ʮʝʣʴʶ 

ʫʜʘʣʠʪʴ ʦʨʛʘʥʠʯʝʩʢʠʝ ʠ ʤʝʭʘʥʠʯʝʩʢʠʝ ʟʘʛʨʷʟʥʝʥʠʷ. ɼʣʷ ʵʪʦʛʦ ʠʩʧʦʣʴʟʫʝʪʩʷ ʧʦʩʣʝʜʦʚʘ-

ʪʝʣʴʥʳʡ ʜʚʫʭʩʪʘʜʠʡʥʳʡ ʧʨʦʮʝʩʩ ï cʥʘʯʘʣʘ ʚ ʧʝʨʝʢʠʩʥʦʩʝʨʥʦʤ ʨʘʩʪʚʦʨʝ, ʘ ʟʘʪʝʤ ʚ ʨʘʩʪʚʦ-

ʨʝ ʘʤʤʠʘʢʘ, ʧʝʨʝʢʠʩʠ ʚʦʜʦʨʦʜʘ ʠ ʜʝʠʦʥʠʟʦʚʘʥʥʦʡ ʚʦʜʳ. 

ɼʘʣʝʝ, ʥʘ ʧʦʚʝʨʭʥʦʩʪʴ ʧʣʘʩʪʠʥʳ ʩ ʜʚʫʭ ʩʪʦʨʦʥ ʥʘʥʦʩʷʪʩʷ ʟʘʱʠʪʥʦ-ʠʟʦʣʠʨʫʶʱʠʝ 

ʩʣʦʠ SiO2. ʉʥʘʯʘʣʘ ʪʝʨʤʠʯʝʩʢʦʝ ʦʢʠʩʣʝʥʠʝ ʜʦ 0,2 ʤʢʤ, ʘ ʟʘʪʝʤ ʥʘ ʣʠʮʝʚʦʡ ʩʪʦʨʦʥʝ ʧʣʘʟ-

ʤʦʭʠʤʠʯʝʩʢʦʝ ʦʢʠʩʣʝʥʠʝ ʜʦ 1,6 ʤʢʤ (ʨʠʩʫʥʦʢ 1.75, ʵʪʘʧ 1). 

ɿʘʪʝʤ, ʥʘ ʣʠʮʝʚʫʶ ʧʦʚʝʨʭʥʦʩʪʴ ʧʦʜʣʦʞʢʠ ʥʘʥʦʩʠʪʩʷ ʢʦʤʧʦʟʠʮʠʷ ʠʟ ʪʨʝʭ ʩʣʦʝʚ ʤʝ-

ʪʘʣʣʘ: Cr\Ni\V (ʨʠʩʫʥʦʢ 1.75, ʵʪʘʧ 2).  
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ʈʠʩʫʥʦʢ 1.75 ï ʇʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʴ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʭ ʦʧʝʨʘʮʠʡ ʠʟʛʦʪʦʚʣʝʥʠʷ ʢʘʨʙʠʜʦʢ-

ʨʝʤʥʠʝʚʳʭ ʢʣʶʯʝʡ ʥʘ ʧʦʜʣʦʞʢʝ ʢʨʝʤʥʠʷ 

 

ʇʨʠ ʚʳʙʦʨʝ ʤʘʪʝʨʠʘʣʘ ʤʝʪʘʣʣʠʟʘʮʠʠ ʥʝʦʙʭʦʜʠʤʦ ʦʙʝʩʧʝʯʠʪʴ ʧʦʣʫʯʝʥʠʝ ʪʦʥʢʦʛʦ 

ʩʣʦʷ ʤʝʪʘʣʣʠʟʘʮʠʠ ʩ ʭʦʨʦʰʝʡ ʧʨʦʚʦʜʠʤʦʩʪʴʶ, ʭʦʨʦʰʫʶ ʘʜʛʝʟʠʶ, ʪʝʨʤʦʩʪʦʡʢʦʩʪʴ ʠ ʭʠ-

ʤʠʯʝʩʢʫʶ ʩʦʚʤʝʩʪʠʤʦʩʪʴ ʩ ʧʦʜʣʦʞʢʦʡ ʠ ʜʨʫʛʠʤʠ ʩʣʦʷʤʠ ʢʦʤʧʦʟʠʮʠʠ. ʉʣʦʡ Cr ʦʙʝʩʧʝʯʠ-

ʚʘʝʪ ʘʜʛʝʟʠʶ ʥʠʢʝʣʷ ʢ ʧʦʜʣʦʞʢʝ, ʥʠʢʝʣʴ ʦʙʝʩʧʝʯʠʚʘʝʪ ʧʨʦʚʦʜʠʤʦʩʪʴ, ʚʘʥʘʜʠʡ ʥʘʥʦʩʠʪʩʷ 

ʜʣʷ ʦʙʝʩʧʝʯʝʥʠʷ ʘʜʛʝʟʠʠ ʥʠʪʨʠʜʘ ʘʣʶʤʠʥʠʷ ʢ ʧʦʚʝʨʭʥʦʩʪʠ ʥʠʢʝʣʷ. ɺʘʥʘʜʠʡ ʫʜʘʣʷʝʪʩʷ ʥʘ 

ʟʘʚʝʨʰʘʶʱʝʤ ʵʪʘʧʝ ʪʝʭʥʦʣʦʛʠʯʝʩʢʦʛʦ ʧʨʦʮʝʩʩʘ, ʦʙʝʩʧʝʯʠʚʘʷ ʨʘʟʜʝʣʝʥʠʝ ʤʝʪʘʣʣʠʟʘʮʠʠ 

ʥʠʞʥʝʛʦ ʠ ʚʝʨʭʥʝʛʦ ʵʣʝʢʪʨʦʜʦʚ. 

ʅʝʦʙʭʦʜʠʤʦ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʚ ʨʝʟʫʣʴʪʘʪʝ ʜʘʥʥʦʛʦ ʪʝʭʥʦʣʦʛʠʯʝʩʢʦʛʦ ʵʪʘʧʘ ʙʳʣʘ 

ʩʬʦʨʤʠʨʦʚʘʥʘ ʪʦʧʦʣʦʛʠʷ ʩʣʦʷ ʥʠʞʥʝʡ ʤʝʪʘʣʣʠʟʘʮʠʠ ʩ ʜʦʩʪʘʪʦʯʥʦʡ ʩʪʝʧʝʥʴʶ ʪʦʯʥʦʩʪʠ. ɺ 
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ʭʦʜʝ ʧʨʦʮʝʩʩʘ ʪʨʘʚʣʝʥʠʷ ʥʘʙʣʶʜʘʣʩʷ ʥʝʙʦʣʴʰʦʡ ʙʦʢʦʚʦʡ ʧʦʜʪʨʘʚ ʧʦʨʷʜʢʘ ʪʦʣʱʠʥʳ ʤʝ-

ʪʘʣʣʠʟʘʮʠʠ, ʢʦʪʦʨʳʡ ʫʜʘʣʦʩʴ ʩʢʦʤʧʝʥʩʠʨʦʚʘʪʴ ʟʘ ʩʯʝʪ ʫʚʝʣʠʯʝʥʠʷ ʰʠʨʠʥʳ ʜʦʨʦʞʝʢ. 

ʅʘ ʩʣʝʜʫʶʱʝʤ ʵʪʘʧʝ (ʨʠʩʫʥʦʢ 1.75, ʵʪʘʧ 3) ʥʘʥʦʩʠʪʩʷ ʞʝʨʪʚʝʥʥʳʡ ʩʣʦʡ ʥʠʪʨʠʜʘ 

ʘʣʶʤʠʥʠʷ. ʄʝʪʦʜ ʧʦʣʫʯʝʥʠʷ ʵʧʠʪʘʢʩʠʘʣʴʥʦʛʦ ʩʣʦʷ AlN - ʤʘʛʥʝʪʨʦʥʥʦʝ ʨʘʩʧʳʣʝʥʠʝ ʘʣʶ-

ʤʠʥʠʝʚʦʡ ʤʠʰʝʥʠ ʚ ʩʨʝʜʝ ʘʨʛʦʥʘ ʠ ʘʟʦʪʘ (50 ʦʙ. %), ʪʦʢ ʨʘʟʨʷʜʘ 0,7 ɸ, ʪʝʤʧʝʨʘʪʫʨʘ 300 ï 

450 Üʉ, ʧʨʠ ʵʪʦʤ ʩʢʦʨʦʩʪʴ ʨʦʩʪʘ ʦʢʦʣʦ 1 ʤʢʤ/ʯ. ɼʘʣʝʝ ʧʨʦʚʦʜʠʪʩʷ ʬʦʪʦʣʠʪʦʛʨʘʬʠʷ ʜʣʷ 

ʬʦʨʤʠʨʦʚʘʥʠʷ ʦʢʦʥ ʚ ʩʣʦʝ AlN ʚ ʦʙʣʘʩʪʠ ʷʢʦʨʷ ʠ ʢʦʥʪʘʢʪʦʚ ʢ ʣʠʥʠʠ ʧʝʨʝʜʘʯʠ. ʊʨʘʚʣʝʥʠʝ 

AlN ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ ʚ ʛʦʨʷʯʝʡ ʦʨʪʦʬʦʩʬʦʨʥʦʡ ʢʠʩʣʦʪʝ ʠʣʠ ʚ ʨʘʩʪʚʦʨʝ ʂʆʅ (33 %). ɺ ʭʦʜʝ 

ʪʨʘʚʣʝʥʠʷ AlN ʚ ʛʦʨʷʯʝʡ ʦʨʪʦʬʦʩʬʦʨʥʦʡ ʢʠʩʣʦʪʝ ʥʘʙʣʶʜʘʣʦʩʴ ʦʪʩʣʘʠʚʘʥʠʝ ʞʝʨʪʚʝʥʥʦʛʦ 

ʩʣʦʷ. ɺ ʢʘʯʝʩʪʚʝ ʨʝʰʝʥʠʷ ʜʘʥʥʦʡ ʧʨʦʙʣʝʤʳ ʙʳʣʦ ʧʨʝʜʣʦʞʝʥʦ: 

ī ʧʨʦʚʝʩʪʠ ʧʨʝʜʚʘʨʠʪʝʣʴʥʫʶ ʠʦʥʥʫʶ ʦʯʠʩʪʢʫ ʧʣʘʩʪʠʥʳ; 

ī ʧʦʚʳʩʠʪʴ ʪʝʤʧʝʨʘʪʫʨʫ ʧʦʜʣʦʞʢʠ; 

ī ʠʩʧʦʣʴʟʦʚʘʪʴ ʤʘʩʢʫ ʠʟ ʧʦʜʩʣʦʷ ʪʠʪʘʥʘ. 

ɼʘʣʝʝ ʥʘʥʦʩʠʪʩʷ ʪʨʝʭʩʣʦʡʥʘʷ ʢʦʤʧʦʟʠʮʠʷ ʤʝʪʘʣʣʦʚ ʜʣʷ ʬʦʨʤʠʨʦʚʘʥʠʷ ʚʝʨʭʥʝʛʦ 

ʵʣʝʢʪʨʦʜʘ: V\Ni\Cr (ʨʠʩʫʥʦʢ 1.75, ʵʪʘʧ 4). ɿʘʪʝʤ ʧʨʦʚʦʜʠʪʩʷ ʬʦʪʦʣʠʪʦʛʨʘʬʠʷ ʩ ʧʦʩʣʝʜʫʶ-

ʱʠʤ ʞʠʜʢʦʩʪʥʳʤ ʪʨʘʚʣʝʥʠʝʤ ʜʣʷ ʬʦʨʤʠʨʦʚʘʥʠʷ ʪʦʧʦʣʦʛʠʠ ʚʝʨʭʥʝʛʦ ʵʣʝʢʪʨʦʜʘ. 

ʅʘ ʧʷʪʦʤ ʵʪʘʧʝ ʥʘʥʦʩʠʪʩʷ ʩʣʦʡ ʢʘʨʙʠʜʘ ʢʨʝʤʥʠʷ ʤʘʛʥʝʪʨʦʥʥʳʤ ʨʘʩʧʳʣʝʥʠʝʤ (ʨʠ-

ʩʫʥʦʢ 1.75, ʵʪʘʧ 5). ɺ ʨʝʟʫʣʴʪʘʪʝ ʬʦʨʤʠʨʫʶʪʩʷ ʧʣʝʥʢʠ ʢʘʨʙʠʜʘ ʢʨʝʤʥʠʷ ʢʫʙʠʯʝʩʢʦʛʦ ʧʦ-

ʣʠʪʠʧʘ n-ʪʠʧʘ ʩ ʫʜʝʣʴʥʳʤ ʩʦʧʨʦʪʠʚʣʝʥʠʝʤ ʧʦʨʷʜʢʘ 10 ʆʤĿʩʤ. 

ɼʣʷ ʬʦʨʤʠʨʦʚʘʥʠʷ ʨʠʩʫʥʢʘ ʧʦʜʚʠʞʥʦʛʦ ʵʣʝʤʝʥʪʘ ʤʠʢʨʦʤʝʭʘʥʠʯʝʩʢʦʛʦ ʢʣʶʯʘ ʧʨʦ-

ʚʦʜʠʪʩʷ ʬʦʪʦʣʠʪʦʛʨʘʬʠʷ ʩ ʧʦʩʣʝʜʫʶʱʠʤ ʨʝʘʢʪʠʚʥʳʤ ʠʦʥʥʦ-ʧʣʘʟʤʝʥʥʳʤ ʪʨʘʚʣʝʥʠʝʤ 

(ʈʀʇʊ) ʚ ʧʣʘʟʤʝ SF6 ʥʘ ʫʩʪʘʥʦʚʢʝ ɺʏ ʤʘʛʥʝʪʨʦʥʥʦʛʦ ʪʨʘʚʣʝʥʠʷ. ʄʘʩʢʦʡ ʧʨʠ ʈʀʇʊ ʩʣʫ-

ʞʠʪ ʩʣʦʡ ʘʣʶʤʠʥʠʷ, ʥʘʥʝʩʝʥʥʳʡ ʧʦʚʝʨʭ ʩʣʦʷ SiC. ɼʣʷ SiC, ʭʘʨʘʢʪʝʨʠʟʫʶʱʝʛʦʩʷ ʙʦʣʴʰʠ-

ʤʠ ʵʥʝʨʛʠʷʤʠ ʩʚʷʟʠ ʢʨʝʤʥʠʷ ʠ ʫʛʣʝʨʦʜʘ, ʘʢʪʫʘʣʴʥʦʩʪʴ ʧʨʠʦʙʨʝʪʘʝʪ ʈʀʇʊ ʩʦ ʟʥʘʯʠʪʝʣʴ-

ʥʳʤ ʚʢʣʘʜʦʤ ʬʠʟʠʯʝʩʢʦʛʦ ʨʘʩʧʳʣʝʥʠʷ. ʇʨʦʮʝʩʩ ʠʦʥʥʦʡ ʙʦʤʙʘʨʜʠʨʦʚʢʠ ʟʥʘʯʠʪʝʣʴʥʦ ʘʢ-

ʪʠʚʠʟʠʨʫʝʪ ʧʨʦʪʝʢʘʥʠʝ ʨʝʘʢʮʠʡ ʚ ʧʨʠʧʦʚʝʨʭʥʦʩʪʥʦʡ ʦʙʣʘʩʪʠ. 

ʆʩʥʦʚʥʳʤʠ ʟʘʜʘʯʘʤʠ ʩʫʭʦʛʦ ʪʨʘʚʣʝʥʠʷ ʷʚʣʷʝʪʩʷ ʜʦʩʪʠʞʝʥʠʝ ʚʳʩʦʢʠʭ ʩʢʦʨʦʩʪʝʡ 

ʪʨʘʚʣʝʥʠʷ ʠ ʩʝʣʝʢʪʠʚʥʦʩʪʠ, ʙʦʣʴʰʦʛʦ ʟʥʘʯʝʥʠʷ ʦʪʥʦʰʝʥʠʷ ʛʣʫʙʠʥʳ ʨʝʣʴʝʬʘ ʢ ʙʦʢʦʚʦʤʫ 

ʧʦʜʪʨʘʚʫ. ɼʣʷ ʦʙʝʩʧʝʯʝʥʠʷ ʪʝʢʫʱʝʛʦ ʢʦʥʪʨʦʣʷ ʛʣʫʙʠʥʳ ʪʨʘʚʣʝʥʠʷ ʠʩʧʦʣʴʟʫʝʪʩʷ ʤʝʪʦʜ 

ʠʟʤʝʨʝʥʠʷ ʢʦʵʬʬʠʮʠʝʥʪʘ ʦʪʨʘʞʝʥʠʷ ʟʦʥʜʠʨʫʶʱʝʛʦ ʠʟʣʫʯʝʥʠʷ ʦʪ ʧʦʚʝʨʭʥʦʩʪʠ ʦʙʨʘʙʘʪʳ-

ʚʘʝʤʦʡ ʧʣʘʩʪʠʥʳ. ʉʣʦʡ AlN ʚʳʩʪʫʧʘʝʪ ʢʘʢ çʩʪʦʧ-ʩʣʦʡè, ʦʥ ʥʝ ʪʨʘʚʠʪʩʷ ʚʦ ʬʪʦʨʩʦʜʝʨʞʘ-

ʱʝʡ ʧʣʘʟʤʝ. 
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ɼʘʣʝʝ ʧʨʦʚʦʜʠʪʩʷ ʞʠʜʢʦʩʪʥʦʝ ʪʨʘʚʣʝʥʠʝ ʞʝʨʪʚʝʥʥʳʭ ʩʣʦʝʚ (ʨʠʩʫʥʦʢ 1.75, ʵʪʘʧʳ 6 

ʠ 7): ʥʠʪʨʠʜʘ ʘʣʶʤʠʥʠʷ ʚ ʢʦʥʮʝʥʪʨʠʨʦʚʘʥʥʦʡ ʦʨʪʦʬʦʩʬʦʨʥʦʡ ʢʠʩʣʦʪʝ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 

85 Üʉ ʠ ʚʘʥʘʜʠʷ ʚ ʨʘʩʪʚʦʨʝ ʧʝʨʝʢʠʩʠ ʚʦʜʦʨʦʜʘ. 

ʂ ʧʨʝʠʤʫʱʝʩʪʚʘʤ ʜʘʥʥʦʡ ʪʝʭʥʦʣʦʛʠʠ ʤʦʞʥʦ ʦʪʥʝʩʪʠ ʩʣʝʜʫʶʱʝʝ: 

ī ʇʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʜʚʫʭ ʞʝʨʪʚʝʥʥʳʭ ʩʣʦʝʚ ʧʦʷʚʣʷʝʪʩʷ ʚʦʟʤʦʞʥʦʩʪʴ ʩʦʟʜʘʥʠʷ ʟʘ-

ʟʦʨʘ ʨʘʟʥʦʡ ʚʝʣʠʯʠʥʳ ʤʝʞʜʫ ʫʧʨʘʚʣʷʶʱʠʤʠ ʵʣʝʢʪʨʦʜʘʤʠ ʠ ʚ ʦʙʣʘʩʪʠ ʢʦʥʪʘʢʪʘ. ʇʨʠ ʵʪʦʤ 

ʫʧʨʘʚʣʷʶʱʠʝ ʵʣʝʢʪʨʦʜʳ ʥʝ ʢʘʩʘʶʪʩʷ ʜʨʫʛ ʜʨʫʛʘ ʠ ʩʥʠʞʘʝʪʩʷ ʚʝʨʦʷʪʥʦʩʪʴ ʠʭ ʟʘʣʠʧʘʥʠʷ. 

ī ɺʪʦʨʦʡ ʞʝʨʪʚʝʥʥʳʡ ʩʣʦʡ ʥʝ ʪʨʝʙʫʝʪ ʦʪʜʝʣʴʥʦʡ ʦʧʝʨʘʮʠʠ ʬʦʪʦʣʠʪʦʛʨʘʬʠʠ. ɺʦ 

ʚʩʝʡ ʪʝʭʥʦʣʦʛʠʠ ʚʩʝʛʦ 4 ʦʧʝʨʘʮʠʠ ʬʦʪʦʣʠʪʦʛʨʘʬʠʠ. 

ɺ ʜʘʥʥʦʡ ʪʝʭʥʦʣʦʛʠʠ ʪʘʢʞʝ ʧʨʠʩʫʪʩʪʚʫʝʪ ʨʷʜ ʥʝʜʦʩʪʘʪʢʦʚ: 

ī ʀʩʧʦʣʴʟʫʝʤʘʷ ʢʨʝʤʥʠʝʚʘʷ ʧʦʜʣʦʞʢʘ ʪʨʝʙʫʝʪ ʥʘʥʝʩʝʥʠʷ ʜʦʧʦʣʥʠʪʝʣʴʥʦʛʦ ʜʠʵʣʝʢ-

ʪʨʠʯʝʩʢʦʛʦ ʩʣʦʷ ʥʘ ʝʝ ʧʦʚʝʨʭʥʦʩʪʴ. ɼʘʥʥʳʡ ʩʣʦʡ ʜʦʣʞʝʥ ʙʳʪʴ ʜʦʩʪʘʪʦʯʥʦ ʪʦʣʩʪʳʤ ʜʣʷ 

ʪʦʛʦ, ʯʪʦʙʳ ʜʦʙʠʪʴʩʷ ʩʦʛʣʘʩʦʚʘʥʠʷ ʣʠʥʠʠ ʧʝʨʝʜʘʯ ʥʘ 50 ʆʤ. ʆʜʥʘʢʦ, ʚ ʨʝʟʫʣʴʪʘʪʝ ʦʪʨʘ-

ʙʦʪʢʠ ʜʘʥʥʦʛʦ ʪʝʭʥʦʣʦʛʠʯʝʩʢʦʛʦ ʵʪʘʧʘ ʙʳʣʦ ʫʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʧʨʠ ʬʦʨʤʠʨʦʚʘʥʠʠ ʩʣʦʷ ʙʦ-

ʣʝʝ 1,6 ʤʢʤ ʥʘʙʣʶʜʘʝʪʩʷ ʦʪʩʣʘʠʚʘʥʠʝ ʜʠʵʣʝʢʪʨʠʢʘ ʦʪ ʧʦʜʣʦʞʢʠ. 

ī ɼʣʷ ʚʳʪʨʘʚʣʠʚʘʥʠʷ ʞʝʨʪʚʝʥʥʳʭ ʩʣʦʝʚ ʠʩʧʦʣʴʟʫʶʪʩʷ ʨʘʟʥʳʝ ʪʨʘʚʠʪʝʣʠ, ʧʦʵʪʦʤʫ 

ʥʝʦʙʭʦʜʠʤʦ ʠʩʧʦʣʴʟʦʚʘʪʴ ʜʚʝ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʳʭ ʦʧʝʨʘʮʠʠ ʞʠʜʢʦʛʦ ʪʨʘʚʣʝʥʠʷ. ɺ ʧʨʦʮʝʩʩʝ 

ʚʳʪʨʘʚʣʠʚʘʥʠʷ ʚʪʦʨʦʛʦ ʞʝʨʪʚʝʥʥʦʛʦ ʩʣʦʷ ʥʘʙʣʶʜʘʣʦʩʴ ʷʚʣʝʥʠʝ ʟʘʣʠʧʘʥʠʷ ʤʥʦʛʠʭ ʤʠʢʨʦ-

ʤʝʭʘʥʠʯʝʩʢʠʭ ʧʦʜʚʠʞʥʳʭ ʩʪʨʫʢʪʫʨ ʢ ʧʦʜʣʦʞʢʝ. ɺʳʪʝʩʥʝʥʠʝ ʚʦʜʳ ʧʨʠ ʧʦʤʦʱʠ ʧʝʪʨʦʣʝʡ-

ʥʦʛʦ ʵʬʠʨʘ ʥʝ ʧʦʟʚʦʣʠʣʦ ʧʦʣʥʦʩʪʴʶ ʨʝʰʠʪʴ ʵʪʫ ʧʨʦʙʣʝʤʫ. 

ī ʂʦʥʪʘʢʪ Ni-Ni ʦʙʝʩʧʝʯʠʚʘʝʪ ʢʦʥʪʘʢʪʥʦʝ ʩʦʧʨʦʪʠʚʣʝʥʠʝ ʧʦʨʷʜʢʘ ʥʝʩʢʦʣʴʢʠʭ ʜʝ-

ʩʷʪʢʦʚ ʆʤ, ʯʪʦ ʧʨʦʚʦʜʠʪ ʢ ʙʦʣʴʰʠʤ ɺʏ ʧʦʪʝʨʷʤ.  

ʆʯʝʚʠʜʥʦ, ʯʪʦ ʪʝʭʥʦʣʦʛʠʷ ʠʟʛʦʪʦʚʣʝʥʠʷ ʢʘʨʙʠʜʦʢʨʝʤʥʠʝʚʳʭ ʢʣʶʯʝʡ ʥʘ ʧʦʜʣʦʞʢʝ 

ʢʨʝʤʥʠʷ ʪʨʝʙʫʝʪ ʟʥʘʯʠʪʝʣʴʥʳʭ ʫʣʫʯʰʝʥʠʡ. ʆʜʥʘʢʦ, ʧʨʠ ʵʪʦʤ ʞʝʣʘʪʝʣʴʥʦ ʥʝ ʫʚʝʣʠʯʠʚʘʪʴ 

ʢʦʣʠʯʝʩʪʚʦ ʦʧʝʨʘʮʠʡ ʬʦʪʦʣʠʪʦʛʨʘʬʠʠ ʠ ʩʦʭʨʘʥʠʪʴ ʚʦʟʤʦʞʥʦʩʪʴ ʩʦʟʜʘʥʠʷ ʟʘʟʦʨʘ ʨʘʟʥʦʛʦ 

ʫʨʦʚʥʷ ʚ ʢʦʥʪʘʢʪʥʦʡ ʦʙʣʘʩʪʠ ʠ ʤʝʞʜʫ ʫʧʨʘʚʣʷʶʱʠʤʠ ʵʣʝʢʪʨʦʜʘʤʠ [121]. 

1.4.5 ʊʠʧʳ ʄʕʄʉ ʜʣʷ ʀʉ 

1.4.5.1 ʄʕʄʉ ʢʣʶʯʠ 

ɼʣʷ ʩʦʟʜʘʥʠʷ ʤʠʢʨʦʤʝʭʘʥʠʯʝʩʢʠʭ ʢʣʶʯʝʡ ʚ ʢʘʯʝʩʪʚʝ ʠʩʭʦʜʥʦʛʦ ʤʘʪʝʨʠʘʣʘ ʠʩʧʦʣʴ-

ʟʫʶʪ ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʠʡ ʢʨʝʤʥʠʡ. ʊʘʢʠʝ ʢʣʶʯʠ ʩʦʟʜʘʶʪ ʥʘ ʦʩʥʦʚʝ ʪʝʭʥʦʣʦʛʠʠ ʧʦʚʝʨʭ-

ʥʦʩʪʥʦʡ ʤʠʢʨʦʦʙʨʘʙʦʪʢʠ. ʕʪʦ ʜʘʝʪ ʚʦʟʤʦʞʥʦʩʪʴ ʠʟʛʦʪʘʚʣʠʚʘʪʴ ʠʭ ʚ ʦʜʥʦʤ ʪʝʭʥʦʣʦʛʠʯʝ-

ʩʢʦʤ ʧʨʦʮʝʩʩʝ ʩʦʚʤʝʩʪʥʦ ʩ ʵʣʝʤʝʥʪʘʤʠ ʠʥʪʝʛʨʘʣʴʥʳʭ ʩʭʝʤ. 

ʇʦ ʧʨʠʥʮʠʧʫ ʜʝʡʩʪʚʠʷ ʤʠʢʨʦʤʝʭʘʥʠʯʝʩʢʠʝ ʢʣʶʯʠ ʧʦʜʨʘʟʜʝʣʷʶʪʩʷ ʥʘ ʵʣʝʢʪʨʦʩʪʘ-

ʪʠʯʝʩʢʠʝ, ʤʘʛʥʠʪʥʳʝ ʠʣʠ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʳʝ.  



106 

 

ʄʠʢʨʦʤʝʭʘʥʠʯʝʩʢʠʝ ʵʣʝʢʪʨʦʩʪʘʪʠʯʝʩʢʠʝ ʢʣʯʁʠ ʠʤʝʶʪ ʚʳʩʦʢʦʝ ʥʘʧʨʷʞʝʥʠʝ ʩʨʘ-

ʙʘʪʳʚʘʥʠʷ (ʙʦʣʝʝ 5 ɺ), ʯʪʦ ʦʛʨʘʥʠʯʠʚʘʝʪ ʩʬʝʨʫ ʠʭ ʠʩʧʦʣʴʟʦʚʘʥʠʷ. ʐʠʨʦʢʦʝ ʧʨʠʤʝʥʝʥʠʝ 

ʪʘʢʠʝ ʢʣʶʯʠ ʥʘʭʦʜʷʪ ʚ ʩʠʩʪʝʤʘʭ ʩ ʥʝʚʳʩʦʢʦʡ ʩʢʦʨʦʩʪʴʶ ʧʝʨʝʢʣʶʯʝʥʠʷ, ʛʜʝ ʪʨʝʙʫʝʪʩʷ ʜʦʩ-

ʪʠʯʴ ʩʚʝʨʭʥʠʟʢʦʛʦ ʵʥʝʨʛʦʧʦʪʨʝʙʣʝʥʠʷ ʚʩʣʝʜʩʪʚʠʝ ʦʪʩʫʪʩʪʚʠʷ ʧʦʪʨʝʙʣʝʥʠʷ ʪʦʢʘ ʚ ʨʝʞʠʤʝ 

ʦʞʠʜʘʥʠʷ. ʅʘ ʨʠʩʫʥʢʝ 1.76 ʠʟʦʙʨʘʞʝʥʘ ʩʪʨʫʢʪʫʨʘ ʄʕʄʉ-ʢʣʶʯʘ. 

 

ʈʠʩʫʥʦʢ 1.76 ï ʉʪʨʫʢʪʫʨʘ ʄʕʄʉ-ʢʣʶʯʘ: 

1 ï ʧʦʜʣʦʞʢʘ; 2 ï ʜʠʵʣʝʢʪʨʠʢ; 3 ï ʠʩʪʦʢ;  

4 ï ʢʦʥʩʦʣʴʥʘʷ ʙʘʣʢʘ; 5 ï ʟʘʪʚʦʨ; 6 ï ʩʪʦʢ 

ɺ ʢʘʯʝʩʪʚʝ ʦʩʥʦʚʳ ʜʣʷ ʄʕʄʉ-ʢʣʶʯʝʡ, ʢʘʢ ʧʨʘʚʠʣʦ, ʩʣʫʞʠʪ ʧʦʜʣʦʞʢʘ 1 ʩ ʥʘʥʝʩʝʥ-

ʥʳʤ ʥʘ ʥʝʝ ʪʦʥʢʠʤ ʩʣʦʝʤ ʜʠʵʣʝʢʪʨʠʢʘ 2. ʄʕʄʉ-ʢʣʶʯʠ ʩ ʵʣʝʢʪʨʦʩʪʘʪʠʯʝʩʢʦʡ ʘʢʪʠʚʘʮʠʝʡ 

ʚ ʢʘʯʝʩʪʚʝ ʧʦʜʚʠʞʥʦʛʦ ʵʣʝʤʝʥʪʘ ʩʦʜʝʨʞʘʪ ʪʘʢ ʥʘʟʳʚʘʝʤʫʶ ʢʦʥʩʦʣʴʥʫʶ ʙʘʣʢʫ 4. ʆʜʥʠʤ 

ʢʦʥʮʦʤ ʦʥʘ ʞʝʩʪʢʦ ʩʦʝʜʠʥʝʥʘ ʩ ʦʙʣʘʩʪʴʶ ʠʩʪʦʢʘ 3. ʇʝʨʝʤʝʱʝʥʠʝ ʜʨʫʛʦʛʦ ʢʦʥʮʘ ʙʘʣʢʠ 

ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ ʟʘ ʩʯʝʪ ʜʝʡʩʪʚʠʷ ʵʣʝʢʪʨʦʩʪʘʪʠʯʝʩʢʦʡ ʩʠʣʳ, ʚʳʟʳʚʘʝʤʦʡ ʦʙʣʘʩʪʴʶ ʟʘʪʚʦʨʘ 

5. ʂʦʛʜʘ ʙʘʣʢʘ ʦʪʢʣʦʥʷʝʪʩʷ, ʚʦʟʤʦʞʝʥ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʳʡ ʢʦʥʪʘʢʪ ʩ ʦʙʣʘʩʪʴʶ ʩʪʦʢʘ 6. 

ʉʫʱʝʩʪʚʫʝʪ ʜʚʘ ʨʝʞʠʤʘ ʨʘʙʦʪʳ ʄʕʄʉ-ʢʣʶʯʘ: ʥʦʨʤʘʣʴʥʳʡ ʠ ʠʥʚʝʨʩʥʳʡ. ʇʨʠ 

ʥʦʨʤʘʣʴʥʦʤ ʨʝʞʠʤʝ ʨʘʙʦʪʳ ʦʙʣʘʩʪʴ ʩʪʦʢʘ ʧʦʜʢʣʶʯʝʥʘ ʢ ʰʠʥʝ ʧʠʪʘʥʠʷ, ʘ ʦʙʣʘʩʪʴ ʠʩʪʦʢʘ 

ī ʢ ʰʠʥʝ ʥʫʣʝʚʦʛʦ ʧʦʪʝʥʮʠʘʣʘ. ʇʨʠ ʦʪʩʫʪʩʪʚʠʠ ʦʪʢʣʦʥʷʶʱʝʛʦ ʥʘʧʨʷʞʝʥʠʷ ʤʝʞʜʫ ʦʙʣʘ-

ʩʪʴʶ ʟʘʪʚʦʨʘ ʠ ʢʦʥʩʦʣʴʥʦʡ ʙʘʣʢʦʡ ʧʦʩʣʝʜʥʷʷ ʥʘʭʦʜʠʪʩʷ ʚ ʠʩʭʦʜʥʦʤ ʧʦʣʦʞʝʥʠʠ, ʠ ʵʣʝʢ-

ʪʨʠʯʝʩʢʠʡ ʢʦʥʪʘʢʪ ʠʩʪʦʢ-ʩʪʦʢ ʦʪʩʫʪʩʪʚʫʝʪ. ʀʥʪʝʛʨʘʣʴʥʳʡ ʤʠʢʨʦʤʝʭʘʥʠʯʝʩʢʠʡ ʢʣʶʯ ʥʘ-

ʭʦʜʠʪʩʷ ʚ ʨʘʟʦʤʢʥʫʪʦʤ ʩʦʩʪʦʷʥʠʠ. ʇʨʠ ʧʦʜʘʯʝ ʦʪʢʣʦʥʷʶʱʝʛʦ ʥʘʧʨʷʞʝʥʠʷ ʥʘ ʦʙʣʘʩʪʴ ʟʘ-
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ʪʚʦʨʘ ʦʪʥʦʩʠʪʝʣʴʥʦ ʢʦʥʩʦʣʴʥʦʡ ʙʘʣʢʠ ʤʝʞʜʫ ʥʠʤʠ ʚʦʟʥʠʢʘʝʪ ʵʣʝʢʪʨʦʩʪʘʪʠʯʝʩʢʘʷ ʩʠʣʘ 

[127]. 

ʇʨʠ ʠʥʚʝʨʩʥʦʤ ʨʝʞʠʤʝ ʨʘʙʦʪʳ ʦʙʣʘʩʪʴ ʠʩʪʦʢʘ ʧʦʜʢʣʶʯʝʥʘ ʢ ʰʠʥʝ ʧʠʪʘʥʠʷ, ʘ ʦʙ-

ʣʘʩʪʴ ʩʪʦʢʘ ī ʢ ʰʠʥʝ ʥʫʣʝʚʦʛʦ ʧʦʪʝʥʮʠʘʣʘ. ʇʨʠ ʦʪʩʫʪʩʪʚʠʠ ʦʪʢʣʦʥʷʶʱʝʛʦ ʥʘʧʨʷʞʝʥʠʷ 

ʤʝʞʜʫ ʦʙʣʘʩʪʴʶ ʟʘʪʚʦʨʘ ʠ ʢʦʥʩʦʣʴʥʦʡ ʙʘʣʢʦʡ, ʩʦʝʜʠʥʝʥʥʦʡ ʩ ʦʙʣʘʩʪʴʶ ʠʩʪʦʢʘ, ʚʦʟʥʠʢʘʝʪ 

ʵʣʝʢʪʨʦʩʪʘʪʠʯʝʩʢʘʷ ʩʠʣʘ, ʢʦʪʦʨʘʷ ʧʨʠʪʷʛʠʚʘʝʪ ʢʦʥʩʦʣʴʥʫʶ ʙʘʣʢʫ ʢ ʟʘʪʚʦʨʫ. ʕʪʦ ʧʨʠʚʦʜʠʪ 

ʢ ʚʦʟʥʠʢʥʦʚʝʥʠʶ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʢʦʥʪʘʢʪʘ ʤʝʞʜʫ ʠʩʪʦʢʦʤ ʠ ʩʪʦʢʦʤ. ʀʥʪʝʛʨʘʣʴʥʳʡ ʤʠʢ-

ʨʦʤʝʭʘʥʠʯʝʩʢʠʡ ʢʣʶʯ ʟʘʤʢʥʫʪ. ʇʨʠ ʧʦʜʘʯʝ ʦʪʢʣʦʥʷʶʱʝʛʦ ʥʘʧʨʷʞʝʥʠʷ ʤʝʞʜʫ ʟʘʪʚʦʨʦʤ ʠ 

ʢʦʥʩʦʣʴʥʦʡ ʙʘʣʢʦʡ ʧʦʩʣʝʜʥʷʷ ʚʦʟʚʨʘʱʘʝʪʩʷ ʚ ʠʩʭʦʜʥʦʝ ʧʦʣʦʞʝʥʠʝ. ʄʠʢʨʦʤʝʭʘʥʠʯʝʩʢʠʡ 

ʢʣʶʯ ʥʘʭʦʜʠʪʩʷ ʚ ʨʘʟʦʤʢʥʫʪʦʤ ʩʦʩʪʦʷʥʠʠ.  

ʄʕʄʉ-ʢʣʶʯʠ ʩ ʵʣʝʢʪʨʦʩʪʘʪʠʯʝʩʢʦʡ ʘʢʪʠʚʘʮʠʝʡ ʠʤʝʶʪ ʛʠʩʪʝʨʝʟʠʩʥʫʶ ʭʘʨʘʢʪʝʨʠ-

ʩʪʠʢʫ. ʕʪʦ ʩʚʷʟʘʥʦ ʩ ʧʦʪʝʨʝʡ ʩʪʘʙʠʣʴʥʦʩʪʠ ʤʝʭʘʥʠʯʝʩʢʠʭ ʩʪʨʫʢʪʫʨ, ʚʳʟʚʘʥʥʦʡ ʥʝʢʦʥʪʨʦ-

ʣʠʨʫʝʤʳʤ ʵʣʝʢʪʨʦʩʪʘʪʠʯʝʩʢʠʤ ʧʨʠʪʷʞʝʥʠʝʤ. ɽʩʣʠ ʢʦʥʩʪʨʫʢʮʠʷ ʤʠʢʨʦʤʝʭʘʥʠʯʝʩʢʦʛʦ 

ʢʣʶʯʘ ʧʦʟʚʦʣʷʝʪ ʙʘʣʢʝ ʧʝʨʝʭʦʜʠʪʴ ʪʦʯʢʫ ʧʦʪʝʨʠ ʩʪʘʙʠʣʴʥʦʩʪʠ, ʪʦ ʢʣʶʯ ʟʘʤʳʢʘʝʪʩʷ ʠ ʥʝ 

ʨʘʟʤʳʢʘʝʪʩʷ ʜʦ ʪʝʭ ʧʦʨ, ʧʦʢʘ ʦʪʢʣʦʥʷʶʱʝʝ ʥʘʧʨʷʞʝʥʠʝ ʥʝ ʩʪʘʥʝʪ ʥʠʞʝ ʧʦʨʦʛʦʚʦʛʦ ʥʘ-

ʧʨʷʞʝʥʠʷ ʚʳʢʣʶʯʝʥʠʷ, ʪ.ʝ. ʧʦʷʚʣʷʝʪʩʷ ʛʠʩʪʝʨʝʟʠʩ (ʨʠʩʫʥʦʢ 1.77) [128]. 

 

ʈʠʩʫʥʦʢ 1.77 ï ɻʠʩʪʝʨʝʟʠʩʥʘʷ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘ ʨʘʙʦʪʳ ʄʕʄʉ-ʢʣʶʯʘ 

ʀʟʙʘʚʠʪʴʩʷ ʦʪ ʛʠʩʪʝʨʝʟʠʩʘ ʤʦʞʥʦ ʪʦʣʴʢʦ, ʝʩʣʠ ʤʠʢʨʦʤʝʭʘʥʠʯʝʩʢʠʡ ʢʣʶʯ ʙʫʜʝʪ ʟʘ-

ʤʳʢʘʪʴʩʷ, ʜʦ ʪʦʛʦ, ʢʘʢ ʢʦʥʩʦʣʴʥʘʷ ʙʘʣʢʘ ʜʦʩʪʠʛʥʝʪ ʪʦʯʢʠ ʧʦʪʝʨʠ ʩʪʘʙʠʣʴʥʦʩʪʠ. ʇʨʠ ʵʪʦʤ 

ʧʦʨʦʛʦʚʳʝ ʥʘʧʨʷʞʝʥʠʷ ʚʢʣʶʯʝʥʠʷ ʠ ʚʳʢʣʶʯʝʥʠʷ ʙʫʜʫʪ ʦʜʠʥʘʢʦʚʳʤʠ.  

ʆʜʥʠʤ ʠʟ ʦʩʥʦʚʥʳʭ ʜʦʩʪʦʠʥʩʪʚ ʄʕʄʉ-ʢʣʶʯʝʡ ʷʚʣʷʝʪʩʷ ʚʳʩʦʢʘʷ ʩʪʝʧʝʥʴ ʠʟʦʣʷʮʠʠ 

ʚ ʨʘʟʦʤʢʥʫʪʦʤ ʩʦʩʪʦʷʥʠʠ ʚʩʣʝʜʩʪʚʠʝ ʥʘʣʠʯʠʷ ʚʦʟʜʫʰʥʦʛʦ ʟʘʟʦʨʘ ʤʝʞʜʫ ʩʪʦʢʦʤ ʠ ʢʦʥʮʦʤ 

ʙʘʣʢʠ. ʇʦʩʢʦʣʴʢʫ ʤʠʢʨʦʤʝʭʘʥʠʯʝʩʢʠʝ ʢʣʶʯʠ ʠʤʝʶʪ ʝʤʢʦʩʪʥʫʶ ʧʨʠʨʦʜʫ, ʪʦ ʠʤ ʜʣʷ ʨʘʙʦ-
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ʪʳ ʥʝ ʪʨʝʙʫʝʪʩʷ ʥʝʧʨʝʨʳʚʥʘʷ ʧʦʜʘʯʘ ʧʦʩʪʦʷʥʥʦʛʦ ʪʦʢʘ. ɼʣʷ ʧʝʨʝʢʣʶʯʝʥʠʷ ʢʣʶʯʘ ʚ ʟʘʤʢ-

ʥʫʪʦʝ ʠʣʠ ʨʘʟʦʤʢʥʫʪʦʝ ʩʦʩʪʦʷʥʠʝ ʥʝʦʙʭʦʜʠʤʘ ʵʣʝʢʪʨʦʩʪʘʪʠʯʝʩʢʘʷ ʵʥʝʨʛʠʷ, ʨʘʚʥʘʷ 

0,5 CU2. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʧʝʨʝʢʣʶʯʝʥʠʝ ʤʠʢʨʦʤʝʭʘʥʠʯʝʩʢʦʛʦ ʢʣʶʯʘ ʦʧʨʝʜʝʣʷʝʪʩʷ ʝʤʢʦ-

ʩʪʴʶ ʠ ʧʨʠʢʣʘʜʳʚʘʝʤʳʤ ʥʘʧʨʷʞʝʥʠʝʤ. 

ʇʨʠ ʨʘʟʨʘʙʦʪʢʝ ʤʠʢʨʦʤʝʭʘʥʠʯʝʩʢʠʭ ʢʣʶʯʝʡ ʥʝʦʙʭʦʜʠʤʦ ʫʯʠʪʳʚʘʪʴ ʩʣʝʜʫʶʱʠʝ 

ʧʘʨʘʤʝʪʨʳ:  

1. ɼʣʠʪʝʣʴʥʦʩʪʴ ʧʝʨʝʭʦʜʥʳʭ ʧʨʦʮʝʩʩʦʚ ī ʚʨʝʤʷ, ʢʦʪʦʨʦʝ ʦʧʨʝʜʝʣʷʝʪʩʷ ʦʪ ʤʦʤʝʥʪʘ 

ʦʪʨʳʚʘ ʧʦʜʚʠʞʥʦʛʦ ʢʦʥʪʘʢʪʘ ʦʪ ʦʜʥʦʛʦ ʩʪʘʮʠʦʥʘʨʥʦʛʦ ʢʦʥʪʘʢʪʘ ʜʦ ʤʦʤʝʥʪʘ ʝʛʦ ʩʦʧʨʠʢʦʩ-

ʥʦʚʝʥʠʷ ʩ ʜʨʫʛʠʤ ʩʪʘʮʠʦʥʘʨʥʳʤ ʢʦʥʪʘʢʪʦʤ.  

2. ɺʨʝʤʷ ʧʝʨʝʢʣʶʯʝʥʠʷ ī ʚʨʝʤʷ, ʦʧʨʝʜʝʣʷʝʤʦʝ ʦʪ ʤʦʤʝʥʪʘ ʜʦʩʪʠʞʝʥʠʷ ʫʧʨʘʚʣʷʶ-

ʱʠʤ ʥʘʧʨʷʞʝʥʠʝʤ ʫʨʦʚʥʷ 50 % ʜʦ ʤʦʤʝʥʪʘ ʧʝʨʝʭʦʜʘ ʚʳʭʦʜʥʳʤ ʩʠʛʥʘʣʦʤ ʫʨʦʚʥʷ 90 % 

ʠʣʠ 10 %.  

3. ʇʝʨʝʭʦʜʥʳʝ ʧʨʦʮʝʩʩʳ ʧʨʠ ʢʦʤʤʫʪʘʮʠʠ ī ʧʘʨʘʟʠʪʥʳʝ ʵʢʩʧʦʥʝʥʮʠʘʣʴʥʦ ʫʙʳʚʘʶ-

ʱʠʝ ʚʩʧʣʝʩʢʠ ʥʘʧʨʷʞʝʥʠʡ ʚʦ ʚʭʦʜʥʳʭ ʠ/ʠʣʠ ʚʳʭʦʜʥʳʭ ʮʝʧʷʭ ʢʣʶʯʘ, ʚʳʟʚʘʥʥʳʝ ʠʟʤʝʥʝ-

ʥʠʝʤ ʫʧʨʘʚʣʷʶʱʝʛʦ ʩʠʛʥʘʣʘ.  

4. ʂʦʤʤʫʪʠʨʫʝʤʘʷ ʤʦʱʥʦʩʪʴ ʩʠʛʥʘʣʘ ī ʭʘʨʘʢʪʝʨʠʩʪʠʢʘ, ʧʦʢʘʟʳʚʘʶʱʘʷ, ʥʘʩʢʦʣʴʢʦ 

ʵʬʬʝʢʪʠʚʥʦ ʢʣʶʯ ʧʨʦʧʫʩʢʘʝʪ ʩʠʛʥʘʣ.  

5. ʉʦʛʣʘʩʦʚʘʥʠʝ ʚʭʦʜʥʳʭ/ʚʳʭʦʜʥʳʭ ʮʝʧʝʡ ï ʧʦʜʨʘʟʫʤʝʚʘʝʪ ʩʦʛʣʘʩʦʚʘʥʠʝ ʠʤʧʝʜʘʥ-

ʩʦʚ. ʅʘʨʫʰʝʥʠʝ ʩʦʛʣʘʩʦʚʘʥʠʷ ʚʣʝʯʝʪ ʟʘ ʩʦʙʦʡ ʧʦʷʚʣʝʥʠʝ ʧʝʨʝʦʪʨʘʞʝʥʠʡ.  

6. ʐʠʨʠʥʘ ʧʦʣʦʩʳ ʧʨʦʧʫʩʢʘʥʠʷ ï ʜʠʘʧʘʟʦʥ ʨʘʙʦʯʠʭ ʯʘʩʪʦʪ ʢʣʶʯʘ, ʚ ʢʦʪʦʨʦʤ ʦʥ 

ʫʜʦʚʣʝʪʚʦʨʷʝʪ ʟʘʜʘʥʥʳʤ ʧʘʨʘʤʝʪʨʘʤ.  

7. ʇʦʪʝʨʠ, ʚʥʦʩʠʤʳʝ ʤʠʢʨʦʤʝʭʘʥʠʯʝʩʢʠʤʠ ʢʣʶʯʘʤʠ ï ʚʝʣʠʯʠʥʘ ʧʦʣʝʟʥʦʛʦ ʩʠʛʥʘʣʘ 

(ʜɹ), ʥʘ ʢʦʪʦʨʫʶ ʦʥ ʫʤʝʥʴʰʘʝʪʩʷ ʚ ʩʚʷʟʠ ʩ ʨʘʟʣʠʯʥʳʤʠ ʧʘʨʘʟʠʪʥʳʤʠ ʵʬʬʝʢʪʘʤʠ. ʆʧʨʝʜʝ-

ʣʷʶʪʩʷ ʪʦʣʴʢʦ ʜʣʷ ʚʢʣʶʯʝʥʥʦʛʦ ʩʦʩʪʦʷʥʠʷ.  

8. ʈʘʟʚʷʟʢʘ ʚʭʦʜʘ ʦʪ ʚʳʭʦʜʘ ī ʦʧʨʝʜʝʣʷʝʪ ʩʪʝʧʝʥʴ ʩʚʷʟʠ ʚʭʦʜʥʳʭ ʠ ʚʳʭʦʜʥʳʭ ʚʳʚʦ-

ʜʦʚ ʚ ʪʦ ʚʨʝʤʷ, ʢʦʛʜʘ ʢʣʶʯ ʥʝ ʥʘʭʦʜʠʪʩʷ ʚ ʘʢʪʠʚʥʦʤ ʩʦʩʪʦʷʥʠʠ. ɹʦʣʴʰʝʝ ʟʥʘʯʝʥʠʝ ʢʦʵʬ-

ʬʠʮʠʝʥʪʘ ʨʘʟʚʷʟʢʠ (ʜɹ) ʛʦʚʦʨʠʪ ʦ ʣʫʯʰʝʤ ʢʘʯʝʩʪʚʝ ʢʣʶʯʘ.  

9. ʇʦʩʣʝʜʦʚʘʪʝʣʴʥʦʝ ʩʦʧʨʦʪʠʚʣʝʥʠʝ ï ʭʘʨʘʢʪʝʨʠʟʫʝʪ ʢʣʶʯ ʢʘʢ ʠʩʪʦʯʥʠʢ ʩʦʧʨʦʪʠʚ-

ʣʝʥʠʷ ʚʦ ʚʢʣʶʯʝʥʥʦʤ ʩʦʩʪʦʷʥʠʠ. ɺʳʩʦʢʦʝ ʩʦʧʨʦʪʠʚʣʝʥʠʝ ʢʣʶʯʘ ʚʝʜʝʪ ʢ ʚʦʟʥʠʢʥʦʚʝʥʠʶ 

ʜʦʧʦʣʥʠʪʝʣʴʥʳʭ ʧʦʪʝʨʴ ʚ ʩʭʝʤʝ. 

10. ʅʘʧʨʷʞʝʥʠʝ ʩʨʘʙʘʪʳʚʘʥʠʷ ī ʫʨʦʚʝʥʴ ʥʘʧʨʷʞʝʥʠʷ, ʥʝʦʙʭʦʜʠʤʳʡ ʜʣʷ ʫʧʨʘʚʣʝ-

ʥʠʷ ʢʣʶʯʦʤ.  

11. ʉʨʦʢ ʩʣʫʞʙʳ ī ʚʨʝʤʷ ʙʝʟʦʪʢʘʟʥʦʡ ʨʘʙʦʪʳ ʢʣʶʯʘ.  
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12. ʈʝʟʦʥʘʥʩʥʘʷ ʯʘʩʪʦʪʘ ī ʩʦʙʩʪʚʝʥʥʘʷ ʨʝʟʦʥʘʥʩʥʘʷ ʯʘʩʪʦʪʘ ʵʣʝʤʝʥʪʦʚ ʢʣʶʯʘ, ʦʛʨʘ-

ʥʠʯʠʚʘʶʱʘʷ ʤʘʢʩʠʤʘʣʴʥʫʶ ʩʢʦʨʦʩʪʴ ʝʛʦ ʧʝʨʝʢʣʶʯʝʥʠʷ.  

13. ʉʦʛʣʘʩʦʚʘʥʠʝ ʧʦ ʘʤʧʣʠʪʫʜʝ ʠ ʬʘʟʝ ī ʧʘʨʘʤʝʪʨʳ, ʢʦʪʦʨʳʝ ʦʩʦʙʝʥʥʦ ʚʘʞʥʦ ʫʯʠ-

ʪʳʚʘʪʴ ʚ ʤʥʦʛʦʢʘʥʘʣʴʥʳʭ ʢʣʶʯʘʭ.  

ʇʨʠ ʧʨʦʝʢʪʠʨʦʚʘʥʠʠ ʄʕʄʉ-ʢʣʶʯʝʡ ʥʝʦʙʭʦʜʠʤʦ ʫʯʠʪʳʚʘʪʴ ʪʘʢʦʡ ʵʬʬʝʢʪ, ʢʘʢ 

ʧʨʠʣʠʧʘʥʠʝ ʢʦʥʩʦʣʴʥʦʡ ʙʘʣʢʠ ʢ ʧʦʚʝʨʭʥʦʩʪʠ ʢʨʠʩʪʘʣʣʘ. ɺ ʦʩʥʦʚʝ ʜʘʥʥʦʛʦ ʵʬʬʝʢʪʘ ʣʝʞʠʪ 

ʜʝʡʩʪʚʠʝ ʤʠʢʨʦʩʢʦʧʠʯʝʩʢʠʭ ʩʠʣ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʢʦʥʪʘʢʪʦʚ ʠ, ʩʣʝʜʦʚʘʪʝʣʴʥʦ, ʵʪʦʪ ʵʬʬʝʢʪ 

ʚ ʦʩʥʦʚʥʦʤ ʟʘʚʠʩʠʪ ʦʪ ʤʦʨʬʦʣʦʛʠʠ ʧʦʚʝʨʭʥʦʩʪʠ ʢʦʥʪʘʢʪʦʚ. ʇʨʦʙʣʝʤʘ ʟʘʣʠʧʘʥʠʷ ʧʦʜʚʠʞ-

ʥʳʭ ʯʘʩʪʝʡ ʦʩʦʙʝʥʥʦ ʦʩʪʨʦ ʩʪʦʠʪ ʜʣʷ ʤʝʪʘʣʣʠʯʝʩʢʠʭ ʢʦʥʪʘʢʪʦʚ. 

ʉʦʚʨʝʤʝʥʥʳʝ ʈʏ MʕMʉ-ʢʣʶʯʠ (ʢʦʤʤʫʪʘʪʦʨʳ ʉɺʏ-ʩʠʛʥʘʣʦʚ) (ʨʠʩʫʥʦʢ 1.78) ʤʦʛʫʪ 

ʙʳʪʴ ʢʦʥʪʘʢʪʥʳʤʠ (çʤʝʪʘʣʣ ï ʤʝʪʘʣʣè) ʠʣʠ ʩ ʝʤʢʦʩʪʥʳʤ ʟʘʤʳʢʘʥʠʝʤ ʮʝʧʠ.  

 

ʈʠʩʫʥʦʢ 1.78ï ʄʠʢʨʦʬʦʪʦʛʨʘʬʠʠ ʢʣʶʯʝʡ: ʘ ï ʢʦʥʪʘʢʪʥʦʛʦ; ʙ ī ʝʤʢʦʩʪʥʦʛʦ 

 

ʅʦʚʳʤ ʢʣʘʩʩʦʤ ʢʦʥʪʘʢʪʥʳʭ ʢʣʶʯʝʡ ʜʣʷ ʜʠʘʧʘʟʦʥʘ ʤʠʣʣʠʤʝʪʨʦʚʳʭ ʚʦʣʥ ʩʪʘʣʠ 

ʢʣʶʯʠ ʩ ʢʦʥʪʘʢʪʦʤ ʪʠʧʘ çʞʠʜʢʦʩʪʴ ï ʤʝʪʘʣʣè. ɼʠʘʧʘʟʦʥ ʯʘʩʪʦʪ ʢʣʶʯʝʡ çʤʝʪʘʣʣ ï ʤʝʪʘʣʣè 

ʩʦʩʪʘʚʣʷʝʪ ʦʪ ʥʫʣʷ (DC) ʜʦ 6 ï 40 ɻɻʮ. ʆʥʠ ʙʦʣʝʝ ʯʫʚʩʪʚʠʪʝʣʴʥʳ ʢ ʪʝʤʧʝʨʘʪʫʨʥʳʤ ʠ ʤʝ-

ʭʘʥʠʯʝʩʢʠʤ (ʫʜʘʨʘʤ ʠ ʚʠʙʨʘʮʠʷʤ) ʚʦʟʜʝʡʩʪʚʠʷʤ, ʯʝʤ ʢʣʶʯʠ ʩ ʝʤʢʦʩʪʥʳʤ ʟʘʤʳʢʘʥʠʝʤ ʮʝ-

ʧʠ. ʏʘʩʪʦʪʥʳʡ ʜʠʘʧʘʟʦʥ ʝʤʢʦʩʪʥʳʭ ʢʣʶʯʝʡ ʩʦʩʪʘʚʣʷʝʪ 6 ï 120 ɻɻʮ. ʂʣʶʯʠ ʪʠʧʘ çʞʠʜ-

ʢʦʩʪʴ ï ʤʝʪʘʣʣè ʨʘʩʩʯʠʪʘʥʳ ʥʘ ʯʘʩʪʦʪʳ 20 ï 100 ɻɻʮ. ʆʥʠ ʦʪʣʠʯʘʶʪʩʷ ʤʘʣʳʤʠ ʧʦʪʝʨʷʤʠ ʚ 

ʟʘʤʢʥʫʪʦʤ ʩʦʩʪʦʷʥʠʠ (1,3 ʜɹ ʥʘ ʯʘʩʪʦʪʝ 40 ɻɻʮ) ʠ ʧʦʚʳʰʝʥʥʦʡ ʤʦʱʥʦʩʪʴʶ ʢʦʤʤʫʪʠʨʫʝ-

ʤʦʛʦ ʩʠʛʥʘʣʘ. 
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1.4.5.2 ʄʕʄʉ ʢʦʥʜʝʥʩʘʪʦʨʳ 

ɼʣʷ ʩʦʟʜʘʥʠʷ ʤʘʣʦʛʘʙʘʨʠʪʥʳʭ ʰʠʨʦʢʦʧʦʣʦʩʥʳʭ ʉɺʏ-ʩʭʝʤ ʥʝʦʙʭʦʜʠʤʳ ʩʚʝʨʭʤʠ-

ʥʠʘʪʶʨʥʳʝ ʵʣʝʤʝʥʪʳ ʩ ʩʦʩʨʝʜʦʪʦʯʝʥʥʳʤʠ ʧʘʨʘʤʝʪʨʘʤʠ, ʨʝʟʦʥʘʥʩ ʢʦʪʦʨʳʭ ʥʝ ʥʘʩʪʫʧʘʝʪ 

ʚʧʣʦʪʴ ʜʦ ʩʫʙʤʠʣʣʠʤʝʪʨʦʚʦʛʦ ʜʠʘʧʘʟʦʥʘ ʜʣʠʥ ʚʦʣʥ [129]. ʂ ʩʝʨʠʡʥʦ ʚʳʧʫʩʢʘʝʤʳʤ ʠʟʜʝ-

ʣʠʷʤ ʧʦʜʦʙʥʦʛʦ ʪʠʧʘ ʦʪʥʦʩʷʪʩʷ ʄʕʄʉ-ʢʦʥʜʝʥʩʘʪʦʨʳ ʠ ʄʕʄʉ-ʠʥʜʫʢʪʠʚʥʦʩʪʠ ʩ ʬʠʢʩʠ-

ʨʦʚʘʥʥʳʤʠ ʠʣʠ ʧʝʨʝʢʣʶʯʘʝʤʳʤʠ ʧʘʨʘʤʝʪʨʘʤʠ. 

ɽʤʢʦʩʪʴ ʢʦʥʜʝʥʩʘʪʦʨʦʚ, ʢʘʢ ʧʨʘʚʠʣʦ, ʠʟʤʝʥʷʝʪʩʷ ʚ ʧʨʝʜʝʣʘʭ ʦʪ 1 ʜʦ 20 ʧʌ ʩ ʰʘʛʦʤ 

1 ʠʣʠ 2 ʧʌ. ɺ ʧʣʘʚʥʦ ʫʧʨʘʚʣʷʝʤʳʭ ʢʦʥʜʝʥʩʘʪʦʨʘʭ ʨʝʛʫʣʠʨʦʚʢʘ ʝʤʢʦʩʪʠ ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ ʟʘ 

ʩʯʝʪ ʠʟʤʝʥʝʥʠʷ ʣʠʙʦ ʰʠʨʠʥʳ ʟʘʟʦʨʘ, ʣʠʙʦ ʧʣʦʱʘʜʠ ʝʛʦ ʛʨʝʙʝʥʯʘʪʦʡ ʩʪʨʫʢʪʫʨʳ.  

ɺ ʧʝʨʝʩʪʨʘʠʚʘʝʤʦʤ ʢʦʥʜʝʥʩʘʪʦʨʝ ʩ ʵʣʝʢʪʨʦʩʪʘʪʠʯʝʩʢʦʡ ʨʝʛʫʣʠʨʦʚʢʦʡ ʟʘʟʦʨʘ ʥʠʞ-

ʥʠʡ ʵʣʝʢʪʨʦʜ ʟʘʢʨʝʧʣʝʥ ʥʘ ʧʦʜʣʦʞʢʝ, ʘ ʧʦʜʚʝʰʝʥʥʳʡ ʥʘʜ ʥʠʤ ʚʝʨʭʥʠʡ ʵʣʝʢʪʨʦʜ ʪʦʣʱʠ-

ʥʦʡ 1 ʤʢʤ ʧʦʜʜʝʨʞʠʚʘʝʪʩʷ ʯʝʪʳʨʴʤʷ ʤʠʢʨʦʧʨʫʞʠʥʘʤʠ ʠ ʤʦʞʝʪ ʧʝʨʝʤʝʱʘʪʴʩʷ ʧʦ ʥʦʨʤʘʣʠ 

ʢ ʥʝʡ. ʄʘʢʩʠʤʘʣʴʥʳʡ (ʠʩʭʦʜʥʳʡ) ʟʘʟʦʨ ʤʝʞʜʫ ʬʠʢʩʠʨʦʚʘʥʥʳʤ ʠ ʧʦʜʚʠʞʥʳʤ ʵʣʝʢʪʨʦʜʘʤʠ 

ʩʦʩʪʘʚʣʷʝʪ 1,5 ʤʢʤ. ɽʛʦ ʰʠʨʠʥʘ ʨʝʛʫʣʠʨʫʝʪʩʷ ʟʘ ʩʯʝʪ ʵʣʝʢʪʨʦʩʪʘʪʠʯʝʩʢʠʭ ʩʠʣ. ʇʨʠ ʠʟʤʝ-

ʥʝʥʠʠ ʫʧʨʘʚʣʷʶʱʝʛʦ ʥʘʧʨʷʞʝʥʠʷ ʦʪ 0 ʜʦ 5,5 ɺ ʟʥʘʯʝʥʠʝ ʝʤʢʦʩʪʠ ʤʝʥʷʝʪʩʷ ʦʪ 2,11 ʜʦ 2,46 

ʧʌ. ʇʨʠ ʦʪʢʣʦʥʝʥʠʠ ʚʝʨʭʥʝʛʦ ʵʣʝʢʪʨʦʜʘ ʤʝʥʝʝ, ʯʝʤ ʥʘ 1/3 ʦʪ ʧʝʨʚʦʥʘʯʘʣʴʥʦʛʦ ʟʘʟʦʨʘ ʤʝ-

ʞʜʫ ʩʠʣʘʤʠ ʵʣʝʢʪʨʦʩʪʘʪʠʯʝʩʢʦʛʦ ʧʨʠʪʷʞʝʥʠʷ ʠ ʫʧʨʫʛʦʩʪʠ ʤʠʢʨʦʧʨʫʞʠʥ ʫʩʪʘʥʘʚʣʠʚʘʝʪʩʷ 

ʨʘʚʥʦʚʝʩʠʝ. ʇʦʵʪʦʤʫ ʜʠʘʧʘʟʦʥ ʧʣʘʚʥʦʡ ʨʝʛʫʣʠʨʦʚʢʠ ʰʠʨʠʥʳ ʟʘʟʦʨʘ ʥʝ ʧʨʝʚʳʰʘʝʪ 2/3 ʦʪ 

ʩʨʝʜʥʝʛʦ ʟʥʘʯʝʥʠʷ. 

ɺ ʧʝʨʝʩʪʨʘʠʚʘʝʤʦʤ ʄʕʄʉ ʢʦʥʜʝʥʩʘʪʦʨʝ ʩ ʛʨʝʙʝʥʯʘʪʦʡ ʩʪʨʫʢʪʫʨʦʡ ʦʜʥʘ ʠʟ ʛʨʝʙʝ-

ʥʦʢ ʩʪʘʮʠʦʥʘʨʥʘʷ, ʘ ʚʪʦʨʘʷ ʧʦʜʚʠʞʥʘʷ. ʇʨʠ ʧʦʜʘʯʝ ʫʧʨʘʚʣʷʶʱʝʛʦ ʥʘʧʨʷʞʝʥʠʷ ʵʣʝʢʪʨʦ-

ʩʪʘʪʠʯʝʩʢʠʝ ʩʠʣʳ ʟʘʩʪʘʚʣʷʶʪ ʧʦʜʚʠʞʥʫʶ ʛʨʝʙʝʥʢʫ ʧʝʨʝʤʝʱʘʪʴʩʷ ʦʪʥʦʩʠʪʝʣʴʥʦ ʥʝʧʦʜ-

ʚʠʞʥʦʡ. ɺ ʨʝʟʫʣʴʪʘʪʝ ʧʣʦʱʘʜʴ ʧʝʨʝʢʨʳʪʠʷ ʠʟʤʝʥʷʝʪʩʷ, ʘ ʰʠʨʠʥʘ ʟʘʟʦʨʘ ʤʝʞʜʫ ʛʨʝʙʝʥʢʘ-

ʤʠ ʦʩʪʘʝʪʩʷ ʥʝʠʟʤʝʥʥʦʡ. ʊʘʢʘʷ ʩʪʨʫʢʪʫʨʘ ʧʝʨʩʧʝʢʪʠʚʥʘ ʜʣʷ ʧʦʩʪʨʦʝʥʠʷ ʝʤʢʦʩʪʥʳʭ ʤʠʢ-

ʨʦʧʝʨʝʢʣʶʯʘʪʝʣʝʡ ʠ ʧʝʨʝʩʪʨʘʠʚʘʝʤʳʭ ʢʦʥʜʝʥʩʘʪʦʨʦʚ, ʨʘʙʦʪʘʶʱʠʭ ʚ ʜʠʘʧʘʟʦʥʝ ʯʘʩʪʦʪ 2 ï 

45 ɻɻʮ. ɺ ʧʝʨʝʩʪʨʘʠʚʘʝʤʦʤ ʤʠʢʨʦʢʦʥʜʝʥʩʘʪʦʨʝ ʩ ʪʘʢʦʡ ʩʪʨʫʢʪʫʨʦʡ, ʨʘʟʨʘʙʦʪʘʥʥʦʤ ʚ ʂʘ-

ʣʠʬʦʨʥʠʡʩʢʦʤ ʫʥʠʚʝʨʩʠʪʝʪʝ ʚ ʉʘʥ-ɼʠʝʛʦ, ʧʨʠ ʠʟʤʝʥʝʥʠʠ ʥʘʧʨʷʞʝʥʠʷ ʩʤʝʱʝʥʠʷ ʚ ʧʨʝʜʝ-

ʣʘʭ 80 ï 200 ɺ ʟʥʘʯʝʥʠʝ ʝʤʢʦʩʪʠ ʠʟʤʝʥʷʝʪʩʷ ʦʪ 35 ʜʦ 100 ʬʌ. ʆʩʥʦʚʥʦʝ ʜʦʩʪʦʠʥʩʪʚʦ ʛʨʝ-

ʙʝʥʯʘʪʦʡ ʩʪʨʫʢʪʫʨʳ ï ʚʦʟʤʦʞʥʦʩʪʴ ʧʝʨʝʩʪʨʦʡʢʠ ʝʤʢʦʩʪʠ ʚ ʰʠʨʦʢʠʭ ʧʨʝʜʝʣʘʭ. 

ʋʧʨʘʚʣʷʝʤʳʝ ʄʕʄʉ ʢʦʥʜʝʥʩʘʪʦʨʳ ʥʝʦʙʭʦʜʠʤʳ ʜʣʷ ʩʦʟʜʘʥʠʷ ʧʝʨʝʩʪʨʘʠʚʘʝʤʳʭ 

ʯʘʩʪʦʪʥʳʭ ʬʠʣʴʪʨʦʚ, ʫʧʨʘʚʣʷʝʤʳʭ ʥʘʧʨʷʞʝʥʠʝʤ ʛʝʥʝʨʘʪʦʨʦʚ (ɻʋʅ) ʚ ʩʦʩʪʘʚʝ ʩʠʩʪʝʤ ʬʘ-

ʟʦʚʦʡ ʩʠʥʭʨʦʥʠʟʘʮʠʠ ʠ ʪ.ʧ. ʀʩʧʦʣʴʟʦʚʘʥʠʝ ʜʣʷ ʵʪʦʛʦ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʭ ʢʦʤʧʦʥʝʥʪʦʚ 

(ʚʘʨʠʢʘʧʦʚ) ʧʨʠʚʦʜʠʪ ʢ ʩʫʱʝʩʪʚʝʥʥʦʤʫ ʦʛʨʘʥʠʯʝʥʠʶ ʩʠʩʪʝʤʳ ʧʦ ʜʦʧʫʩʪʠʤʦʤʫ ʫʨʦʚʥʶ 
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ʤʦʱʥʦʩʪʠ. ʂʨʦʤʝ ʪʦʛʦ, ʵʪʠ ʢʦʤʧʦʥʝʥʪʳ ʥʝ ʩʦʚʤʝʩʪʠʤʳ ʩ ʪʝʭʥʦʣʦʛʠʝʡ ʧʨʦʠʟʚʦʜʩʪʚʘ ʤʠʢ-

ʨʦʩʭʝʤ.  

ʄʕʄʉ-ʚʘʨʘʢʪʦʨʳ ʣʠʰʝʥʳ ʧʦʜʦʙʥʳʭ ʥʝʜʦʩʪʘʪʢʦʚ. ʆʥʠ ʤʦʛʫʪ ʙʳʪʴ ʚʳʧʦʣʥʝʥʳ ʚ 

ʚʠʜʝ ʧʘʨʘʣʣʝʣʴʥʦ ʨʘʩʧʦʣʦʞʝʥʥʳʭ ʧʣʘʩʪʠʥ ʩ ʠʟʤʝʥʷʝʤʳʤ ʨʘʩʩʪʦʷʥʠʝʤ ʤʝʞʜʫ ʥʠʤʠ; ʩʝʛ-

ʤʝʥʪʦʚ ʪʠʧʘ çʙʘʙʦʯʢʘè, ʧʨʠʥʠʤʘʶʱʠʭ ʥʝʩʢʦʣʴʢʦ ʫʛʣʦʚʳʭ ʧʦʣʦʞʝʥʠʡ ʦʪʥʦʩʠʪʝʣʴʥʦ ʦʩʠ; 

ʚʩʪʨʝʯʥʦ-ʰʪʳʨʝʚʦʡ ʩʪʨʫʢʪʫʨʳ ʩ ʠʟʤʝʥʷʝʤʳʤ ʧʝʨʝʢʨʳʪʠʝʤ, ʚ ʚʠʜʝ ʙʘʥʢʘ ʢʦʥʜʝʥʩʘʪʦʨʦʚ 

ʢʘʣʠʙʨʦʚʘʥʥʦʡ ʝʤʢʦʩʪʠ ʩ ʄʕʄʉ-ʢʣʶʯʘʤʠ, ʫʧʨʘʚʣʷʝʤʳʤʠ ʜʚʦʠʯʥʳʤ ʢʦʜʦʤ. ɺ ʧʝʨʚʦʤ 

ʩʣʫʯʘʝ ʚʝʨʭʥʷʷ ʧʣʘʩʪʠʥʘ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʧʨʫʞʠʥʫ, ʨʘʩʩʪʦʷʥʠʝ ʤʝʞʜʫ ʢʦʪʦʨʦʡ ʠ ʥʠʞ-

ʥʝʡ ʧʣʘʩʪʠʥʦʡ ʠʟʤʝʥʷʝʪʩʷ ʩ ʧʦʤʦʱʴʶ ʵʣʝʢʪʨʦʩʪʘʪʠʯʝʩʢʠʭ ʩʠʣ, ʚʳʟʚʘʥʥʳʭ ʧʨʠʣʦʞʝʥʥʳʤ 

ʢ ʧʣʘʩʪʠʥʘʤ ʥʘʧʨʷʞʝʥʠʝʤ. 

ʊʘʢ, ʢʦʤʧʘʥʠʝʡ Raytheon ʨʘʟʨʘʙʦʪʘʥʘ ʢʦʥʩʪʨʫʢʮʠʷ, ʚ ʢʦʪʦʨʦʡ ʥʦʤʠʥʘʣʴʥʘʷ ʝʤʢʦʩʪʴ 

ʧʣʘʩʪʠʥ ʩʦʩʪʘʚʣʷʝʪ 2,05 ʥʌ, ʜʦʙʨʦʪʥʦʩʪʴ ʥʘ ʯʘʩʪʦʪʝ 1 ɻɻʮ ï 20, ʜʠʘʧʘʟʦʥ ʧʣʘʚʥʦʡ ʧʝʨʝ-

ʩʪʨʦʡʢʠ ʝʤʢʦʩʪʠ ʧʨʠ ʠʟʤʝʥʝʥʠʠ ʥʘʧʨʷʞʝʥʠʷ ʦʪ 0 ʜʦ 4 ɺ ï 150 %, ʯʘʩʪʦʪʘ ʩʦʙʩʪʚʝʥʥʦʛʦ 

ʨʝʟʦʥʘʥʩʘ ʧʨʝʚʳʰʘʝʪ 5 ɻɻʮ.  

ɺʦ ʚʩʪʨʝʯʥʦʰʪʳʨʝʚʦʡ ʩʪʨʫʢʪʫʨʝ (ʨʠʩʫʥʦʢ 1.79) ʝʤʢʦʩʪʴ ʨʝʛʫʣʠʨʫʝʪʩʷ ʧʫʪʝʤ ʠʟʤʝ-

ʥʝʥʠʷ ʩʪʝʧʝʥʠ ʧʝʨʝʢʨʳʪʠʷ ʵʣʝʤʝʥʪʦʚ ʛʨʝʙʝʥʯʘʪʦʡ ʩʪʨʫʢʪʫʨʳ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʧʨʠʣʦʞʝʥ-

ʥʦʛʦ ʢ ʥʠʤ ʥʘʧʨʷʞʝʥʠʷ.  

 

ʈʠʩʫʥʦʢ 1.79ï ʄʠʢʨʦʬʦʪʦʛʨʘʬʠʷ ʧʝʨʝʩʪʨʘʠʚʘʝʤʦʛʦ ʄʕʄʉ-ʢʦʥʜʝʥʩʘʪʦʨʘ (ʜʠʘʧʘʟʦʥ ʧʝʨʝ-

ʩʪʨʦʡʢʠ > 8:1, ʝʤʢʦʩʪʴ 1,5 ï 2 ʧʌ, ʜʦʙʨʦʪʥʦʩʪʴ 30 ï 150, ʫʧʨʘʚʣʷʶʱʝʝ ʥʘʧʨʷʞʝʥʠʝ ī 6,4 

ɺ, ʯʘʩʪʦʪʘ ʩʦʙʩʪʚʝʥʥʦʛʦ ʨʝʟʦʥʘʥʩʘ 6 ɻɻʮ) 

 

ɽʤʢʦʩʪʴ ʚʘʨʘʢʪʦʨʦʚ ʵʪʦʛʦ ʪʠʧʘ ʩʦʩʪʘʚʣʷʝʪ 1 ï 6 ʧʌ, ʜʦʙʨʦʪʥʦʩʪʴ ʥʘ ʯʘʩʪʦʪʝ 500 

ʄɻʮ ʧʨʝʚʳʰʘʝʪ 35, ʯʘʩʪʦʪʘ ʩʦʙʩʪʚʝʥʥʦʛʦ ʨʝʟʦʥʘʥʩʘ ï 5 ɻɻʮ, ʜʠʘʧʘʟʦʥ ʧʝʨʝʩʪʨʦʡʢʠ ʝʤʢʦ-
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ʩʪʠ ʧʨʠ ʠʟʤʝʥʝʥʠʠ ʥʘʧʨʷʞʝʥʠʷ ʦʪ 2 ʜʦ 14 ɺ ï 200 %. ʃʠʥʝʡʥʦʩʪʴ ʪʘʢʦʛʦ ʢʦʥʜʝʥʩʘʪʦʨʘ ʭʘ-

ʨʘʢʪʝʨʠʟʫʝʪʩʷ ʫʨʦʚʥʝʤ PIP3 > 50 ʜɹĿʤɺʪ. 

ɺʳʧʫʩʢʘʶʪʩʷ ʩʝʨʠʡʥʦ ʜʠʩʢʨʝʪʥʦ ʧʝʨʝʩʪʨʘʠʚʘʝʤʳʝ ʢʦʥʜʝʥʩʘʪʦʨʳ, ʧʨʝʜʩʪʘʚʣʷʶʱʠʝ 

ʩʦʙʦʡ ʩʤʦʥʪʠʨʦʚʘʥʥʳʝ ʚ ʦʜʥʦʤ ʢʦʨʧʫʩʝ ʯʝʪʳʨʝ ʩʝʢʮʠʠ ʝʤʢʦʩʪʴʶ 0,1 ï 2 ʧʌ ʢʘʞʜʘʷ. ʉ 

ʧʦʤʦʱʴʶ ʫʧʨʘʚʣʷʶʱʝʛʦ ʢʦʜʘ ʩʝʢʮʠʠ ʚʢʣʶʯʘʶʪʩʷ ʧʘʨʘʣʣʝʣʴʥʦ ʟʘ ʚʨʝʤʷ ʜʦ 50 ʤʢʩ. ɼʦʙ-

ʨʦʪʥʦʩʪʴ Q ʪʘʢʦʛʦ ʢʦʥʜʝʥʩʘʪʦʨʘ ʥʘ ʯʘʩʪʦʪʝ 2 ɻɻʮ ʧʨʝʚʳʰʘʝʪ 100, ʨʝʟʦʥʘʥʩʥʘʷ ʯʘʩʪʦʪʘ ï 5 

ɻɻʮ. ɼʠʩʢʨʝʪʥʦ ʧʝʨʝʩʪʨʘʠʚʘʝʤʳʝ ʢʦʥʜʝʥʩʘʪʦʨʳ ʩʦʜʝʨʞʘʪ ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʴ ʥʘʧʨʷʞʝʥʠʷ 

ʧʠʪʘʥʠʷ 5,5 ɺ ʚ ʥʝʦʙʭʦʜʠʤʦʝ ʜʣʷ ʬʫʥʢʮʠʦʥʠʨʦʚʘʥʠʷ ʠʟʜʝʣʠʷ ʥʘʧʨʷʞʝʥʠʝ. 

1.4.5.3 ʄʕʄʉ ʢʘʪʫʰʢʠ ʠʥʜʫʢʪʠʚʥʦʩʪʠ 

ʂʘʪʫʰʢʠ ʠʥʜʫʢʪʠʚʥʦʩʪʠ ʷʚʣʷʶʪʩʷ ʢʣʶʯʝʚʳʤʠ ʵʣʝʤʝʥʪʘʤʠ ʨʝʟʦʥʘʥʩʥʳʭ ʢʦʥʪʫʨʦʚ, 

ʦʙʝʩʧʝʯʠʚʘʶʱʠʭ, ʚ ʯʘʩʪʥʦʩʪʠ, ʩʦʛʣʘʩʦʚʘʥʠʝ ʠʤʧʝʜʘʥʩʘ ʩʝʪʠ, ʨʘʙʦʪʫ ʤʘʣʦʰʫʤʷʱʠʭ ʫʩʠ-

ʣʠʪʝʣʝʡ ʠ ʛʝʥʝʨʘʪʦʨʦʚ, ʫʧʨʘʚʣʷʝʤʳʭ ʥʘʧʨʷʞʝʥʠʝʤ (ɻʋʅ). ʅʘ ʩʦʚʨʝʤʝʥʥʦʤ ʨʳʥʢʝ ʧʨʝʜ-

ʩʪʘʚʣʝʥʳ ʨʘʟʣʠʯʥʳʝ ʢʦʥʩʪʨʫʢʪʠʚʥʳʝ ʚʘʨʠʘʥʪʳ ʄʕʄʉ-ʠʥʜʫʢʪʠʚʥʦʩʪʝʡ. ʅʘʠʙʦʣʝʝ ʚʳʩʦ-

ʢʠʝ ʟʥʘʯʝʥʠʷ ʜʦʙʨʦʪʥʦʩʪʠ ʠ ʨʝʟʦʥʘʥʩʥʦʡ ʯʘʩʪʦʪʳ ʧʦʣʫʯʝʥʳ ʜʣʷ ʦʙʲʝʤʥʦʛʦ ʩʦʣʝʥʦʠʜʘ ʩ 

ʣʝʥʪʦʯʥʳʤʠ ʚʠʪʢʘʤʠ ʚ ʚʠʜʝ ʤʝʘʥʜʨʘ ʩʦ ʩʪʦʨʦʥʘʤʠ 30 Ĭ 30 ʤʢʤ ʠ ʚʳʩʦʪʦʡ ʦʢʦʣʦ 100 ʤʢʤ. 

ʀʥʪʝʨʝʩʥʘ ʢʦʥʩʪʨʫʢʮʠʷ ʄʕʄʉ-ʠʥʜʫʢʪʠʚʥʦʩʪʠ, ʚʳʧʦʣʥʝʥʥʘʷ ʚ ʚʠʜʝ ʪʦʨʘ ʜʠʘʤʝʪʨʦʤ ʦʢʦ-

ʣʦ 100 ʤʢʤ ʩ 20-ʶ ʧʨʷʤʦʫʛʦʣʴʥʳʤʠ ʚʠʪʢʘʤʠ ʚʳʩʦʪʦʡ 10 ʤʢʤ. ʂʘʯʝʩʪʚʦ ʧʦʜʣʦʞʢʠ ʩʫʱʝʩʪ-

ʚʝʥʥʳʤ ʦʙʨʘʟʦʤ ʚʣʠʷʝʪ ʥʘ ʜʦʙʨʦʪʥʦʩʪʴ ʠʥʜʫʢʪʠʚʥʦʩʪʠ QL ʠ ʝʝ ʨʝʟʦʥʘʥʩʥʫʶ ʯʘʩʪʦʪʫ fʨʝʟ. 

ɼʣʷ ʠʥʜʫʢʪʠʚʥʦʩʪʝʡ ʩ ʚʦʟʜʫʰʥʳʤ ʟʘʟʦʨʦʤ ʰʠʨʠʥʦʡ 20 ʤʢʤ ʠʟʤʝʨʝʥʥʳʝ ʟʥʘʯʝʥʠʷ ʜʦʙ-

ʨʦʪʥʦʩʪʠ ʜʦʩʪʠʛʘʶʪ 7 ʧʨʠ ʨʝʟʦʥʘʥʩʥʦʡ ʯʘʩʪʦʪʝ 18,6 ɻɻʮ. ɼʣʷ ʧʦʜʦʙʥʳʭ ʫʟʣʦʚ, ʠʟʛʦʪʦʚ-

ʣʝʥʥʳʭ ʥʘ ʚʳʩʦʢʦʦʤʥʦʡ ʢʨʝʤʥʠʝʚʦʡ ʧʦʜʣʦʞʢʝ, ʜʦʙʨʦʪʥʦʩʪʴ ʨʘʚʥʘ 20,2 ʧʨʠ ʨʝʟʦʥʘʥʩʥʦʡ 

ʯʘʩʪʦʪʝ 25,6 ɻɻʮ.  

ʋʧʨʘʚʣʷʝʤʳʝ ʄʕʄʉ-ʠʥʜʫʢʪʠʚʥʦʩʪʠ ʚʳʧʦʣʥʷʶʪʩʷ ʥʘ ʦʩʥʦʚʝ ʜʚʫʭ ʧʘʨʘʣʣʝʣʴʥʦ 

ʚʢʣʶʯʝʥʥʳʭ ʢʘʪʫʰʝʢ. ʆʜʥʘ ʠʟ ʥʠʭ ʨʘʟʤʝʱʝʥʘ ʥʘ ʥʝʧʦʜʚʠʞʥʦʡ ʧʦʜʣʦʞʢʝ, ʘ ʜʨʫʛʘʷ ï ʥʘ 

ʪʝʨʤʦʫʧʨʘʚʣʷʝʤʦʤ ʧʦʜʚʠʞʥʦʤ ʘʢʪʶʘʪʦʨʝ. ɼʠʘʧʘʟʦʥ ʠʟʤʝʥʝʥʠʷ ʠʥʜʫʢʪʠʚʥʦʩʪʠ ʚ ʧʨʝʜʚʘ-

ʨʠʪʝʣʴʥʳʭ ʵʢʩʧʝʨʠʤʝʥʪʘʭ ʩʦʩʪʘʚʠʣ ʧʨʠʤʝʨʥʦ 13 % ʚ ʧʦʣʦʩʝ ʯʘʩʪʦʪ 2 ï 5 ɻɻʮ. 

ʄʕʄʉ-ʠʥʜʫʢʪʠʚʥʦʩʪʠ ʠʤʝʶʪ ʧʨʠʤʝʨʥʦ ʪʝ ʞʝ ʧʘʨʘʤʝʪʨʳ (ʠʥʜʫʢʪʠʚʥʦʩʪʴ, ʜʦʙʨʦʪ-

ʥʦʩʪʴ ʠ ʩʦʙʩʪʚʝʥʥʘʷ ʨʝʟʦʥʘʥʩʥʘʷ ʯʘʩʪʦʪʘ), ʯʪʦ ʠ ʚʥʝʰʥʠʝ ʥʘʚʝʩʥʳʝ ʵʣʝʤʝʥʪʳ. ɼʦʙʨʦʪ-

ʥʦʩʪʴ ʧʣʦʩʢʦʡ ʢʘʪʫʰʢʠ ʠʥʜʫʢʪʠʚʥʦʩʪʠ Qs, ʚʳʧʦʣʥʝʥʥʦʡ ʧʦ ʪʝʭʥʦʣʦʛʠʠ ʦʙʲʝʤʥʦʡ ʤʠʢʨʦ-

ʦʙʨʘʙʦʪʢʠ (ʨʠʩʫʥʦʢ 1.80), c ʯʘʩʪʦʪʦʡ ʩʦʙʩʪʚʝʥʥʦʛʦ ʨʝʟʦʥʘʥʩʘ ʦʪ 6 ʜʦ 18 ɻɻʮ ʣʝʞʠʪ ʚ ʧʨʝ-

ʜʝʣʘʭ 6 ï 28 ʧʨʠ ʟʥʘʯʝʥʠʠ ʠʥʜʫʢʪʠʚʥʦʩʪʠ ʧʦʨʷʜ ʢʘ 1 ʥɻʥ. 
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ʈʠʩʫʥʦʢ 1.80 ï ʄʠʢʨʦʬʦʪʦʛʨʘʬʠʷ ʄʕʄʉ ʠʥʜʫʢʪʠʚʥʦʩʪʠ ʧʣʦʩʢʦʡ ʢʦʥʩʪʨʫʢʮʠʠ 

 

ʉ ʧʦʤʦʱʴʶ ʪʝʭʥʦʣʦʛʠʠ ʧʦʚʝʨʭʥʦʩʪʥʦʡ ʤʠʢʨʦʦʙʨʘʙʦʪʢʠ ʨʝʘʣʠʟʫʶʪʩʷ ʠ ʢʘʪʫʰʢʠ 

ʠʥʜʫʢʪʠʚʥʦʩʪʠ, ʢʦʪʦʨʳʝ ʧʦʣʫʯʘʶʪʩʷ ʚ ʚʠʜʝ ʚʠʪʢʦʚ ʩʦʣʝʥʦʠʜʘ, ʚʦʟʚʳʰʘʶʱʠʭʩʷ ʥʘʜ ʧʦʜ-

ʣʦʞʢʦʡ (ʨʠʩʫʥʦʢ 1.81).  

 

ʈʠʩʫʥʦʢ 1.81ï ʄʠʢʨʦʬʦʪʦʛʨʘʬʠʷ ʄʕʄʉ ʠʥʜʫʢʪʠʚʥʦʩʪʠ  

ʦʙʲʝʤʥʦʡ ʢʦʥʩʪʨʫʢʮʠʠ 

 

ʋʚʝʣʠʯʝʥʠʝ ʢʦʵʬʬʠʮʠʝʥʪʘ ʫʩʠʣʝʥʠʷ, ʨʘʩʩʝʷʥʠʝ ʤʦʱʥʦʩʪʠ ʠʣʠ ʥʘʣʠʯʠʝ ʬʘʟʦʚʳʭ 

ʰʫʤʦʚ ʚ ʪʘʢʠʭ ʩʭʝʤʘʭ ʧʨʠʚʦʜʠʪ, ʚ ʩʚʦʶ ʦʯʝʨʝʜʴ, ʢ ʥʝʦʙʭʦʜʠʤʦʩʪʠ ʦʙʲʝʜʠʥʝʥʠʷ ʄʕʄʉ 

ʢʘʪʫʰʝʢ ʠʥʜʫʢʪʠʚʥʦʩʪʠ ʥʘ ʦʜʥʦʤ ʢʨʠʩʪʘʣʣʝ [112]. ʅʘʠʙʦʣʝʝ ʷʨʢʠʤ ʧʨʠʤʝʨʦʤ ʜʦʩʪʠʞʝ-

ʥʠʡ, ʧʦʣʫʯʝʥʥʳʭ ʚ ʨʝʟʫʣʴʪʘʪʝ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʄʕʄʉ ʢʘʪʫʰʝʢ ʠʥʜʫʢʪʠʚʥʦʩʪʠ, ʷʚʣʷʝʪʩʷ 

ʨʘʟʨʘʙʦʪʢʘ ʨʝʟʦʥʘʥʩʥʦʛʦ ʉɺʏ-ʫʩʠʣʠʪʝʣʷ ʩ ʢʦʤʧʣʝʤʝʥʪʘʨʥʳʤ ʤʝʪʘʣʣʦʦʢʩʠʜʥʳʤ ʪʨʘʥʟʠ-

ʩʪʦʨʦʤ, ʧʨʦʚʝʜʸʥʥʘʷ Chang, Abidi ʠ Gaitan. 
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1.4.5.4 ʄʕʄʉ ʛʝʥʝʨʘʪʦʨʳ 

ʄʕʄʉ-ʪʝʭʥʦʣʦʛʠʷ ʧʨʠʤʝʥʷʝʪʩʷ ʠ ʜʣʷ ʩʦʟʜʘʥʠʷ ʚʠʙʨʠʨʫʶʱʠʭ ʢʦʣʝʙʘʪʝʣʴʥʳʭ ʩʠʩ-

ʪʝʤ, ʠʩʧʦʣʴʟʫʝʤʳʭ ʜʣʷ ʬʦʨʤʠʨʦʚʘʥʠʷ ʢʦʣʝʙʘʥʠʡ ʩʦ ʩʪʘʙʠʣʴʥʦʡ ʯʘʩʪʦʪʦʡ. ɺʳʜʝʣʷʶʪ ʪʨʠ 

ʛʨʫʧʧʳ ʛʝʥʝʨʘʪʦʨʦʚ, ʚ ʢʦʪʦʨʳʭ ʄʕʄʉ-ʛʝʥʝʨʘʪʦʨʳ ʤʦʛʫʪ ʟʘʥʷʪʴ 50 ï 90 % ʨʳʥʢʘ:  

1. ʈʝʟʦʥʘʪʦʨʳ ʚʨʝʤʝʥʥʳʭ ʠʤʧʫʣʴʩʦʚ (Clock Oscillator) ʜʣʷ ʵʣʝʢʪʨʦʥʥʳʭ ʩʭʝʤ, ʥʘ-

ʧʨʠʤʝʨ ʤʦʙʠʣʴʥʦʛʦ ʪʝʣʝʬʦʥʘ, ʄʈ3-ʧʣʝʝʨʘ, GPS-ʫʩʪʨʦʡʩʪʚʘ ʠ ʪ.ʜ. ʆʥʠ ʧʦʜʨʘʟʜʝʣʷʶʪʩʷ ʥʘ: 

ʍʆ (ʢʨʠʩʪʘʣʣʠʯʝʩʢʠʡ ʨʝʟʦʥʘʪʦʨ ī crystal oscillator), VCXO (ʢʨʠʩʪʘʣʣʠʯʝʩʢʠʡ ʨʝʟʦʥʘʪʦʨ ʩ 

ʢʦʥʪʨʦʣʝʤ ʥʘʧʨʷʞʝʥʠʷ ī voltage controlled crystal oscillator), TCXO (ʢʨʠʩʪʘʣʣʠʯʝʩʢʠʡ ʨʝ-

ʟʦʥʘʪʦʨ ʩ ʪʝʤʧʝʨʘʪʫʨʥʦʡ ʢʦʤʧʝʥʩʘʮʠʝʡ), ʆʉʍʆ (ʨʝʟʦʥʘʪʦʨ ʩ ʢʦʥʪʨʦʣʣʝʨʦʤ), VCSO (ʨʝʟʦ-

ʥʘʪʦʨ ʥʘ ʧʦʚʝʨʭʥʦʩʪʥʳʭ ʚʦʣʥʘʭ).  

2. ɻʝʥʝʨʘʪʦʨʳ ʚʨʝʤʝʥʥʳʭ ʠʥʪʝʨʚʘʣʦʚ ʩ ʫʩʠʣʠʪʝʣʝʤ ʠ ʬʘʟʦʚʦʡ ʘʚʪʦʧʦʜʩʪʨʦʡʢʦʡ 

ʯʘʩʪʦʪʳ (ʌɸʇʏ) (Clock Generator) ʜʣʷ ʨʘʟʥʳʭ ʵʣʝʢʪʨʦʥʥʳʭ ʩʠʩʪʝʤ, ʥʘʧʨʠʤʝʨ: ʤʘʪʝʨʠʥ-

ʩʢʦʡ ʧʣʘʪʳ ʇʂ, ʮʠʬʨʦʚʦʛʦ ʪʝʣʝʚʠʜʝʥʠʷ ʠ ʪ. ʜ.  

3. ʊʘʡʤʝʨʳ ʨʝʘʣʴʥʦʛʦ ʚʨʝʤʝʥʠ (Real Time Clock), ʢʦʪʦʨʳʝ ʧʦʜʜʝʨʞʠʚʘʶʪ ʦʪʩʯʝʪ 

ʚʨʝʤʝʥʥʳʭ ʠʥʪʝʨʚʘʣʦʚ, ʜʘʞʝ ʢʦʛʜʘ ʧʨʠʙʦʨ ʚʳʢʣʶʯʝʥ.  

ʆʩʦʙʳʡ ʠʥʪʝʨʝʩ ʧʨʝʜʩʪʘʚʣʷʶʪ ʧʦʣʠʢʨʝʤʥʠʝʚʳʝ ʨʝʟʦʥʘʪʦʨʳ, ʠʟʛʦʪʘʚʣʠʚʘʝʤʳʝ ʧʦ 

ʩʪʘʥʜʘʨʪʥʦʡ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʦʡ ʪʝʭʥʦʣʦʛʠʠ. ɺ ʫʧʨʘʚʣʷʝʤʳʭ ʧʦ ʯʘʩʪʦʪʝ ʛʝʥʝʨʘʪʦʨʘʭ ʩ 

ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʤʠ ʨʝʟʦʥʘʪʦʨʘʤʠ ʰʠʨʦʢʦ ʠʩʧʦʣʴʟʫʶʪʩʷ ʧʝʨʝʩʪʨʘʠʚʘʝʤʳʝ ʄʕʄʉ-

ʠʥʜʫʢʪʠʚʥʦʩʪʠ ʠʣʠ ʝʤʢʦʩʪʠ [129].  

ʉʧʝʮʠʘʣʠʩʪʳ ʄʠʯʠʛʘʥʩʢʦʛʦ ʫʥʠʚʝʨʩʠʪʝʪʘ ʨʘʟʨʘʙʦʪʘʣʠ ʢʦʣʝʙʘʪʝʣʴʥʳʝ ʧʦʣʠʢʨʝʤ-

ʥʠʝʚʳʝ ʤʠʢʨʦʤʝʭʘʥʠʯʝʩʢʠʝ ʢʦʣʴʮʝʚʳʝ ʨʝʟʦʥʘʪʦʨʳ ʚ ʬʦʨʤʝ ʙʦʢʘʣʘ. ʀʭ ʜʦʩʪʦʠʥʩʪʚʦ ï 

ʤʝʥʴʰʠʡ, ʯʝʤ ʫ ʦʙʳʯʥʳʭ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʭ ʨʝʟʦʥʘʪʦʨʦʚ, ʠʤʧʝʜʘʥʩ. ɹʳʣʘ ʧʨʦʜʝʤʦʥʩʪʨʠʨʦ-

ʚʘʥʘ ʨʘʙʦʪʘ ʪʘʢʠʭ ʨʝʟʦʥʘʪʦʨʦʚ ʥʘ ʯʘʩʪʦʪʝ 828 ʄɻʮ. ʇʨʠ ʵʪʦʤ ʠʭ ʜʦʙʨʦʪʥʦʩʪʴ ʧʨʝʚʳʩʠʣʘ 

2200 ʢʘʢ ʚ ʚʦʟʜʫʭʝ, ʪʘʢ ʠ ʚ ʚʘʢʫʫʤʝ. ʅʘ ʯʘʩʪʦʪʝ 426 ʄɻʮ ʠʟʤʝʨʝʥʥʘʷ ʜʦʙʨʦʪʥʦʩʪʴ ʚ ʚʘʢʫʫ-

ʤʝ ʜʦʩʪʠʛʣʘ 7700.  

ɺ ʣʘʙʦʨʘʪʦʨʠʠ ʪʚʝʨʜʦʪʝʣʴʥʦʡ ʵʣʝʢʪʨʦʥʠʢʠ (Solid State Electronics Laboratory, SSEL) 

ʩʦʟʜʘʥ ʄʕʄʉ-ʨʝʟʦʥʘʪʦʨ ʥʘ ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʦʤ ʠʩʢʫʩʩʪʚʝʥʥʦʤ ʘʣʤʘʟʝ ʩ ʩʘʤʦʩʦʚʤʝ-

ʱʝʥʥʦʡ ʧʦʣʠʢʨʝʤʥʠʝʚʦʡ ʥʦʞʢʦʡ (stem). ɽʛʦ ʧʨʦʠʟʚʝʜʝʥʠʝ ʜʦʙʨʦʪʥʦʩʪʠ ʥʘ ʯʘʩʪʦʪʫ ʩʦ-

ʩʪʘʚʣʷʝʪ 1,74Ŀ10
13

 ɻʮ. ʕʪʦ ʙʦʣʴʰʝ, ʯʝʤ ʫ ʣʫʯʰʠʭ ʢʚʘʨʮʝʚʳʭ ʨʝʟʦʥʘʪʦʨʦʚ (1Ŀ10
13

 ɻʮ). 

ɺʝʩʴʤʘ ʧʝʨʩʧʝʢʪʠʚʥʳ ʄʕʄʉ-ʛʝʥʝʨʘʪʦʨʳ ʜʣʷ ʟʘʤʝʥʳ ʚ ʧʦʨʪʘʪʠʚʥʳʭ ʩʠʩʪʝʤʘʭ ʢʚʘʨʮʝʚʳʭ 

ʛʝʥʝʨʘʪʦʨʦʚ ʩʦ ʩʨʝʜʥʝʡ ʩʪʘʙʠʣʴʥʦʩʪʴʶ ʯʘʩʪʦʪʳ ʠ ʥʝʙʦʣʴʰʠʤ ʩʨʦʢʦʤ ʩʣʫʞʙʳ. 

ʂʦʨʧʦʨʘʮʠʷ Discera Micro Communication Technologies ʥʘʯʘʣʘ ʚʳʧʫʩʢʘʪʴ ʛʝʥʝʨʘʪʦ-

ʨʳ ʪʠʧʘ MRO-100 ʥʘ ʯʘʩʪʦʪʫ 19,2 ʄɻʮ, ʧʨʝʜʥʘʟʥʘʯʝʥʥʳʝ ʜʣʷ ʟʘʤʝʥʳ ʢʚʘʨʮʝʚʳʭ ʛʝʥʝʨʘ-

ʪʦʨʦʚ ʚ ʩʦʪʦʚʳʭ ʪʝʣʝʬʦʥʘʭ, ʯʪʦ ʧʨʝʜʧʦʣʘʛʘʝʪ ʤʘʩʩʦʚʳʡ ʦʙʲʝʤ ʧʨʦʠʟʚʦʜʩʪʚʘ ʵʪʠʭ ʫʩʪ-
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ʨʦʡʩʪʚ. ʄʕʄʉ-ʛʝʥʝʨʘʪʦʨʳ ʩ ʤʝʭʘʥʠʯʝʩʢʠʤʠ ʚʠʙʨʠʨʫʶʱʠʤʠ ʨʝʟʦʥʘʪʦʨʘʤʠ ʚʳʧʫʩʢʘʶʪʩʷ 

ʫʞʝ ʥʝʩʢʦʣʴʢʦ ʣʝʪ. ʆʜʥʘʢʦ ʰʠʨʦʢʦʛʦ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʦʥʠ ʥʝ ʧʦʣʫʯʠʣʠ. ʇʨʠʯʠʥʘ ï ʩʨʘʚ-

ʥʠʪʝʣʴʥʦ ʚʳʩʦʢʠʡ ʪʝʤʧʝʨʘʪʫʨʥʳʡ ʢʦʵʬʬʠʮʠʝʥʪ, ʨʘʚʥʳʡ 30Ŀ10
-4
 %/Áʉ, ʥʝʦʙʭʦʜʠʤʦʩʪʴ 

ʧʨʠʤʝʥʝʥʠʷ ʩʣʦʞʥʳʭ ʩʭʝʤ ʪʝʤʧʝʨʘʪʫʨʥʦʡ ʢʦʤʧʝʥʩʘʮʠʠ, ʘ ʪʘʢʞʝ ʜʦʨʦʛʦʩʪʦʷʱʠʭ ʤʝʪʘʣʣʠ-

ʯʝʩʢʠʭ ʠʣʠ ʢʝʨʘʤʠʯʝʩʢʠʭ ʢʦʨʧʫʩʦʚ ʜʣʷ ʠʭ ʛʝʨʤʝʪʠʟʘʮʠʠ.  

ʂʦʤʧʘʥʠʷ SiTime Corp. ʚʳʧʫʩʪʠʣʘ ʢʨʝʤʥʠʝʚʳʝ ʤʠʢʨʦʩʭʝʤʳ ʄʕʄʉ ʛʝʥʝʨʘʪʦʨʦʚ 

ʤʦʜʝʣʝʡ SiT11xx (ʥʘ ʬʠʢʩʠʨʦʚʘʥʥʳʝ ʟʥʘʯʝʥʠʷ ʯʘʩʪʦʪʳ) ʠ SiT8002 (ʩ ʧʨʦʛʨʘʤʤʠʨʫʝʤʦʡ 

ʯʘʩʪʦʪʦʡ), ʯʪʦ ʪʘʢʞʝ ʚʳʟʚʘʣʦ ʙʦʣʴʰʦʡ ʠʥʪʝʨʝʩ.  

ʀʟʤʝʨʝʥʥʘʷ ʜʦʣʛʦʚʨʝʤʝʥʥʘʷ ʦʪʥʦʩʠʪʝʣʴʥʘʷ ʥʝʩʪʘʙʠʣʴʥʦʩʪʴ ʯʘʩʪʦʪʳ ʥʦʚʳʭ ʛʝʥʝʨʘ-

ʪʦʨʦʚ ʢʦʤʧʘʥʠʠ SiTime ʩʦʩʪʘʚʣʷʝʪ 0,05Ŀ10
-6

 ʧʨʦʪʠʚ 3Ŀ10
-6

 ʜʣʷ ʢʚʘʨʮʝʚʳʭ ʠ 100Ŀ10
-6

 ʜʣʷ 

ʜʨʫʛʠʭ ʪʠʧʦʚ ʢʨʝʤʥʠʝʚʳʭ ʄʕʄʉ-ʛʝʥʝʨʘʪʦʨʦʚ. ɺʳʨʘʱʝʥʥʳʝ ʧʦʚʝʨʭ ʨʝʟʦʥʘʪʦʨʦʚ ʧʦʣʠ-

ʢʨʝʤʥʠʝʚʳʝ çʢʦʣʧʘʢʠè ʚʳʜʝʨʞʠʚʘʶʪ ʨʘʟʚʠʚʘʝʤʦʝ ʧʨʠ ʬʦʨʤʦʚʘʥʠʠ ʧʣʘʩʪʤʘʩʩʦʚʦʛʦ ʢʦʨ-

ʧʫʩʘ ʜʘʚʣʝʥʠʝ ʚ 100 ʘʪʤ. ʕʪʦ ʧʦʟʚʦʣʷʝʪ ʤʦʥʪʠʨʦʚʘʪʴ ʛʝʥʝʨʘʪʦʨʳ ʩʝʨʠʡ SiT11xx ʠ SiT8002 

ʥʘ ʯʘʩʪʦʪʫ ʦʪ 1 ʜʦ 125 ʄɻʮ ʚ ʩʪʘʥʜʘʨʪʥʳʝ ʢʦʨʧʫʩʘ ʪʠʧʘ QFN ʨʘʟʤʝʨʦʤ 2,0 Ĭ 2,5; 2,5 Ĭ 3,2 

ʠ 3,2 Ĭ 5,0 ʤʤ (ʪʦʣʱʠʥʘ ʢʦʨʧʫʩʘ ʜʣʷ ʚʩʝʭ ʚʘʨʠʘʥʪʦʚ ï 0,85 ʤʤ). 

ʆʯʝʨʝʜʥʦʡ ʧʨʠʤʝʨ ʫʩʧʝʭʘ ʤʠʢʨʦʩʠʩʪʝʤʥʦʡ ʪʝʭʥʠʢʠ ï ʛʝʥʝʨʘʪʦʨʳ, ʠʟʛʦʪʦʚʣʝʥʥʳʝ 

ʧʦ ʣʠʮʝʥʟʠʨʦʚʘʥʥʦʡ ʫ ʬʠʨʤʳ Bosch ʪʝʭʥʦʣʦʛʠʠ MEMS First ʩ 0,18 ʤʢʤ ʪʦʧʦʣʦʛʠʯʝʩʢʠʤʠ 

ʥʦʨʤʘʤʠ. ɺ ʵʪʠʭ ʠʟʜʝʣʠʷʭ ʧʨʠʤʝʥʷʝʪʩʷ ʧʨʦʮʝʩʩ ʛʝʨʤʝʪʠʟʘʮʠʠ ʵʧʠʪʘʢʩʠʣʴʥʦ ʚʳʨʘʱʝʥʥʳʭ 

ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 1100 Áʉ ʛʣʫʙʦʢʠʭ (10 ʤʢʤ) ʠ ʫʟʢʠʭ (0,4 ʤʢʤ) ʢʘʥʘʚʦʢ, ʚʳʪʨʘʚʣʝʥʥʳʭ ʚ 

ʧʦʜʣʦʞʢʝ ʢʨʝʤʥʠʷ ʥʘ ʠʟʦʣʷʪʦʨʝ. ɹʣʘʛʦʜʘʨʷ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʤʫ ʧʨʦʮʝʩʩʫ ʛʝʨʤʝʪʠʟʘ-

ʮʠʠ ʚʳʧʦʣʥʷʶʪʩʷ ʯʨʝʟʚʳʯʘʡʥʦ ʯʠʩʪʳʝ ʙʝʟʚʦʟʜʫʰʥʳʝ ʚʳʝʤʢʠ, ʩ ʧʦʤʦʱʴʶ ʢʦʪʦʨʳʭ ʬʦʨ-

ʤʠʨʫʶʪʩʷ ʥʘʚʝʩʥʳʝ ʙʘʣʢʠ ʨʝʟʦʥʘʪʦʨʘ. ʇʦʩʣʝ ʧʦʣʠʨʦʚʢʠ ʧʦʚʝʨʭʥʦʩʪʠ ʧʣʘʩʪʠʥʘ ʩ ʫʪʦʧʣʝʥ-

ʥʳʤʠ ʨʝʟʦʥʘʪʦʨʘʤʠ ʧʨʠʛʦʜʥʘ ʜʣʷ ʠʟʛʦʪʦʚʣʝʥʠʷ ʂʄʆʇ-ʤʠʢʨʦʩʭʝʤ.  

ɸʚʪʦʛʝʥʝʨʘʪʦʨʳ, ʯʘʩʪʦʪʘ ʢʦʪʦʨʳʭ ʩʪʘʙʠʣʠʟʠʨʦʚʘʥʘ ʧʦ ʄʕʄʉ ʨʝʟʦʥʘʪʦʨʫ, ʦʪʣʠʯʘ-

ʶʪʩʷ ʧʦʥʠʞʝʥʥʳʤ ʫʨʦʚʥʝʤ ʩʧʝʢʪʨʘʣʴʥʦʡ ʧʣʦʪʥʦʩʪʠ ʤʦʱʥʦʩʪʠ ʩʦʙʩʪʚʝʥʥʦʛʦ ʬʘʟʦʚʦʛʦ 

ʰʫʤʘ (ʉʇʄ ʌʐ) ʧʨʠ ʙʦʣʴʰʠʭ ʦʪʩʪʨʦʡʢʘʭ. ʉʦʙʩʪʚʝʥʥʘʷ ʉʇʄ ʌʐ ʠʥʪʝʛʨʘʣʴʥʦʛʦ ʛʝʥʝʨʘ-

ʪʦʨʘ ʥʘ ʯʘʩʪʦʪʫ 33 ɻɻʮ, ʚ ʢʦʪʦʨʦʤ ʠʩʧʦʣʴʟʫʝʪʩʷ ʄʕʄʉ-ʨʝʟʦʥʘʪʦʨ, ʩʦʩʪʘʚʣʷʝʪ ī113 

ʜɹĿʤɺʪ/ɻʮ ʧʨʠ ʦʪʩʪʨʦʡʢʝ ʥʘ 1 ʄɻʮ. ɼʣʷ ʄʕʄʉ-ʛʝʥʝʨʘʪʦʨʘ ʥʘ ʯʘʩʪʦʪʫ 900 ʄɻʮ ʧʨʠ ʦʪ-

ʩʪʨʦʡʢʝ ʥʘ 3 ʄɻʮ ʫʨʦʚʝʥʴ ʩʦʙʩʪʚʝʥʥʦʡ ʉʇʄ ʌʐ ʩʦʩʪʘʚʣʷʝʪ ī194 ʜɹʥ/ɻʮ, ʪʦʛʜʘ ʢʘʢ ʉʇʄ 

ʌʐ ʪʘʢʦʛʦ ʞʝ ʛʝʥʝʨʘʪʦʨʘ ʩ Lʉ-ʢʦʥʪʫʨʦʤ ʨʘʚʥʘ ī 136 ʜɹʥ/ɻʮ. ʅʝʢʦʪʦʨʳʝ ʬʠʨʤʳ ʚʳʧʫʩ-

ʢʘʶʪ ʩʝʨʠʡʥʳʝ ʄʕʄʉ-ʘʚʪʦʛʝʥʝʨʘʪʦʨʳ ʥʘ ʜʠʘʧʘʟʦʥ ʯʘʩʪʦʪ 1ï200 ʄɻʮ, ʩʧʦʩʦʙʥʳʝ ʟʘʤʝ-

ʥʠʪʴ ʦʧʦʨʥʳʝ ʛʝʥʝʨʘʪʦʨʳ ʩ ʢʚʘʨʮʝʚʳʤʠ ʨʝʟʦʥʘʪʦʨʘʤʠ. 

ʊʘʢ, ʢʦʤʧʘʥʠʷ Vectron (ʠʟʚʝʩʪʥʳʡ ʧʨʦʠʟʚʦʜʠʪʝʣʴ ʫʩʪʨʦʡʩʪʚ ʩʪʘʙʠʣʠʟʘʮʠʠ ʯʘʩʪʦʪʳ 

ʥʘ ʢʚʘʨʮʝʚʳʭ ʠ ʇɸɺ-ʨʝʟʦʥʘʪʦʨʘʭ) ʩʦʚʤʝʩʪʥʦ ʩ ʬʠʨʤʦʡ Discera ʚ 2007 ʛʦʜʫ ʚʳʧʫʩʪʠʣʘ 
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ʦʧʦʨʥʳʝ ʄʕʄʉ-ʛʝʥʝʨʘʪʦʨʳ ʩʝʨʠʠ MOS1, ʥʝ ʫʩʪʫʧʘʶʱʠʝ ʢʚʘʨʮʝʚʳʤ ʧʦ ʦʪʥʦʩʠʪʝʣʴʥʦʡ 

ʥʝʩʪʘʙʠʣʴʥʦʩʪʠ ʯʘʩʪʦʪʳ (Ñ5Ŀ10
-5

). ʇʨʠ ʵʪʦʤ ʄʕʄʉ-ʛʝʥʝʨʘʪʦʨʳ ʟʥʘʯʠʪʝʣʴʥʦ ʧʨʝʚʦʩʭʦʜʷʪ 

ʢʚʘʨʮʝʚʳʝ ʧʦ ʛʨʘʥʠʯʥʦʡ ʯʘʩʪʦʪʝ (ʜʦ 125 ʄɻʮ), ʧʦʢʘʟʘʪʝʣʶ ʩʪʘʨʝʥʠʷ ʥʦʤʠʥʘʣʘ ʯʘʩʪʦʪʳ 

(1Ŀ10
-6
/ʛʦʜ), ʪʝʤʧʝʨʘʪʫʨʥʦʡ ʫʩʪʦʡʯʠʚʦʩʪʠ ʠ ʚʨʝʤʝʥʠ ʚʳʭʦʜʘ ʥʘ ʨʘʙʦʯʠʡ ʨʝʞʠʤ ʧʦʩʣʝ 

ʚʢʣʶʯʝʥʠʷ (5 ʤʢʩ). ɺ ʥʝʢʦʪʦʨʳʭ ʤʦʜʝʣʷʭ ʪʘʢʪʦʚʳʭ ʄʕʄʉ ʛʝʥʝʨʘʪʦʨʦʚ ʢʦʤʧʘʥʠʠ Vectron 

ʧʨʝʜʫʩʤʦʪʨʝʥ ʨʝʞʠʤ ʚʥʫʪʨʝʥʥʝʡ ʯʘʩʪʦʪʥʦʡ ʤʦʜʫʣʷʮʠʠ ʧʦ ʪʨʝʫʛʦʣʴʥʦʤʫ ʟʘʢʦʥʫ ʩ ʜʝʚʠʘ-

ʮʠʝʡ ʜʦ 2 %, ʯʪʦ ʩʧʦʩʦʙʩʪʚʫʝʪ ʧʦʚʳʰʝʥʠʶ ʠʥʬʦʨʤʘʮʠʦʥʥʦʡ ʟʘʱʠʱʝʥʥʦʩʪʠ ʮʠʬʨʦʚʳʭ 

ʫʩʪʨʦʡʩʪʚ ʩ ʪʘʢʪʦʚʳʤʠ ʄʕʄʉ-ʛʝʥʝʨʘʪʦʨʘʤʠ. 

ʆʜʠʥ ʠʟ ʚʠʜʦʚ ʄʕʄʉ-ʛʝʥʝʨʘʪʦʨʦʚ ī ʛʝʥʝʨʘʪʦʨʳ ʚʨʝʤʝʥʥʳʭ ʠʤʧʫʣʴʩʦʚ. ʇʨʠ ʵʪʦʤ 

ʨʦʣʴ ʄʕʄʉ ʫʧʨʫʛʠʭ ʵʣʝʤʝʥʪʦʚ ʷʚʣʷʝʪʩʷ ʦʧʨʝʜʝʣʷʶʱʝʡ. ɺ ʢʦʥʩʪʨʫʢʮʠʠ ʛʝʥʝʨʘʪʦʨʘ ʤʦʞ-

ʥʦ ʚʳʜʝʣʠʪʴ ʜʚʝ ʦʩʥʦʚʥʳʝ ʩʦʩʪʘʚʣʷʶʱʠʝ: ʤʝʭʘʥʠʯʝʩʢʠʡ ʵʣʝʤʝʥʪ ī ʨʝʟʦʥʘʪʦʨ ʠ ʵʣʝʢʪʨʦʥ-

ʥʦʝ ʦʙʨʘʤʣʝʥʠʝ, ʢʦʪʦʨʦʝ ʚʳʟʳʚʘʝʪ ʜʚʠʞʝʥʠʝ ʨʝʟʦʥʘʪʦʨʘ, ʦʪʩʣʝʞʠʚʘʝʪ ʠ ʢʦʨʨʝʢʪʠʨʫʝʪ ʝʛʦ 

ʦʪʢʣʦʥʝʥʠʝ ʦʪ ʟʘʜʘʥʥʳʭ ʧʘʨʘʤʝʪʨʦʚ. ɽʩʪʝʩʪʚʝʥʥʦ, ʯʪʦ ʛʣʘʚʥʳʤ ʵʣʝʤʝʥʪʦʤ ʚʳʩʪʫʧʘʝʪ ʨʝ-

ʟʦʥʘʪʦʨ. ʂʘʢ ʫʧʦʤʠʥʘʣʦʩʴ ʚʳʰʝ, ʨʝʟʦʥʘʪʦʨ ī ʵʪʦ ʫʧʨʫʛʘʷ ʩʪʨʫʢʪʫʨʘ (ʢʘʥʪʠʣʝʚʝʨ, ʜʠʩʢ, 

ʜʠʘʬʨʘʛʤʘ), ʩʦʙʩʪʚʝʥʥʘʷ ʯʘʩʪʦʪʘ ʢʦʪʦʨʦʡ ʟʘʜʘʝʪ ʯʘʩʪʦʪʫ ʄʕʄʉ ʛʝʥʝʨʘʪʦʨʘ ʚʨʝʤʝʥʥʳʭ 

ʠʤʧʫʣʴʩʦʚ. ʉʝʨʜʮʝʚʠʥʘ ʵʪʦʡ ʢʦʥʩʪʨʫʢʮʠʠ ī ʫʧʨʫʛʠʡ ʵʣʝʤʝʥʪ ʩ ʪʦʯʥʦ ʟʘʜʘʥʥʳʤ ʩʧʝʢʪʨʦʤ 

ʯʘʩʪʦʪ ʢʦʣʝʙʘʥʠʡ. ɺ ʢʘʯʝʩʪʚʝ ʪʘʢʦʛʦ ʵʣʝʤʝʥʪʘ ʚ ʪʝʯʝʥʠʝ ʤʥʦʛʠʭ ʣʝʪ ʚʳʩʪʫʧʘʣ ʧʴʝʟʦʢʚʘʨ-

ʮʝʚʳʡ ʨʝʟʦʥʘʪʦʨ. ɻʝʥʝʨʘʪʦʨ ʠʤʧʫʣʴʩʦʚ ʥʝ ʦʙʷʟʘʪʝʣʴʥʦ ʜʦʣʞʝʥ ʩʦʜʝʨʞʘʪʴ ʨʝʟʦʥʘʪʦʨ. ɼʘʚ-

ʥʦ ʠʟʚʝʩʪʥʘ ʚʦʟʤʦʞʥʦʩʪʴ ʛʝʥʝʨʠʨʦʚʘʥʠʷ ʠʤʧʫʣʴʩʦʚ ʥʘ ʦʩʥʦʚʝ ʢʦʥʪʫʨʘ, ʩʦʜʝʨʞʘʱʝʛʦ ʝʤ-

ʢʦʩʪʴ, ʠʥʜʫʢʪʠʚʥʦʩʪʴ ʠ ʩʦʧʨʦʪʠʚʣʝʥʠʝ. ɺ ʵʨʫ ʤʠʢʨʦʵʣʝʢʪʨʦʥʠʢʠ ʵʪʠ ʢʦʥʩʪʨʫʢʮʠʠ ʧʦʣʫʯʠ-

ʣʠ ʥʘʟʚʘʥʠʝ ʂʄʆʇ-ʛʝʥʝʨʘʪʦʨʦʚ. ʆʜʥʘʢʦ ʩʪʘʙʠʣʴʥʦʩʪʴ ʠʭ ʯʘʩʪʦʪʥʳʭ (ʚʨʝʤʝʥʥʳʭ) ʭʘʨʘʢ-

ʪʝʨʠʩʪʠʢ ʩʫʱʝʩʪʚʝʥʥʦ ʥʠʞʝ, ʯʝʤ ʫ ʫʩʪʨʦʡʩʪʚ, ʚ ʢʦʪʦʨʳʭ ʟʘʜʘʥʥʘʷ ʯʘʩʪʦʪʘ ʦʧʨʝʜʝʣʷʝʪʩʷ 

ʩʦʙʩʪʚʝʥʥʦʡ ʯʘʩʪʦʪʦʡ ʫʧʨʫʛʦʛʦ ʵʣʝʤʝʥʪʘ.  

ɿʘʜʘʯʘ ʩʦʟʜʘʥʠʷ ʵʣʝʢʪʨʠʯʝʩʢʠʭ ʠʤʧʫʣʴʩʦʚ ʩ ʧʦʩʪʦʷʥʥʦʡ ʚʨʝʤʝʥʥʦʡ ʧʦʩʣʝʜʦʚʘʪʝʣʴ-

ʥʦʩʪʴʶ ʚʦʩʪʨʝʙʦʚʘʥʘ ʚʦ ʤʥʦʛʠʭ ʵʣʝʢʪʨʦʥʥʳʭ ʫʩʪʨʦʡʩʪʚʘʭ: ʧʨʦʮʝʩʩʦʨʘʭ ʕɺʄ, ʯʘʩʘʭ, ʪʘʡ-

ʤʝʨʘʭ ʠ ʪ. ʜ. ʀʟ-ʟʘ ʬʠʟʠʯʝʩʢʠʭ ʷʚʣʝʥʠʡ ʨʘʟʥʦʡ ʧʨʠʨʦʜʳ ʚ ʵʣʝʢʪʨʦʥʥʳʭ ʧʨʠʙʦʨʘʭ ʥʝʚʦʟ-

ʤʦʞʥʦ ʦʙʝʩʧʝʯʠʪʴ ʧʦʩʪʦʷʥʩʪʚʦ ʠʭ ʧʘʨʘʤʝʪʨʦʚ. ʕʪʠ ʦʪʢʣʦʥʝʥʠʷ ʭʘʨʘʢʪʝʨʠʟʫʶʪʩʷ ʚʝʣʠʯʠ-

ʥʦʡ ʠʭ ʠʟʤʝʥʝʥʠʷ ʚ ʪʝʯʝʥʠʝ ʢʘʢʦʛʦ-ʣʠʙʦ ʚʨʝʤʝʥʥʦʛʦ ʠʥʪʝʨʚʘʣʘ ʠʣʠ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʠ 

ʠʟʤʝʨʝʥʠʡ. ʆʥʘ ʤʦʞʝʪ ʙʳʪʴ ʟʘʜʘʥʘ ʚ ʚʠʜʝ ʧʨʦʮʝʥʪʘ ʠʣʠ ʚ ʜʦʣʷʭ ʥʘ ʤʠʣʣʠʦʥ ʟʥʘʯʝʥʠʡ 

(ʨʨm).  

ɿʘʜʘʚʘʥʠʝ ʠʤʧʫʣʴʩʘ ʥʘ ʦʩʥʦʚʝ ʨʝʟʦʥʘʥʩʥʦʡ ʯʘʩʪʦʪʳ ʪʝʩʥʦ ʩʚʷʟʘʥʦ ʩ ʧʨʦʙʣʝʤʦʡ ʝʛʦ 

ʟʘʪʫʭʘʥʠʷ ʠʟ-ʟʘ ʨʘʩʩʝʷʥʠʷ ʵʥʝʨʛʠʠ ʚʦ ʚʥʫʪʨʝʥʥʝʡ ʩʪʨʫʢʪʫʨʝ ʠ ʦʢʨʫʞʘʶʱʝʡ ʩʨʝʜʝ ʢʦʣʝʙ-

ʣʶʱʝʛʦ ʵʣʝʤʝʥʪʘ. ʕʪʦ ʷʚʣʝʥʠʝ ʯʘʱʝ ʚʩʝʛʦ ʭʘʨʘʢʪʝʨʠʟʫʝʪʩʷ ʚʝʣʠʯʠʥʦʡ ʜʦʙʨʦʪʥʦʩʪʠ Q. 

ʏʝʤ ʚʳʰʝ Q, ʪʝʤ Ȣʞʝ ʨʝʟʦʥʘʥʩʥʳʡ ʧʠʢ ʠ ʪʝʤ ʪʦʯʥʝʝ ʟʘʜʘʥʘ ʯʘʩʪʦʪʘ ʚʨʝʤʝʥʥʦʛʦ ʠʤʧʫʣʴʩʘ.  
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ʋʩʪʨʦʡʩʪʚʘ, ʟʘʜʘʶʱʠʝ ʚʨʝʤʝʥʥʳʝ ʠʥʪʝʨʚʘʣʳ, ʚ ʪʦʤ ʯʠʩʣʝ ʩʠʥʭʨʦʥʠʟʠʨʫʶʱʠʝ ʫʩʪ-

ʨʦʡʩʪʚʘ, ʷʚʣʷʶʪʩʷ ʥʝʧʨʝʤʝʥʥʳʤ ʢʦʤʧʦʥʝʥʪʦʤ ʙʦʣʴʰʠʥʩʪʚʘ ʵʣʝʢʪʨʦʥʥʳʭ ʩʠʩʪʝʤ.  

ʋʯʠʪʳʚʘʷ, ʯʪʦ ʧʴʝʟʦʵʣʝʢʪʨʠʯʝʩʢʠʡ ʨʝʟʦʥʘʪʦʨ ʠʤʝʝʪ ʘʥʘʣʦʛʠ ʚ ʚʠʜʝ ʜʨʫʛʠʭ ʵʣʝʢ-

ʪʨʦʤʝʭʘʥʠʯʝʩʢʠʭ ʩʪʨʫʢʪʫʨ, ʝʩʪʝʩʪʚʝʥʥʦ, ʯʪʦ ʧʦʷʚʠʣʠʩʴ ʧʨʝʜʣʦʞʝʥʠʷ ʘʣʴʪʝʨʥʘʪʠʚʥʳʭ 

ʢʦʥʩʪʨʫʢʮʠʡ ʨʝʟʦʥʘʪʦʨʦʚ: ʩʨʝʜʠ ʥʠʭ ʝʤʢʦʩʪʥʳʝ ʄʕʄʉ ʨʝʟʦʥʘʪʦʨʳ ʠ ʛʝʥʝʨʘʪʦʨʳ ʥʘ ʠʭ 

ʦʩʥʦʚʝ. ʂʘʢ ʫʞʝ ʫʢʘʟʳʚʘʣʦʩʴ, ʙʦʣʴʰʠʥʩʪʚʦ ʄʕʄʉ-ʫʩʪʨʦʡʩʪʚ ʙʘʟʠʨʫʝʪʩʷ ʥʘ ʠʩʧʦʣʴʟʦʚʘ-

ʥʠʠ ʢʨʝʤʥʠʷ. ʄʝʭʘʥʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʢʨʝʤʥʠʷ, ʠ ʦʩʦʙʝʥʥʦ ʠʭ ʟʘʚʠʩʠʤʦʩʪʴ ʦʪ ʪʝʤʧʝʨʘʪʫ-

ʨʳ, ʫʩʪʫʧʘʶʪ ʧʴʝʟʦʢʚʘʨʮʝʚʳʤ ʩʪʨʫʢʪʫʨʘʤ. ʇʦʵʪʦʤʫ ʜʣʷ ʥʠʭ ʥʘʠʙʦʣʝʝ ʩʫʱʝʩʪʚʝʥʥʳʤʠ ʷʚ-

ʣʷʶʪʩʷ ʜʦʧʦʣʥʠʪʝʣʴʥʦ ʚʢʣʶʯʝʥʥʳʝ ʵʣʝʢʪʨʦʥʥʳʝ ʫʩʪʨʦʡʩʪʚʘ, ʢʦʤʧʝʥʩʠʨʫʶʱʠʝ ʪʝʤʧʝʨʘ-

ʪʫʨʥʦʝ ʠʟʤʝʥʝʥʠʝ ʯʘʩʪʦʪʳ ʠʣʠ ʝʝ ʚʨʝʤʝʥʥʳʡ ʫʭʦʜ ʦʪ ʥʦʤʠʥʘʣʘ. 

ɿʘʤʝʥʘ ʢʚʘʨʮʝʚʦʛʦ ʨʝʟʦʥʘʪʦʨʘ ʥʘ ʄʕʄʉ ʨʝʟʦʥʘʪʦʨ ʩ ʪʦʯʢʠ ʟʨʝʥʠʷ ʜʘʣʴʥʝʡʰʝʡ ʤʠ-

ʥʠʘʪʶʨʠʟʘʮʠʠ ʠ ʩʥʠʞʝʥʠʷ ʮʝʥʳ ʠʟʜʝʣʠʷ, ʜʦʣʞʥʘ ʙʳʪʴ ʚʳʧʦʣʥʝʥʘ ʩ ʫʯʝʪʦʤ ʩʨʘʚʥʝʥʠʷ ʩʦ-

ʚʦʢʫʧʥʦʛʦ ʨʘʟʤʝʨʘ ʨʝʟʦʥʘʪʦʨʘ ʠ ʠʥʪʝʛʨʘʣʴʥʦʡ ʤʠʢʨʦʩʭʝʤʳ, ʦʙʝʩʧʝʯʠʚʘʶʱʝʡ ʨʘʙʦʪʫ ʛʝ-

ʥʝʨʘʪʦʨʘ ʚʨʝʤʝʥʥʳʭ ʠʤʧʫʣʴʩʦʚ (ʦʩʮʠʣʣʷʪʦʨʘ). ʇʝʨʚʳʝ ʢʦʤʤʝʨʯʝʩʢʠʝ ʄʕʄʉ ʛʝʥʝʨʘʪʦʨʳ 

ʧʨʠʥʮʠʧʠʘʣʴʥʦ ʙʳʣʠ ʠʟʛʦʪʦʚʣʝʥʳ ʚ ʢʦʨʧʫʩʘʭ ʩ ʪʝʤʠ ʞʝ ʧʦʩʘʜʦʯʥʳʤʠ ʛʘʙʘʨʠʪʘʤʠ, ʯʪʦ ʠ ʫ 

ʢʚʘʨʮʝʚʳʭ ʛʝʥʝʨʘʪʦʨʦʚ, ʭʦʪʷ ʄʕʄʉ ʨʝʟʦʥʘʪʦʨ ʙʳʣ ʚ 100 ʨʘʟ ʤʝʥʴʰʝ ʢʚʘʨʮʝʚʦʛʦ. ɺʳʠʛ-

ʨʳʰ ʧʨʠ ʨʘʚʥʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʭ ʜʦʩʪʠʛʘʣʩʷ ʟʘ ʩʯʝʪ ʩʥʠʞʝʥʠʷ ʮʝʥʳ ʠʟʜʝʣʠʷ ʥʘ ʧʦʨʷʜʦʢ. 

ʅʘʠʙʦʣʝʝ ʟʘʪʨʘʪʥʦʡ ʦʧʝʨʘʮʠʝʡ ʠʟʛʦʪʦʚʣʝʥʠʷ ʛʝʥʝʨʘʪʦʨʘ ʷʚʣʷʝʪʩʷ ʢʦʨʧʫʩʠʨʦʚʘʥʠʝ (70 ï 90 

%). ʕʪʦ ʩʚʷʟʘʥʦ ʩ ʥʝʦʙʭʦʜʠʤʦʩʪʴʶ ʩʦʟʜʘʥʠʷ ʚʘʢʫʫʤʥʦʡ ʧʦʣʦʩʪʠ ʜʣʷ ʨʘʙʦʪʳ ʨʝʟʦʥʘʪʦʨʘ 

ɺ ʦʙʱʝʤ ʚʝʣʠʯʠʥʘ Q ʦʧʨʝʜʝʣʷʝʪʩʷ ʚʥʫʪʨʝʥʥʠʤʠ ʧʦʪʝʨʷʤʠ ʚ ʤʘʪʝʨʠʘʣʝ ʠ ʢʦʥʩʪʨʫʢ-

ʮʠʠ ʄʕʄʉ Qʚʥ ʠ ʚʥʝʰʥʠʤʠ ʧʦʪʝʨʷʤʠ ʠʟ-ʟʘ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʩʦ ʩʨʝʜʦʡ Qʚʥʝʰ. 

ɺʝʣʠʯʠʥʘ ʢʦʵʬʬʠʮʠʝʥʪʘ ʚʷʟʢʦʩʪʠ ɖ ʟʘʚʠʩʠʪ ʦʪ ʜʘʚʣʝʥʠʷ ʩʨʝʜʳ ʠ ʧʨʠ ʥʠʟʢʠʭ ʜʘʚʣʝ-

ʥʠʷʭ ʦʧʨʝʜʝʣʷʝʪʩʷ ʜʠʥʘʤʠʯʝʩʢʠʤ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝʤ ʧʦʚʝʨʭʥʦʩʪʠ ʠʟʜʝʣʠʷ ʩ ʤʦʣʝʢʫʣʘʤʠ 

ʩʨʝʜʳ. ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʫʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʧʨʠ ʜʘʚʣʝʥʠʠ <0,1 ʇʘ ʚʝʣʠʯʠʥʘ Q ʧʨʘʢʪʠʯʝʩʢʠ 

ʥʝ ʟʘʚʠʩʠʪ ʦʪ ʜʘʚʣʝʥʠʷ.  

ʋʚʝʣʠʯʝʥʠʝ Q ʤʦʞʝʪ ʙʳʪʴ ʜʦʩʪʠʛʥʫʪʦ ʪʦʣʴʢʦ ʟʘ ʩʯʝʪ ʚʳʙʦʨʘ ʤʘʪʝʨʠʘʣʘ ʠ ʦʧʪʠʤʠ-

ʟʘʮʠʠ ʢʦʥʩʪʨʫʢʮʠʠ ʄʕʄʉ. ʉʦʭʨʘʥʝʥʠʝ ʚʝʣʠʯʠʥʳ ʚʘʢʫʫʤʘ ʜʦʩʪʠʛʘʝʪʩʷ ʟʘ ʩʯʝʪ ʛʘʟʦʥʝʧʨʦ-

ʥʠʮʘʝʤʦʩʪʠ ʩʪʝʥʦʢ ʠ ʠʭ ʩʦʝʜʠʥʝʥʠʡ ʠ/ʠʣʠ ʚʚʝʜʝʥʠʷ ʛʝʪʪʝʨʘ, ʧʦʛʣʦʱʘʶʱʝʛʦ ʤʦʣʝʢʫʣʳ ʦʩ-

ʪʘʪʦʯʥʦʡ ʘʪʤʦʩʬʝʨʳ ʧʦʣʦʩʪʠ. ʈʘʟʨʘʙʦʪʘʥʳ ʨʘʟʣʠʯʥʳʝ ʚʠʜʳ ʛʝʪʪʝʨʦʚ, ʥʘʧʨʠʤʝʨ, ʥʘ ʦʩʥʦʚʝ 

ʧʦʨʠʩʪʳʭ ʩʧʣʘʚʦʚ Zr. ʈʷʜ ʬʠʨʤ ʧʦʩʪʘʚʣʷʝʪ ʛʝʪʪʝʨʳ ʠʣʠ ʢʦʨʧʫʩʥʳʝ ʟʘʛʦʪʦʚʢʠ ʩ ʥʘʥʝʩʝʥ-

ʥʳʤ ʛʝʪʪʝʨʥʳʤ ʧʦʢʨʳʪʠʝʤ (ʥʘʧʨʠʤʝʨ, ʬʠʨʤʘ SAES, ʀʪʘʣʠʷ).  

ʀʟ-ʟʘ ʤʘʣʦʡ ʤʘʩʩʳ ʨʝʟʦʥʘʪʦʨʘ ʜʘʞʝ ʦʩʘʞʜʝʥʠʝ ʤʦʥʦʘʪʦʤʥʦʛʦ ʩʣʦʷ ʧʨʠʤʝʩʝʡ ʠʟ ʦʩ-

ʪʘʪʦʯʥʦʡ ʘʪʤʦʩʬʝʨʳ ʧʦʣʦʩʪʠ ʨʝʟʢʦ ʤʝʥʷʝʪ ʝʛʦ ʨʝʟʦʥʘʥʩʥʳʝ ʩʚʦʡʩʪʚʘ. ʇʨʠʥʮʠʧ ʛʨʫʧʧʦʚʦʡ 

ʦʙʨʘʙʦʪʢʠ, ʭʘʨʘʢʪʝʨʥʳʡ ʜʣʷ ʠʥʪʝʛʨʘʣʴʥʳʭ ʩʭʝʤ (ʀʉ) ʠ ʄʕʄʉ-ʪʝʭʥʦʣʦʛʠʡ, ʧʦʟʚʦʣʷʝʪ 
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ʫʤʝʥʴʰʠʪʴ ʟʘʪʨʘʪʳ ʧʫʪʝʤ ʟʘʤʝʥʳ ʢʦʨʧʫʩʠʨʦʚʘʥʠʷ ʝʜʠʥʠʯʥʦʛʦ ʯʠʧʘ ʥʘ ʢʦʨʧʫʩʠʨʦʚʘʥʠʝ ʥʘ 

ʧʣʘʩʪʠʥʝ. ʇʨʠ ʵʪʦʤ ʩʪʘʥʜʘʨʪʥʳʤ ʩʧʦʩʦʙʦʤ ʷʚʣʷʝʪʩʷ ʩʦʝʜʠʥʝʥʠʝ ʜʚʫʭ ʧʣʘʩʪʠʥ (ʢʨʝʤʥʠʡ-

ʢʨʝʤʥʠʡ ʠʣʠ ʢʨʝʤʥʠʡ-ʩʪʝʢʣʦ) ʠ ʠʭ ʧʦʩʣʝʜʫʶʱʝʝ ʨʘʟʨʝʟʘʥʠʝ ʥʘ ʯʠʧʳ. 

ɺʳʚʦʜʳ 

 ʇʨʦʚʝʜʝʥ ʘʥʘʣʠʪʠʯʝʩʢʠʡ ʦʙʟʦʨ ʩʦʚʨʝʤʝʥʥʦʛʦ ʩʦʩʪʦʷʥʠʷ ʪʝʭʥʠʯʝʩʢʠʭ ʠ ʪʝʭʥʦʣʦʛʠ-

ʯʝʩʢʠʭ ʨʝʰʝʥʠʡ, ʟʘʪʨʘʛʠʚʘʶʱʠʤʡ ʥʘʫʯʥʦ-ʪʝʭʥʠʯʝʩʢʫʶ ʧʨʦʙʣʝʤʫ, ʠʩʩʣʝʜʫʝʤʫʶ ʚ ʨʘʤʢʘʭ 

ʧʨʦʝʪʘ, ʚ ʪʦʤ ʯʠʩʣʝ ʦʙʟʦʨ ʥʘʫʯʥʳʭ ʠʥʬʦʨʤʘʮʠʦʥʥʳʭ ʠʩʪʦʯʥʠʢʦʚ: ʩʪʘʪʴʠ ʚ ʚʝʜʫʱʠʭ ʟʘʨʫ-

ʙʝʞʥʳʭ ʠ ʨʦʩʩʠʡʩʢʠʭ ʥʘʫʯʥʳʭ ʞʫʨʥʘʣʘʭ, ʤʦʥʦʛʨʘʬʠʠ. ʇʦʢʘʟʘʥʦ, ʯʪʦ ʨʘʟʨʘʙʦʪʢʘ ʪʝʭʥʦʣʦ-

ʛʠʡ ʠ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʭ ʦʧʝʨʘʮʠʡ ʠʟʛʦʪʦʚʣʝʥʠʷ ʠ ʧʨʦʪʦʪʠʧʠʨʦʚʘʥʠʷ ʉɺʏ ʧʨʠʙʦʨʦʚ ʠ ʀʉ, 

ʨʘʜʠʦʬʦʪʦʥʥʳʭ ʢʦʤʧʦʥʝʥʪʦʚ ʀʉ ʠ ʄʕʄʉ ï ʩʣʦʞʥʘʷ ʥʘʫʯʥʦ-ʪʝʭʥʠʯʝʩʢʘʷ ʟʘʜʘʯʘ, ʦʜʥʘʢʦ 

ʝʝ ʨʝʰʝʥʠʝ ʚʦʩʧʦʣʥʠʪ ʪʝʭʥʦʣʦʛʠʯʝʩʢʫʶ ʠ ʢʦʤʧʦʥʝʥʪʥʫʶ ʙʘʟʫ, ʯʪʦ ʧʦʟʚʦʣʠʪ ʈʦʩʩʠʡʩʢʦʡ 

ʵʣʝʢʪʨʦʥʠʢʝ ʜʦʩʪʠʯʴ, ʘ ʚ ʥʝʢʦʪʦʨʳʭ ʦʙʣʘʩʪʷʭ ʦʙʦʛʥʘʪʴ ʩʦʚʨʝʤʝʥʥʳʡ ʫʨʦʚʝʥʴ ʟʘʨʫʙʝʞʥʦʡ 

ʧʨʦʤʳʰʣʝʥʥʦʩʪʠ, ʯʪʦ ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦʙ ʘʢʪʫʘʣʴʥʦʩʪʠ ʧʨʦʚʦʜʠʤʳʭ ʚ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʝ 

ʠʩʩʣʝʜʦʚʘʥʠʡ ʠ ʨʘʟʨʘʙʦʪʦʢ. 

1.5 ʈʘʟʨʘʙʦʪʢʘ, ʤʦʜʝʣʠʨʦʚʘʥʠʝ, ʧʨʦʝʢʪʠʨʦʚʘʥʠʝ ʠ ʠʟʤʝʨʝʥʠʝ ʩʠʩʪʝʤ ʥʘ 

ʢʨʠʩʪʘʣʣʝ ʠ ʤʦʜʫʣʝʡ, ʨʘʜʠʦʬʦʪʦʥʥʳʭ ʢʦʤʧʦʥʝʥʪʦʚ ʠ ʀʉ 

ɸʢʮʝʥʪ ʜʘʥʥʦʛʦ ʧʦʜʨʘʟʜʝʣʘ ʩʜʝʣʘʥ ʥʘ ʪʝʭʥʦʣʦʛʠʠ çʩʠʩʪʝʤʘ ʥʘ ʢʨʠʩʪʘʣʣʝè, ʥʦ ʧʨʠ 

ʵʪʦʤ ʨʘʩʩʤʘʪʨʠʚʘʶʪʩʷ ʠ ʧʨʦʪʦʪʠʧʠʨʦʚʘʥʠʝ ʉɺʏ ʧʨʠʙʦʨʦʚ ʠ ʠʥʪʝʛʨʘʣʴʥʳʭ ʩʭʝʤ (ʀʉ) ʥʘ 

ʦʩʥʦʚʝ Si ʠ ɸ3ɺ5 ʩ ʥʦʨʤʘʤʠ (ʜʣʠʥʘ ʟʘʪʚʦʨʘ ʪʨʘʥʟʠʩʪʦʨʘ) ʦʪ 250-180 ʥʤ ʜʦ 65-45 ʥʤ, ʤʠʢ-

ʨʦʵʣʝʢʪʨʦʤʝʭʘʥʠʯʝʩʢʠʭ ʩʠʩʪʝʤ (ʄʕʄʉ) ʠ ʬʦʪʦʥʥʳʭ ʠʥʪʝʛʨʘʣʴʥʳʭ ʩʭʝʤ (ʌʀʉ) ʥʘ ʦʩʥʦʚʝ 

Si, ɸ3ɺ5 (InP, GaAs).  

ʉʦʚʨʝʤʝʥʥʳʤʠ ʪʝʥʜʝʥʮʠʷʤʠ ʚ ʨʘʟʚʠʪʠʠ ʨʘʜʠʦʵʣʝʢʪʨʦʥʥʳʭ ʩʠʩʪʝʤ (ʈʕʉ) ʛʨʘʞʜʘʥ-

ʩʢʦʛʦ ʠ ʚʦʝʥʥʦʛʦ ʥʘʟʥʘʯʝʥʠʷ ʷʚʣʷʶʪʩʷ ʦʩʚʦʝʥʠʝ ʚʩʝ ʙʦʣʝʝ ʚʳʩʦʢʦʯʘʩʪʦʪʥʳʭ (ɺʏ) ʜʠʘʧʘ-

ʟʦʥʦʚ, ʚ ʪʦʤ ʯʠʩʣʝ ʩʚʝʨʭʚʳʩʦʢʦʯʘʩʪʦʪʥʳʭ ʠ ʢʨʘʡʥʝ ʚʳʩʦʢʦʯʘʩʪʦʪʥʳʭ (ʉɺʏ ʠ ʂɺʏ), ʩ ʮʝ-

ʣʷʤʠ ʫʚʝʣʠʯʝʥʠʷ ʩʢʦʨʦʩʪʠ ʠ ʦʙʲʝʤʘ ʧʝʨʝʜʘʯʠ ʜʘʥʥʳʭ, ʘ ʪʘʢʞʝ ʨʘʟʨʝʰʘʶʱʝʡ ʠ ʧʨʦʧʫʩʢ-

ʥʦʡ ʩʧʦʩʦʙʥʦʩʪʠ, ʧʦʚʳʰʝʥʠʝ ʬʫʥʢʮʠʦʥʘʣʴʥʦʩʪʠ, ʩʨʦʢʘ ʩʣʫʞʙʳ, ʥʘʜʝʞʥʦʩʪʠ ʠ ʧʦʤʝʭʦ-

ʫʩʪʦʡʯʠʚʦʩʪʠ, ʩʥʠʞʝʥʠʝ ʵʥʝʨʛʦʧʦʪʨʝʙʣʝʥʠʷ, ʤʘʩʩʦʛʘʙʘʨʠʪʥʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʠ ʩʪʦʠʤʦ-

ʩʪʠ, ʧʦʚʳʰʝʥʠʝ ʪʝʭʥʦʣʦʛʠʯʥʦʩʪʠ ʧʨʠ ʧʨʦʠʟʚʦʜʩʪʚʝ ʠ ʜʨ. 

ɺ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʥʘʙʣʶʜʘʝʪʩʷ ʩʫʱʝʩʪʚʝʥʥʦʝ ʫʩʢʦʨʝʥʠʝ ʪʝʤʧʦʚ ʨʘʟʚʠʪʠʷ ʉɺʏ ʨʘ-

ʜʠʦʵʣʝʢʪʨʦʥʥʳʭ ʠ ʪʝʣʝʢʦʤʤʫʥʠʢʘʮʠʦʥʥʳʭ ʩʠʩʪʝʤ ʜʣʷ ʨʘʟʣʠʯʥʳʭ ʩʬʝʨ ʧʨʦʤʳʰʣʝʥʥʦʩʪʠ, 

ʪʨʘʥʩʧʦʨʪʘ, ʦʙʱʝʩʪʚʝʥʥʦʛʦ ʧʦʪʨʝʙʣʝʥʠʷ, ʚʦʦʨʫʞʝʥʠʡ ʠ ʜʨ. ʂ ʪʨʘʜʠʮʠʦʥʥʳʤ ʦʙʣʘʩʪʷʤ 

ʧʨʠʤʝʥʝʥʠʷ ʉɺʏ ʨʘʜʠʦʵʣʝʢʪʨʦʥʥʳʭ ʩʠʩʪʝʤ ʦʪʥʦʩʷʪ ʩʚʷʟʴ, ʨʘʜʠʦʚʝʱʘʥʠʝ, ʪʝʣʝʚʠʜʝʥʠʝ, 

ʨʘʜʠʦʣʦʢʘʮʠʷ, ʥʘʚʠʛʘʮʠʷ, ʨʘʜʠʦʘʩʪʨʦʥʦʤʠʷ, ʪʝʣʝʤʝʪʨʠʷ, ʪʝʣʝʫʧʨʘʚʣʝʥʠʝ, ʪʝʣʝʢʦʤʤʫʥʠʢʘ-
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ʮʠʠ, ʛʠʛʘʙʠʪʦʚʳʝ ʩʠʩʪʝʤʳ ʧʝʨʝʜʘʯʠ ʜʘʥʥʳʭ, ʠʟʤʝʨʠʪʝʣʴʥʘʷ ʪʝʭʥʠʢʘ ʠ ʜʨ. ʉʨʝʜʠ ʩʦʚʨʝ-

ʤʝʥʥʳʭ ʉɺʏ ʨʘʜʠʦʵʣʝʢʪʨʦʥʥʳʭ ʠ ʪʝʣʝʢʦʤʤʫʥʠʢʘʮʠʦʥʥʳʭ ʩʨʝʜʩʪʚ ʙʦʣʴʰʦʝ ʤʝʩʪʦ ʟʘʥʠ-

ʤʘʶʪ ʩʠʩʪʝʤʳ ʥʘ ʙʘʟʝ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʇʇʄ ʠ ɸʌɸʈ (ʥʘʧʨʠʤʝʨ, ʜʣʷ ʩʧʫʪʥʠʢʦʚʳʭ ʩʠʩʪʝʤ 

ʩʚʷʟʠ, ʘʚʠʘʮʠʦʥʥʳʭ ʨʘʜʠʦʣʦʢʘʮʠʦʥʥʳʭ ʩʪʘʥʮʠʡ ʠ ʜʨ. ï ʩʤ. ʨʠʩʫʥʦʢ 1.82).  

ʈʝʘʣʠʟʘʮʠʷ ʫʢʘʟʘʥʥʳʭ ʚʳʰʝ ʪʝʥʜʝʥʮʠʡ ʦʙʝʩʧʝʯʠʚʘʝʪʩʷ ʥʝʩʢʦʣʴʢʠʤʠ ʧʫʪʷʤʠ, ʢ ʢʦ-

ʪʦʨʳʤ ʦʪʥʦʩʷʪʩʷ, ʚ ʯʘʩʪʥʦʩʪʠ, ʧʨʠʤʝʥʝʥʠʝ ʤʘʣʦʛʘʙʘʨʠʪʥʦʡ ʉɺʏ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʦʡ ʕʂɹ 

ʚ ʚʠʜʝ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʭ ʉɺʏ ʄʀʉ ʠ, ʦʩʦʙʝʥʥʦ, ʩʠʩʪʝʤ ʥʘ ʢʨʠʩʪʘʣʣʝ (ʉʥʂ, ʘʥʛʣ. 

System-on-Chip ï SoC), ʨʘʟʨʘʙʦʪʢʘ ʥʦʚʳʭ ʪʝʭʥʦʣʦʛʠʡ ʧʨʦʠʟʚʦʜʩʪʚʘ ʉɺʏ ʨʘʜʠʦʵʣʝʢʪʨʦʥ-

ʥʦʡ ʘʧʧʘʨʘʪʫʨʳ (ʈʕɸ) ʥʘ ʦʩʥʦʚʝ ʚʳʩʦʢʦʠʥʪʝʛʨʠʨʦʚʘʥʥʦʡ ʢʦʤʧʦʥʦʚʢʠ ʢʦʤʧʦʥʝʥʪʦʚ ʠ ʜʨ. 

 

ʈʠʩʫʥʦʢ 1.82ï ʇʨʠʤʝʨʥʳʡ ʚʠʜ ʩʪʨʫʢʪʫʨʳ ʠ ʢʦʥʩʪʨʫʢʮʠʡ ɸʌɸʈ ʜʣʷ ʩʧʫʪʥʠʢʦʚʳʭ ʠ ʘʚʠʘ-

ʮʠʦʥʥʳʭ ʩʠʩʪʝʤ 

ʀʩʧʦʣʴʟʦʚʘʥʠʝ ʉɺʏ ʄʀʉ ʠ ʉʥʂ ʦʙʝʩʧʝʯʠʚʘʝʪ ʮʝʣʳʡ ʨʷʜ ʧʨʝʠʤʫʱʝʩʪʚ ï ʟʥʘʯʠʪʝʣʴ-

ʥʦʝ ʩʥʠʞʝʥʠʝ ʤʘʩʩʳ, ʛʘʙʘʨʠʪʦʚ ʠ ʧʦʪʨʝʙʣʷʝʤʦʡ ʤʦʱʥʦʩʪʠ ʨʘʜʠʦʵʣʝʢʪʨʦʥʥʳʭ ʫʟʣʦʚ, ʧʦ-

ʚʳʰʝʥʠʝ ʥʘʜʝʞʥʦʩʪʠ, ʩʨʦʢʘ ʩʣʫʞʙʳ, ʪʝʭʥʦʣʦʛʠʯʥʦʩʪʠ ʠ ʜʨ. ʅʘʧʨʠʤʝʨ, ʦʜʥʘ ʠʟ ʧʝʨʩʧʝʢ-

ʪʠʚʥʳʭ ʪʝʭʥʦʣʦʛʠʡ ʠʟʛʦʪʦʚʣʝʥʠʷ ɸʌɸʈ, ʠʩʩʣʝʜʫʝʤʳʭ ʚ ʟʘʨʫʙʝʞʥʳʭ ʩʪʨʘʥʘʭ, ʧʨʝʜʧʦʣʘʛʘ-

ʝʪ, ʯʪʦ ʧʦʣʦʪʥʦ ʘʥʪʝʥʥʦʡ ʨʝʰʝʪʢʠ ʩʦʩʪʦʠʪ ʠʟ ʤʥʦʞʝʩʪʚʘ ʧʘʥʝʣʝʡ, ʢʦʪʦʨʳʝ ʩʦʙʨʘʥʳ ʥʘ ʦʩ-

ʥʦʚʝ ʉɺʏ ʇʇʄ ʪʠʧʘ ʉʥʂ (ʨʠʩʫʥʦʢ 1.83). 

 

ʈʠʩʫʥʦʢ 1.83ï ʇʝʨʩʧʝʢʪʠʚʥʳʡ ʧʫʪʴ ʨʘʟʚʠʪʠʷ ʪʝʭʥʦʣʦʛʠʠ ʧʨʦʠʟʚʦʜʩʪʚʘ ʢʦʤʧʣʝʢʩʦʚ ɸʌɸʈ 
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ʅʘ ʨʠʩʫʥʢʝ 1.84 ʧʨʠʚʝʜʝʥʳ ʩʪʨʫʢʪʫʨʥʳʝ ʩʭʝʤʳ ʠ ʪʦʧʦʣʦʛʠʯʝʩʢʠʡ ʚʠʜ ʢʨʠʩʪʘʣʣʦʚ 

ʟʘʨʫʙʝʞʥʳʭ ʉʥʂ, ʨʘʟʨʘʙʦʪʘʥʥʳʭ ʜʣʷ ʩʠʩʪʝʤ ʩʧʫʪʥʠʢʦʚʦʡ ʩʚʷʟʠ ʩ 4-ʤʷ ʠ 8-ʶ ʢʘʥʘʣʘʤʠ 

ʇʇʄ. ɿʜʝʩʴ ʚ ʩʦʩʪʘʚ ʉʥʂ, ʧʦʤʠʤʦ ʘʥʘʣʦʛʦʚʦʡ ʉɺʏ ʯʘʩʪʠ, ʚʭʦʜʷʪ ʮʠʬʨʦʚʳʝ ʙʣʦʢʠ ʫʧʨʘʚ-

ʣʝʥʠʷ ʇʇʄ ʠ ʧʝʨʝʜʘʯʠ ʜʘʥʥʳʭ. 

  

 

ʈʠʩʫʥʦʢ 1.84 ï ʉʪʨʫʢʪʫʨʥʳʝ ʩʭʝʤʳ ʠ ʪʦʧʦʣʦʛʠʠ ʢʨʠʩʪʘʣʣʦʚ ʉʥʂ ʩ 4-ʷ ʠ 8-ʶ ʢʘʥʘʣʘʤʠ 

ʇʇʄ ʜʣʷ ɸʌɸʈ 

ɺ ʩʦʚʨʝʤʝʥʥʳʭ ʫʩʣʦʚʠʷʭ ʦʧʨʝʜʝʣʷʶʱʝʡ ʩʦʩʪʘʚʣʷʶʱʝʡ ʦʙʝʩʧʝʯʝʥʠʷ ʚʦʟʤʦʞʥʦʩʪʠ 

ʩʦʟʜʘʥʠʷ ʠ ʧʨʦʠʟʚʦʜʩʪʚʘ ʫʧʦʤʷʥʫʪʦʡ ʚʳʰʝ ʚʳʩʦʢʦʪʝʭʥʦʣʦʛʠʯʥʦʡ ʧʨʦʜʫʢʮʠʠ ʷʚʣʷʝʪʩʷ 

ʫʨʦʚʝʥʴ ʪʝʭʥʦʣʦʛʠʡ ʧʨʦʠʟʚʦʜʩʪʚʘ ʕʂɹ, ʦʪʜʝʣʴʥʳʭ ʢʦʤʧʦʥʝʥʪʦʚ, ʘ ʪʘʢʞʝ ʨʘʜʠʦʪʝʭʥʠʯʝ-

ʩʢʠʭ ʩʠʩʪʝʤ ʚ ʮʝʣʦʤ. ʉʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʚ ʦʪʝʯʝʩʪʚʝʥʥʦʡ ʨʘʜʠʦʪʝʭʥʠʯʝʩʢʦʡ ʦʪʨʘʩʣʠ 

ʩʠʩʪʝʤʥʳʡ ʫʨʦʚʝʥʴ ʠʟʜʝʣʠʡ ʚ ʦʩʥʦʚʥʦʤ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʤʠʨʦʚʳʤ ʧʦʢʘʟʘʪʝʣʷʤ, ʘ ʦʪʜʝʣʴʥʳʝ 

ʦʙʨʘʟʮʳ ʧʨʝʚʦʩʭʦʜʷʪ ʠʤʧʦʨʪʥʳʝ ʘʥʘʣʦʛʠ. ʆʜʥʘʢʦ, ʢ ʩʦʞʘʣʝʥʠʶ, ʨʦʩʩʠʡʩʢʠʝ ʧʨʝʜʧʨʠʷʪʠʷ 

ʩʠʣʴʥʦ ʦʪʩʪʘʶʪ ʦʪ ʣʠʜʝʨʦʚ ʤʠʨʦʚʦʛʦ ʨʳʥʢʘ ʕʂɹ (ʉʐɸ, ʌʨʘʥʮʠʷ, ɻʝʨʤʘʥʠʷ, ʗʧʦʥʠʷ, 

ʊʘʡʚʘʥʴ, ʂʠʪʘʡ) ʧʦ ʫʨʦʚʥʶ ʪʝʭʥʦʣʦʛʠʡ ʨʘʟʨʘʙʦʪʢʠ ʠ ʠʟʛʦʪʦʚʣʝʥʠʷ ʉɺʏ ʄʀʉ ʠ ʉʥʂ, ʘ 

ʪʘʢʞʝ ʧʨʠʤʝʥʝʥʠʶ ʠʭ ʚ ʨʘʜʠʦʪʝʭʥʠʯʝʩʢʠʭ ʩʠʩʪʝʤʘʭ. ʇʨʘʢʪʠʯʝʩʢʠ ʦʪʩʪʫʪʩʪʚʫʶʪ ʦʪʝʯʝʩʪ-

ʚʝʥʥʳʝ ʧʨʦʤʳʰʣʝʥʥʳʝ ʚʳʩʦʢʦʠʥʪʝʛʨʠʨʦʚʘʥʥʳʝ ʪʝʭʥʦʣʦʛʠʠ ʧʣʦʪʥʦʡ ʠ ʦʙʲʝʤʥʦʡ ʢʦʤʧʦ-

ʥʦʚʢʠ ʢʦʤʧʦʥʝʥʪʦʚ ʜʣʷ ʧʨʦʠʟʚʦʜʩʪʚʘ ʉɺʏ ʈʕɸ.  

ʈʘʙʦʪʳ, ʧʨʦʚʦʜʠʚʰʠʝʩʷ ʚ ʊʋʉʋʈ ʩ ʧʨʠʤʝʥʝʥʠʝ ʦʙʦʨʫʜʦʚʘʥʠʷ ʎʂʇ ʚ 2010-2019 ʛʦ-

ʜʘʭ ʙʳʣʠ ʥʘʧʨʘʚʣʝʥ rʥʘ ʯʘʩʪʠʯʥʦʝ ʧʨʝʦʜʦʣʝʥʠʝ ʫʢʘʟʘʥʥʳʭ ʧʨʦʙʣʝʤ ʧʨʠ ʩʦʟʜʘʥʠʠ ʚʳʩʦ-

ʢʦʠʥʪʝʛʨʠʨʦʚʘʥʥʳʭ ʧʨʠʝʤʥʳʭ ʤʦʜʫʣʝʡ ʪʠʧʘ ʉʥʂ [131, 132]. ʊʝʭʥʦʣʦʛʠʠ ʧʨʦʝʢʪʠʨʦʚʘʥʠʷ 

ʠ ʧʨʦʠʟʚʦʜʩʪʚʘ ʜʘʥʥʳʭ ʢʦʤʧʦʥʝʥʪʚ ʚʦʩʪʨʝʙʦʚʘʥʳ ʚ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʠ ʚ ʧʝʨʩʧʝʢʪʠʚʝ ʙʫ-

ʜʫʪ ʝʱʝ ʙʦʣʝʝ ʚʦʩʪʨʝʙʦʚʘʥʳ ʚ ʰʠʨʦʢʦʤ ʩʧʝʢʪʨʝ ʫʧʦʤʷʥʫʪʳʭ ʚʳʰʝ ʨʘʜʠʦʪʝʭʥʠʯʝʩʢʠʭ ʠʟ-

ʜʝʣʠʡ ʠ ʩʠʩʪʝʤ, ʚʳʧʫʩʢʘʝʤʳʭ ʤʥʦʛʠʤʠ ʦʪʝʯʝʩʪʚʝʥʥʳʤʠ ʧʨʝʜʧʨʠʷʪʠʷʤʠ, ʚʢʣʶʯʘʷ ʚ ʪʦʤ 

ʯʠʩʣʝ ɿɸʆ çʅʇʌ çʄʠʢʨʘʥè (ʥʘʧʨʠʤʝʨ, ʚ ʩʠʩʪʝʤʘʭ ʘʚʠʘʮʠʦʥʥʳʭ ʩʪʘʥʮʠʡ ʩʧʫʪʥʠʢʦʚʦʡ 

ʩʚʷʟʠ). 
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1.5.1 ʊʝʭʥʦʣʦʛʠʠ ʠʟʛʦʪʦʚʣʝʥʠʷ ʉɺʏ ʧʨʠʝʤʦʧʝʨʝʜʘʶʱʠʭ ʤʦʜʫʣʝʡ 

ʇʨʠʚʝʜʝʤ ʩʨʘʚʥʠʪʝʣʴʥʳʡ ʦʙʟʦʨ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʭ ʚʘʨʠʘʥʪʦʚ ʨʝʘʣʠʟʘʮʠʠ ʉɺʏ ʨʘʜʠʦ-

ʵʣʝʢʪʨʦʥʥʦʡ ʘʧʧʘʨʘʪʫʨʳ ʠ, ʚ ʯʘʩʪʥʦʩʪʠ, ʉɺʏ ʇʇʄ. 

ʊʝʭʥʦʣʦʛʠʠ ʉɺʏ ɻʀʉ. ɺ ʈʦʩʩʠʠ ʜʣʷ ʧʨʦʠʟʚʦʜʩʪʚʘ ʉɺʏ ʙʣʦʢʦʚ ʠʩʧʦʣʴʟʫʶʪʩʷ ʧʨʝ-

ʠʤʫʱʝʩʪʚʝʥʥʦ ʪʝʭʥʦʣʦʛʠʠ ɻʀʉ (ʤʠʢʨʦʩʭʝʤʳ, ʧʘʩʩʠʚʥʳʝ ʠ ʘʢʪʠʚʥʳʝ ʜʠʩʢʨʝʪʥʳʝ ʵʣʝʤʝʥ-

ʪʳ ʨʘʟʤʝʱʘʶʪʩʷ ʥʘ ʧʝʯʘʪʥʳʭ ʧʣʘʪʘʭ (ʇʇ) ʠʣʠ ʧʦʜʣʦʞʢʘʭ ʠ ʩʦʝʜʠʥʷʶʪʩʷ ʩ ʧʦʤʦʱʴʶ ʦʪ-

ʜʝʣʴʥʳʭ ʧʨʦʚʦʜʥʠʢʦʚ, ʧʨʦʚʦʜʥʠʢʦʚ ʥʘ ʇʇ, ʤʠʢʨʦʧʦʣʦʩʢʦʚʳʭ ʧʝʨʝʤʳʯʝʢ ʣʠʙʦ ʧʦʣʦʩʢʦʚʦ-

ʢʦʘʢʩʠʘʣʴʥʳʭ ʧʝʨʝʭʦʜʦʚ). ʊʘʢʠʝ ʙʣʦʢʠ ʠʤʝʶʪ ʥʠʟʢʠʝ ʊʊʍ, ʥʝʧʨʠʝʤʣʝʤʦ ʙʦʣʴʰʠʝ ʛʘʙʘʨʠ-

ʪʳ, ʥʠʟʢʫʶ ʪʝʭʥʦʣʦʛʠʯʥʦʩʪʴ ʠ ʥʘʜʝʞʥʦʩʪʴ. ʇʨʠʤʝʨ ʉɺʏ ʙʣʦʢʘ, ʚʳʧʦʣʥʝʥʥʦʛʦ ʧʦ ʛʠʙʨʠʜ-

ʥʦʡ ʠʥʪʝʛʨʘʣʴʥʦʡ ʪʝʭʥʦʣʦʛʠʠ, ʧʨʠʚʝʜʝʥ ʥʘ ʨʠʩʫʥʢʝ 1.85. 

 
ʈʠʩʫʥʦʢ 1.85ï ʏʝʪʳʨʝʭʢʘʥʘʣʴʥʳʡ ʉɺʏ ʇʇʄ, ʠʟʛʦʪʦʚʣʝʥʥʳʡ ʧʦ ʪʝʭʥʦʣʦʛʠʠ ɻʀʉ (ʛʘʙʘ-

ʨʠʪʥʳʝ ʨʘʟʤʝʨʳ ï ʜʝʩʷʪʢʠ ʩʘʥʪʠʤʝʪʨʦʚ) 

ʊʝʭʥʦʣʦʛʠʠ ʉɺʏ ʇʇʄ ʥʘ ʦʩʥʦʚʝ ʢʦʨʧʫʩʠʨʦʚʘʥʥʳʭ ʀʉ. ɺ ʩʚʷʟʠ ʩ ʥʝʜʦʩʪʘʪʢʘʤʠ 

ʪʝʭʥʦʣʦʛʠʠ ʉɺʏ ɻʀʉ ʚ ʈʦʩʩʠʠ ʠ ʟʘ ʨʫʙʝʞʦʤ ʧʝʨʝʭʦʜʷʪ ʥʘ ʙʦʣʝʝ ʩʦʚʝʨʰʝʥʥʳʝ ʪʝʭʥʦʣʦ-

ʛʠʠ. ɺ ʯʘʩʪʥʦʩʪʠ, ʠʩʧʦʣʴʟʫʝʪʩʷ ʪʝʭʥʦʣʦʛʠʷ ʧʨʦʠʟʚʦʜʩʪʚʘ ʉɺʏ ʇʇʄ ʥʘ ʦʩʥʦʚʝ ʢʦʨʧʫʩʠʨʦ-

ʚʘʥʥʳʭ ʀʉ (ʤʠʢʨʦʩʭʝʤ). ʄʠʢʨʦʩʭʝʤʳ ʧʨʝʜʩʪʘʚʣʷʶʪ ʩʦʙʦʡ ʟʘʢʦʥʯʝʥʥʳʝ ʬʫʥʢʮʠʦʥʘʣʴʥʳʝ 

ʫʟʣʳ, ʫʧʘʢʦʚʘʥʥʳʝ ʚ ʢʦʨʧʫʩ (ʨʠʩʫʥʦʢ 1.86). ʊʘʢʠʝ ʀʉ ʩʦʜʝʨʞʘʪ ʦʜʠʥ ʠʣʠ ʥʝʩʢʦʣʴʢʦ ʧʦʣʫ-

ʧʨʦʚʦʜʥʠʢʦʚʳʭ ʢʨʠʩʪʘʣʣʦʚ (ʄʀʉ), ʨʘʟʤʝʱʝʥʥʳʭ ʥʘ ʇʇ ʠʣʠ ʧʦʜʣʦʞʢʘʭ ʠ ʩʦʝʜʠʥʝʥʥʳʭ 

ʤʝʞʜʫ ʩʦʙʦʡ ʠ ʩ ʚʳʚʦʜʘʤʠ ʤʠʢʨʦʩʭʝʤʳ ʘʥʘʣʦʛʠʯʥʳʤʠ ʧʨʝʜʳʜʫʱʝʤʫ ʧʨʠʤʝʨʫ ʩʧʦʩʦʙʘʤʠ. 

ʇʨʝʠʤʫʱʝʩʪʚʦ ʚ ʩʨʘʚʥʝʥʠʠ ʩ ʛʠʙʨʠʜʥʳʤʠ ʪʝʭʥʦʣʦʛʠʷʤʠ ï ʙʦʣʴʰʘʷ ʩʪʝʧʝʥʴ ʠʥʪʝʛʨʘʮʠʠ ʟʘ 

ʩʯʝʪ ʦʙʲʝʜʠʥʝʥʠʷ ʚ ʀʉ ʦʜʥʦʛʦ ʠʣʠ ʥʝʩʢʦʣʴʢʠʭ ʟʘʢʦʥʯʝʥʥʳʭ ʬʫʥʢʮʠʦʥʘʣʴʥʳʭ ʙʣʦʢʦʚ. 
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ʈʠʩʫʥʦʢ 1.86 ï ʇʨʠʤʝʨ ʨʝʘʣʠʟʘʮʠʠ ʢʦʨʧʫʩʠʨʦʚʘʥʥʳʭ ʤʠʢʨʦʩʭʝʤ ʥʘ ʦʩʥʦʚʝ ʥʝʩʢʦʣʴʢʠʭ 

ʄʀʉ ʨʘʟʣʠʯʥʦʡ ʬʫʥʢʮʠʦʥʘʣʴʥʦʩʪʠ 

ʂ ʩʦʞʘʣʝʥʠʶ, ʚ ʈʦʩʩʠʡʩʢʦʡ ʌʝʜʝʨʘʮʠʠ ʨʘʟʨʘʙʦʪʢʘ ʠ ʧʨʦʠʟʚʦʜʩʪʚʦ ʢʦʨʧʫʩʠʨʦʚʘʥʥʳʭ 

ʉɺʏ ʀʉ ʨʘʟʚʠʪʳ ʩʣʘʙʦ ï ʫʟʢʘʷ ʥʦʤʝʥʢʣʘʪʫʨʘ, ʥʠʟʢʠʝ ʊʊʍ, ʦʪʩʫʪʩʪʚʠʝ ʤʥʦʛʦʬʫʥʢʮʠʦ-

ʥʘʣʴʥʳʭ ʢʦʤʧʦʥʝʥʪʦʚ (ʀʉ ɺʉʀ). ʉʦʟʜʘʥʠʝ ʧʝʨʩʧʝʢʪʠʚʥʳʭ ʉɺʏ ʇʇʄ ʥʘ ʦʩʥʦʚʝ ʢʦʨʧʫʩʠ-

ʨʦʚʘʥʥʳʭ ʀʉ ʧʨʝʜʩʪʘʚʣʷʝʪʩʷ ʧʨʦʙʣʝʤʘʪʠʯʥʳʤ ʧʦ ʥʝʩʢʦʣʴʢʠʤ ʧʨʠʯʠʥʘʤ: ʟʘʪʨʫʜʥʠʪʝʣʴʥʦ 

ʜʦʩʪʠʞʝʥʠʝ ʚʳʩʦʢʠʭ ʊʊʍ ʠ ʚʳʩʦʢʦʡ ʧʣʦʪʥʦʩʪʠ ʤʦʥʪʘʞʘ ʉɺʏ ʫʟʣʦʚ; ʨʳʥʦʢ ʦʪʝʯʝʩʪʚʝʥ-

ʥʳʭ ʢʦʨʧʫʩʠʨʦʚʘʥʥʳʭ ʀʉ ʥʝ ʨʘʟʚʠʪ ʠ, ʩʢʦʨʝʝ ʚʩʝʛʦ, ʙʳʩʪʨʦ ʨʘʟʚʠʚʘʪʴʩʷ ʥʝ ʙʫʜʝʪ ʚʩʣʝʜʩʪ-

ʚʠʝ ʥʘʣʠʯʠʷ ʙʦʣʝʝ ʧʝʨʩʧʝʢʪʠʚʥʳʭ ʪʝʭʥʦʣʦʛʠʡ; ʟʘʨʫʙʝʞʥʳʝ ʦʙʨʘʟʮʳ ʥʝ ʧʦʩʪʘʚʣʷʶʪʩʷ ʧʦ 

ʧʨʠʯʠʥʝ ʦʛʨʘʥʠʯʝʥʠʷ ʵʢʩʧʦʨʪʘ. 

ʊʝʭʥʦʣʦʛʠʠ ʉɺʏ ʄʀʉ ʠ ʤʥʦʛʦʢʨʠʩʪʘʣʴʥʳʭ ʤʦʜʫʣʝʡ. ɹʦʣʝʝ ʧʝʨʩʧʝʢʪʠʚʥʦʡ ʵʣʝ-

ʤʝʥʪʥʦʡ ʙʘʟʦʡ ʷʚʣʷʶʪʩʷ ʙʝʩʢʦʨʧʫʩʥʳʝ ʄʀʉ ʉɺʏ ʜʠʘʧʘʟʦʥʘ. ɿʘ ʨʫʙʝʞʦʤ ʉɺʏ ʄʀʉ ʥʘ-

ʯʘʣʠ ʠʩʧʦʣʴʟʦʚʘʪʴʩʷ ʚ ʨʘʜʠʦʘʧʧʘʨʘʪʫʨʝ, ʥʘʯʠʥʘʷ ʩ 1990-ʭ ʛʦʜʦʚ, ʠ ʚ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʷʚ-

ʣʷʶʪʩʷ ʩʘʤʳʤ ʨʘʩʧʨʦʩʪʨʘʥʝʥʥʳʤ ʪʠʧʦʤ ʉɺʏ ʕʂɹ. ɹʣʦʢ ʉɺʏ ʇʇʄ ʥʘ ʦʩʥʦʚʝ ʄʀʉ ʤʦ-

ʞʝʪ ʙʳʪʴ ʧʦʩʪʨʦʝʥ ʥʘ ʦʩʥʦʚʝ ʤʥʦʛʦʢʨʠʩʪʘʣʴʥʳʭ ʤʦʜʫʣʝʡ, ʢʦʛʜʘ ʥʝʩʢʦʣʴʢʦ ʬʫʥʢʮʠʦʥʘʣʴ-

ʥʦ ʨʘʟʣʠʯʥʳʭ ʙʝʩʢʦʨʧʫʩʥʳʭ ʄʀʉ ʨʘʟʤʝʱʘʶʪʩʷ ʥʘ ʦʜʥʦʡ ʧʦʜʣʦʞʢʝ (ʥʘʧʨʠʤʝʨ, ʧʦʣʫʧʨʦ-

ʚʦʜʥʠʢʦʚʦʡ ʠʣʠ ʠʟ ʥʠʟʢʦʪʝʤʧʝʨʘʪʫʨʥʦʡ ʢʝʨʘʤʠʢʠ) ʠ ʦʙʲʝʜʠʥʷʶʪʩʷ ʤʝʞʜʫ ʩʦʙʦʡ. ʊʘʢʘʷ 

ʪʝʭʥʦʣʦʛʠʷ ʟʥʘʯʠʪʝʣʴʥʦ ʫʣʫʯʰʘʝʪ ʊʊʍ ʠʟʜʝʣʠʡ, ʟʘʤʝʪʥʦ ʩʥʠʞʘʝʪ ʛʘʙʘʨʠʪʳ ʉɺʏ ʫʟʣʦʚ (ʜʦ 

ʝʜʠʥʠʮ ʤʠʣʣʠʤʝʪʨʦʚ). ʇʨʠʤʝʨʳ ʄʀʉ ʉɺʏ ʤʘʣʦʰʫʤʷʱʝʛʦ ʫʩʠʣʠʪʝʣʷ (ʄʐʋ) ʠ ʤʥʦʛʦ-

ʢʨʠʩʪʘʣʴʥʦʛʦ ʤʦʜʫʣʷ ʥʘ ʦʩʥʦʚʝ ʉɺʏ ʄʀʉ ʧʨʠʚʝʜʝʥʳ ʥʘ ʨʠʩʫʥʢʝ 1.87.  
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ʈʠʩʫʥʦʢ 1.87ï ʀʟʦʙʨʘʞʝʥʠʷ ʄʀʉ ʄʐʋ (ʘ) ʠ ʤʥʦʛʦʢʨʠʩʪʘʣʴʥʦʛʦ ʤʦʜʫʣʷ (ʙ) 

ʅʫʞʥʦ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʨʘʟʨʘʙʦʪʢʘ ʠ ʧʨʦʠʟʚʦʜʩʪʚʦ ʢʦʨʧʫʩʠʨʦʚʘʥʥʳʭ ʠ ʙʝʩʢʦʨʧʫʩʥʳʭ 

ʉɺʏ ʀʉ ʷʚʣʷʝʪʩʷ ʩʘʤʳʤ ʜʦʨʦʛʦʩʪʦʷʱʠʤ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʤ ʧʨʦʮʝʩʩʦʤ ʚ ʧʨʦʠʟʚʦʜʩʪʚʝ 

ʇʇʄ. 

ʈʷʜʦʤ ʧʝʨʝʜʦʚʳʭ ʧʨʝʜʧʨʠʷʪʠʡ ʚ ʦʙʣʘʩʪʠ ʧʨʦʠʟʚʦʜʩʪʚʘ ʨʘʜʠʦʪʝʭʥʠʯʝʩʢʠʭ ʩʠʩʪʝʤ ʠ 

ʢʦʤʧʦʥʝʥʪʦʚ ʜʣʷ ʥʠʭ (ʌɻʋʇ ʅʇʇ çʀʩʪʦʢè, ʛ. ʄʦʩʢʚʘ, ʈʅʀʀʈʉ, ʛ. ʈʦʩʪʦʚ-ʥʘ-ɼʦʥʫ, ɿɸʆ 

çʉʚʝʪʣʘʥʘ-ʈʦʩʪè, ʛ. ʉʘʥʢʪ-ʇʝʪʝʨʙʫʨʛ, ʅʇʌ çʄʠʢʨʘʥè ʛ. ʊʦʤʩʢ, çʅʀʀʇʇè ʛ. ʊʦʤʩʢ ʠ ʜʨ.) 

ʦʩʚʦʝʥʳ ʪʝʭʥʦʣʦʛʠʠ ʧʨʦʠʟʚʦʜʩʪʚʘ ʉɺʏ ʄʀʉ ʥʘ ʦʩʥʦʚʝ ʤʘʪʝʨʠʘʣʘ GaAs (ʪʝʭʥʦʣʦʛʠʠ 

ʦʙʝʩʧʝʯʠʚʘʶʪ ʨʘʙʦʯʠʝ ʯʘʩʪʦʪʳ ʠʟʜʝʣʠʡ ʜʦ 20 ɻɻʮ ʠ ʚʳʰʝ, ʥʦ ʠʤʝʶʪ ʥʠʟʢʫʶ ʩʪʝʧʝʥʴ ʠʥ-

ʪʝʛʨʘʮʠʠ). ʅʘ ɸʆ çʄʠʢʨʦʥè (ʛ. ɿʝʣʝʥʦʛʨʘʜ) ʧʦ ʢʨʝʤʥʠʝʚʦʡ ʂʄʆʇ ʪʝʭʥʦʣʦʛʠʠ ʟʘʧʫʱʝʥʦ 

ʧʨʦʠʟʚʦʜʩʪʚʦ ʮʠʬʨʦʚʳʭ ʀʉ ʠ ʧʣʘʥʠʨʫʝʪʩʷ ʢ ʟʘʧʫʩʢʫ ʠʟʛʦʪʦʚʣʝʥʠʝ ʪʘʢʞʝ ʘʥʘʣʦʛʦʚʳʭ ʉɺʏ 

ʄʀʉ (ʦʩʦʙʝʥʥʦʩʪʠ ʪʝʭʥʦʣʦʛʠʠ ï ʛʦʨʘʟʜʦ ʙʦʣʝʝ ʚʳʩʦʢʘʷ ʩʪʝʧʝʥʴ ʠʥʪʝʛʨʘʮʠʠ ʠʟʜʝʣʠʡ, ʚʦʟ-

ʤʦʞʥʦʩʪʴ ʨʝʘʣʠʟʘʮʠʠ ʩʤʝʰʘʥʥʳʭ ʮʠʬʨʦʚʳʭ ʠ ʘʥʘʣʦʛʦʚʳʭ ʩʭʝʤ, ʨʘʙʦʯʠʝ ʯʘʩʪʦʪʳ ʚ ʧʨʠʥ-

ʮʠʧʝ ʪʘʢʞʝ ʤʦʛʫʪ ʜʦʩʪʠʛʘʪʴ 20 ɻɻʮ ʠ ʚʳʰʝ).  

ʊʝʭʥʦʣʦʛʠʷ çʉʠʩʪʝʤʘ ʥʘ ʢʨʠʩʪʘʣʣʝè. ɼʦʩʪʠʞʝʥʠʝ ʥʘʠʣʫʯʰʠʭ ʧʦʢʘʟʘʪʝʣʝʡ ʉɺʏ 

ʫʟʣʦʚ ʠ ʧʦʣʫʯʝʥʠʝ ʚʦʟʤʦʞʥʦʩʪʠ ʩʦʟʜʘʥʠʷ ʤʥʦʛʦʬʫʥʢʮʠʦʥʘʣʴʥʳʭ ʉɺʏ ʇʇʄ ʜʝʡʩʪʚʠʪʝʣʴ-

ʥʦ ʚʳʩʦʢʦʡ ʩʪʝʧʝʥʠ ʠʥʪʝʛʨʘʮʠʠ ʧʨʝʜʩʪʘʚʣʷʝʪʩʷ ʚʦʟʤʦʞʥʳʤ ʧʫʪʝʤ ʦʨʠʝʥʪʘʮʠʠ ʥʘ ʩʘʤʳʝ 

ʩʦʚʨʝʤʝʥʥʳʝ ʤʠʨʦʚʳʝ ʪʝʭʥʦʣʦʛʠʠ, ʢ ʢʦʪʦʨʳʤ ʦʪʥʦʩʠʪʩʷ, ʚ ʯʘʩʪʥʦʩʪʠ, ʪʝʭʥʦʣʦʛʠʷ ʉʥʂ. 

ʕʪʘ ʪʝʭʥʦʣʦʛʠʷ ʥʘʯʘʣʘ ʠʩʧʦʣʴʟʦʚʘʪʴʩʷ ʟʘ ʨʫʙʝʞʦʤ ʧʨʠʤʝʨʥʦ ʩ 2005 ʛʦʜʘ. ʉʥʂ ï ʵʪʦ ʀʉ, 

ʠʥʪʝʛʨʠʨʫʶʱʘʷ ʥʘ ʦʜʥʦʤ ʢʨʠʩʪʘʣʣʝ ʥʝʩʢʦʣʴʢʦ ʨʘʟʣʠʯʥʳʭ ʬʫʥʢʮʠʦʥʘʣʴʥʳʭ ʙʣʦʢʦʚ, ʢʦʪʦ-

ʨʳʝ ʦʙʨʘʟʫʶʪ ʟʘʢʦʥʯʝʥʥʦʝ ʠʟʜʝʣʠʝ ʜʣʷ ʘʚʪʦʥʦʤʥʦʛʦ ʧʨʠʤʝʥʝʥʠʷ ʚ ʵʣʝʢʪʨʦʥʥʦʡ ʘʧʧʘʨʘʪʫ-

ʨʝ. ʇʨʠ ʨʘʟʨʘʙʦʪʢʝ ʉʥʂ ʠʩʧʦʣʴʟʫʶʪʩʷ ʪʘʢ ʥʘʟʳʚʘʝʤʳʝ ʚʠʨʪʫʘʣʴʥʳʝ ʵʣʝʢʪʨʦʥʥʳʝ ʢʦʤʧʦ-

ʥʝʥʪʳ, ʧʨʝʜʩʪʘʚʣʷʶʱʠʝ ʩʦʙʦʡ ʪʦʧʦʣʦʛʠʶ ʠ (ʠʣʠ) ʧʨʦʛʨʘʤʤʥʳʡ ʢʦʜ ʬʫʥʢʮʠʦʥʘʣʴʥʦ-

ʟʘʢʦʥʯʝʥʥʳʭ ʙʣʦʢʦʚ ʠ ʫʟʣʦʚ ʉʥʂ. ɼʣʷ ʦʙʦʟʥʘʯʝʥʠʷ ʵʪʠʭ ʢʦʤʧʦʥʝʥʪʦʚ ʚ ʘʥʛʣʦʷʟʳʯʥʦʡ ʣʠ-

ʪʝʨʘʪʫʨʝ ʠʩʧʦʣʴʟʫʶʪʩʷ ʪʝʨʤʠʥʳ çIP-ʙʣʦʢʠè ʠʣʠ çIP-ʷʜʨʘè. ɺ ʨʫʩʩʢʦʷʟʳʯʥʦʡ ʣʠʪʝʨʘʪʫʨʝ 

ʫʩʪʦʷʣʩʷ ʪʝʨʤʠʥ çʩʣʦʞʥʦ-ʬʫʥʢʮʠʦʥʘʣʴʥʳʡ ʙʣʦʢè (ʉʌɹ). ʉɺʏ ʫʟʝʣ ʧʨʠ ʵʪʦʤ ʚʳʧʦʣʥʷʝʪʩʷ 
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ʧʦ ʪʝʭʥʦʣʦʛʠʠ ʧʣʘʥʘʨʥʦʛʦ ʤʥʦʛʦʢʨʠʩʪʘʣʴʥʦʛʦ ʤʦʜʫʣʷ ʥʘ ʝʜʠʥʦʡ ʧʦʜʣʦʞʢʝ (ʥʘʧʨʠʤʝʨ, ʠʟ 

ʧʦʣʠʢʦʨʘ), ʛʜʝ ʨʘʟʤʝʱʘʶʪʩʷ ʦʜʠʥ ʠʣʠ ʥʝʩʢʦʣʴʢʦ ʢʨʠʩʪʘʣʣʦʚ ʉʥʂ ʠ ʥʝʙʦʣʴʰʦʝ ʢʦʣʠʯʝʩʪʚʦ 

ʥʝʦʙʭʦʜʠʤʳʭ ʜʠʩʢʨʝʪʥʳʭ ʢʦʤʧʦʥʝʥʪʦʚ (ʥʘʧʨʠʤʝʨ, ʬʠʣʴʪʨʳ, ʮʝʧʠ ʨʘʟʚʷʟʢʠ), ʤʦʛʫʪ ʠʩ-

ʧʦʣʴʟʦʚʘʪʴʩʷ ʠ ʢʨʠʩʪʘʣʣʳ ʄʀʉ. ɺ ʤʥʦʛʦʢʨʠʩʪʘʣʴʥʦʤ ʤʦʜʫʣʝ ʚʦʟʤʦʞʥʳ ʚʘʨʠʘʥʪʳ ʛʝʪʝʨʦ-

ʛʝʥʥʦʡ (ʨʘʟʥʦʨʦʜʥʦʡ) ʠʥʪʝʛʨʘʮʠʠ [133], ʪ.ʝ. ʠʥʪʝʛʨʘʮʠʠ ʥʝʩʢʦʣʴʢʠʭ ʉʥʂ ʠ ʄʀʉ, ʚʳʧʦʣ-

ʥʝʥʥʳʭ ʧʦ ʨʘʟʣʠʯʥʳʤ ʪʝʭʥʦʣʦʛʠʷʤ, ʯʪʦ ʧʦʟʚʦʣʷʝʪ ʦʙʝʩʧʝʯʠʪʴ ʜʦʩʪʠʞʝʥʠʝ ʥʘʠʣʫʯʰʠʭ 

ʊʊʍ ʟʘ ʩʯʝʪ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʣʫʯʰʠʭ ʧʦʢʘʟʘʪʝʣʝʡ ʦʪʜʝʣʴʥʳʭ ʪʝʭʥʦʣʦʛʠʡ (Si, SiGe, GaAs, 

GaN ʠ ʜʨ.). 

ʇʦ ʪʝʭʥʦʣʦʛʠʠ ʉʥʂ ʟʘ ʨʫʙʝʞʦʤ ʤʠʣʣʠʦʥʥʳʤʠ ʧʘʨʪʠʷʤʠ ʠʟʛʦʪʘʚʣʠʚʘʶʪʩʷ ʥʝ ʪʦʣʴʢʦ 

ʙʳʪʦʚʳʝ ʫʩʪʨʦʡʩʪʚʘ ʩʚʷʟʠ, ʨʦʙʦʪʦʪʝʭʥʠʢʠ, ʥʦ ʠ ʚʳʩʦʢʦʥʘʜʝʞʥʳʝ ʢʦʩʤʠʯʝʩʢʠʝ ʠ ʚʦʝʥʥʳʝ 

ʩʠʩʪʝʤʳ [134]. 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʧʦ ʪʝʭʥʦʣʦʛʠʠ ʉʥʂ ʧʨʝʜʩʪʘʚʣʷʝʪʩʷ ʚʦʟʤʦʞʥʳʤ ʨʘʟʨʘʙʦʪʢʘ ʉɺʏ 

ʇʇʄ K-ʜʠʘʧʘʟʦʥʘ ʚʳʩʦʢʦʡ ʩʪʝʧʝʥʠ ʠʥʪʝʛʨʘʮʠʠ ʩ ʚʳʩʦʢʠʤʠ ʊʊʍ, ʥʠʟʢʠʤ ʵʥʝʨʛʦʧʦʪʨʝʙ-

ʣʝʥʠʝʤ, ʪʝʭʥʦʣʦʛʠʯʥʳʤ ʠ ʥʝʜʦʨʦʛʠʤ ʚ ʧʨʦʠʟʚʦʜʩʪʚʝ ʠ ʵʢʩʧʣʫʘʪʘʮʠʠ, ʩʪʦʡʢʠʤ ʢ ʚʥʝʰʥʠʤ 

ʚʦʟʜʝʡʩʪʚʫʶʱʠʤ ʬʘʢʪʦʨʘʤ. ʇʨʠʤʝʨʳ ʦʜʥʦʢʨʠʩʪʘʣʴʥʳʭ ʧʨʠʝʤʥʠʢʘ ʠ ʧʝʨʝʜʘʪʯʠʢʘ, ʚʳʧʦʣ-

ʥʝʥʥʳʭ ʧʦ ʪʝʭʥʦʣʦʛʠʠ ʉʥʂ, ʧʨʠʚʝʜʝʥʳ ʥʘ ʨʠʩʫʥʦʢ  1.7ʘ [135]. ʅʘ ʨʠʩʫʥʦʢ  1.88ʙ ʠʟʦʙʨʘ-

ʞʝʥ ʉɺʏ ʇʇʄ ʩ ʮʠʬʨʦʚʦʡ ʦʙʨʘʙʦʪʢʦʡ ʩʠʛʥʘʣʘ (ʎʆʉ) ʜʣʷ ʧʝʨʩʧʝʢʪʠʚʥʳʭ ʨʘʜʠʦʪʝʭʥʠʯʝ-

ʩʢʠʭ ʩʠʩʪʝʤ [136], ʦʥ ʠʩʧʦʣʴʟʫʝʪ  ʢʨʠʩʪʘʣʣ ʉʥʂ. 

 

  

ʘ ʙ 

ʈʠʩʫʥʦʢ 1.88 ï ʇʨʠʤʝʨʳ ʫʩʪʨʦʡʩʪʚ: ʦʜʥʦʢʨʠʩʪʘʣʴʥʳʝ ʧʨʠʝʤʥʠʢ ʠ ʧʝʨʝʜʘʪʯʠʢ ʧʦ ʪʝʭʥʦʣʦ-

ʛʠʠ ʉʥʂ (ʘ); ʉɺʏ ʇʇʄ ʩ ʎʆʉ ʜʣʷ ʧʝʨʩʧʝʢʪʠʚʥʳʭ ʨʘʜʠʦʪʝʭʥʠʯʝʩʢʠʭ ʩʠʩʪʝʤ (ʙ) 

ʆʩʚʦʝʥʠʝ ʪʝʭʥʦʣʦʛʠʠ ʉʥʂ ʧʨʝʜʧʦʣʘʛʘʝʪ ʪʝʦʨʝʪʠʯʝʩʢʠʝ ʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʠʩʩʣʝ-

ʜʦʚʘʥʠʷ ʚ ʯʘʩʪʠ ʨʘʟʨʘʙʦʪʢʠ ʤʝʪʦʜʦʚ ʧʨʦʝʢʪʠʨʦʚʘʥʠʷ, ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʠ ʠʩʧʳʪʘʥʠʡ ʵʪʠʭ 

ʢʦʤʧʦʥʝʥʪʦʚ, ʧʫʪʝʡ ʩʦʟʜʘʥʠʷ ʦʪʜʝʣʴʥʳʭ ʚʠʜʦʚ ʕʂɹ ʪʨʘʢʪʘ ʉɺʏ, ʩʧʦʩʦʙʦʚ ʧʦʩʪʨʦʝʥʠʷ 

ʉɺʏ ʇʇʄ ʥʘ ʙʘʟʝ ʉʥʂ.  
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1.5.2 ʆʙʟʦʨ ʪʝʭʥʦʣʦʛʠʡ ʠʟʛʦʪʦʚʣʝʥʠʷ ʉɺʏ ʠʥʪʝʛʨʘʣʴʥʳʭ ʩʭʝʤ ʠ ʩʠʩʪʝʤ ʥʘ ʢʨʠʩʪʘʣ-

ʣʝ ʜʣʷ ʧʦʩʪʨʦʝʥʠʷ ʧʨʠʝʤʦʧʝʨʝʜʘʶʱʠʭ ʤʦʜʫʣʝʡ ʚʳʩʦʢʦʡ ʩʪʝʧʝʥʠ ʠʥʪʝʛʨʘʮʠʠ 

ʏʘʱʝ ʚʩʝʛʦ ʉɺʏ ʀʉ ʠ ʉʥʂ ʜʣʷ ʧʦʩʪʨʦʝʥʠʷ ʇʇʄ ʚʳʧʦʣʥʷʪʁʩʷ ʥʘ ʦʩʥʦʚʝ ʩʣʝʜʫʶ-

ʱʠʭ ʪʝʭʥʦʣʦʛʠʡ: 

ʘ) ʪʝʭʥʦʣʦʛʠʠ ʥʘ ʦʩʥʦʚʝ ʘʨʩʝʥʠʜʘ ʛʘʣʣʠʷ GaAs. ʂ ʥʠʤ ʦʪʥʦʩʷʪʩʷ ʪʝʭʥʦʣʦʛʠʠ ʧʦʣʝ-

ʚʳʭ ʛʝʪʝʨʦʩʪʨʫʢʪʫʨʥʳʭ ʪʨʘʥʟʠʩʪʦʨʦʚ HEMT (High Electron Mobility Transistor), pHEMT 

(ʧʩʝʚʜʦʤʦʨʬʥʳʝ) ʠ mHEMT (ʤʝʪʘʤʦʨʬʥʳʝ); 

ʙ) ʪʝʭʥʦʣʦʛʠʠ ʧʦʣʝʚʳʭ ʪʨʘʥʟʠʩʪʦʨʦʚ ʂʄʆʇ - CMOS (Complementary Metal-Oxide-

Semiconductor) ʥʘ ʦʩʥʦʚʝ ʢʨʝʤʥʠʷ Si, ʘ ʪʘʢʞʝ ʪʝʭʥʦʣʦʛʠʠ ɹʠʂʄʆʇ - BiCMOS ʥʘ ʦʩʥʦʚʝ 

ʩʦʝʜʠʥʝʥʠʷ ʢʨʝʤʥʠʡ-ʛʝʨʤʘʥʠʡ SiGe, ʦʙʲʝʜʠʥʷʶʱʠʝ ʪʝʭʥʦʣʦʛʠʶ ʙʠʧʦʣʷʨʥʳʭ ʪʨʘʥʟʠʩʪʦ-

ʨʦʚ ʠ CMOS ʪʝʭʥʦʣʦʛʠʶ. 

ʇʨʠʚʝʜʝʤ ʦʩʥʦʚʥʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʵʪʠʭ ʪʝʭʥʦʣʦʛʠʡ. 

HEMT ʪʝʭʥʦʣʦʛʠʠ ʥʘ ʦʩʥʦʚʝ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʦʛʦ ʩʦʝʜʠʥʝʥʠʷ GaAs. GaAs HEMT 

(pHEMT, mHEMT) ʪʝʭʥʦʣʦʛʠʠ ï ʵʪʦ ʪʝʭʥʦʣʦʛʠʠ ʜʣʷ ʧʨʦʤʳʰʣʝʥʥʦʛʦ ʧʨʦʠʟʚʦʜʩʪʚʘ ʩʨʘʚ-

ʥʠʪʝʣʴʥʦ ʥʝʜʦʨʦʛʠʭ ʘʥʘʣʦʛʦʚʳʭ ʉɺʏ ʄʀʉ ʤʘʩʩʦʚʦʛʦ ʧʨʠʤʝʥʝʥʠʷ (ʄʐʋ, ʋʄ, ʉʄ, ʌɺ ʠ 

ʜʨ.). GaAs ʄʀʉ ʥʘ ʦʩʥʦʚʝ pHEMT ʪʝʭʥʦʣʦʛʠʡ ʙʦʣʝʝ ʜʝʰʝʚʳʝ, ʥʦ ʦʙʣʘʜʘʶʪ ʤʝʥʴʰʠʤʠ 

ʛʨʘʥʠʯʥʳʤʠ ʯʘʩʪʦʪʘʤʠ (Ft <150 ɻɻʮ ʧʨʠ ʜʣʠʥʝ ʟʘʪʚʦʨʘ 150 ʥʤ) ʠ ʙʦʣʴʰʠʤ ʢʦʵʬʬʠʮʠʝʥ-

ʪʦʤ ʰʫʤʘ (ʂʐ). ʊʝʭʥʦʣʦʛʠʠ GaAs mHEMT ʦʙʝʩʧʝʯʠʚʘʶʪ ʣʫʯʰʠʝ ʯʘʩʪʦʪʥʳʝ ʩʚʦʡʩʪʚʘ, ʥʦ 

ʷʚʣʷʶʪʩʷ ʙʦʣʝʝ ʜʦʨʦʛʠʤʠ.  

ɿʥʘʯʠʪʝʣʴʥʳʤ ʥʝʜʦʩʪʘʪʢʦʤ GaAs HEMT ʪʝʭʥʦʣʦʛʠʡ ʷʚʣʷʝʪʩʷ ʦʪʩʫʪʩʪʚʠʝ ʢʦʤʧʣʝ-

ʤʝʥʪʘʨʥʳʭ ʪʨʘʥʟʠʩʪʦʨʦʚ (ʥʘʧʨʠʤʝʨ, ʘʥʘʣʦʛʠʯʥʦ ʪʨʘʥʟʠʩʪʦʨʘʤ p- ʠ n-ʪʠʧʘ ʚ CMOS ʪʝʭʥʦ-

ʣʦʛʠʷʭ). ʕʪʦ ʫʩʣʦʞʥʷʝʪ ʩʦʟʜʘʥʠʝ ʜʘʞʝ ʧʨʦʩʪʳʭ ʣʦʛʠʯʝʩʢʠʭ ʷʯʝʝʢ. ʂ ʜʨʫʛʠʤ ʩʫʱʝʩʪʚʝʥ-

ʥʳʤ ʥʝʜʦʩʪʘʪʢʘʤ GaAs HEMT ʪʝʭʥʦʣʦʛʠʡ ʦʪʥʦʩʷʪʩʷ: ʤʘʣʘʷ ʩʪʝʧʝʥʴ ʠʥʪʝʛʨʘʮʠʠ, ʩʚʷʟʘʥ-

ʥʘʷ ʧʨʝʞʜʝ ʚʩʝʛʦ ʩʦ ʟʥʘʯʠʪʝʣʴʥʳʤʠ ʨʘʟʤʝʨʘʤʠ ʪʨʘʥʟʠʩʪʦʨʦʚ; ʤʘʣʘʷ ʤʘʢʩʠʤʘʣʴʥʦ ʚʦʟʤʦʞ-

ʥʘʷ ʧʣʦʱʘʜʴ ʢʨʠʩʪʘʣʣʘ (ʜʦ 25 ʤʤ
2
); ʟʥʘʯʠʪʝʣʴʥʘʷ ʧʦʪʨʝʙʣʷʝʤʘʷ ʤʦʱʥʦʩʪʴ ʀʉ; ʙʦʣʴʰʘʷ 

ʩʪʦʠʤʦʩʪʴ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʢʨʝʤʥʠʝʚʳʤʠ ʪʝʭʥʦʣʦʛʠʷʤʠ. ɺʩʝ ʫʢʘʟʘʥʥʳʝ ʥʝʜʦʩʪʘʪʢʠ ʩʠʣʴʥʦ 

ʟʘʪʨʫʜʥʷʶʪ ʩʦʟʜʘʥʠʝ ʠʥʪʝʛʨʠʨʦʚʘʥʥʳʭ ʄʀʉ ʧʦ ʧʨʠʥʮʠʧʫ ʉʥʂ. 

ʊʝʭʥʦʣʦʛʠʠ ʥʘ ʦʩʥʦʚʝ ʢʨʝʤʥʠʷ (CMOS) ʠ ʩʦʝʜʠʥʝʥʠʷ ʢʨʝʤʥʠʡ-ʛʝʨʤʘʥʠʡ 

(BiCMOS). ʍʘʨʘʢʪʝʨʥʦʡ ʯʝʨʪʦʡ ʢʨʝʤʥʠʝʚʦʡ ʪʝʭʥʦʣʦʛʠʠ ʧʦʣʝʚʳʭ ʪʨʘʥʟʠʩʪʦʨʦʚ CMOS ʷʚ-

ʣʷʝʪʩʷ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʥʘ ʢʨʝʤʥʠʝʚʦʡ ʧʦʜʣʦʞʢʝ ʢʦʤʧʣʝʤʝʥʪʘʨʥʳʭ ʠ ʩʠʤʤʝʪʨʠʯʥʳʭ ʧʘʨ 

MOSFET (Metal Oxide Semiconductor Field Effect Transistor) ʪʨʘʥʟʠʩʪʦʨʦʚ p- ʠ n-ʪʠʧʘ. 

ʇʨʠ ʩʦʟʜʘʥʠʠ ʉɺʏ ʄʀʉ CMOS ʪʝʭʥʦʣʦʛʠʷ ʠʤʝʝʪ ʨʷʜ ʜʦʩʪʦʠʥʩʪʚ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ 

HEMT ʪʝʭʥʦʣʦʛʠʷʤʠ: ʧʦʟʚʦʣʷʝʪ ʦʜʥʦʚʨʝʤʝʥʥʦ ʚʳʧʦʣʥʠʪʴ ʬʫʥʢʮʠʠ ʦʙʨʘʙʦʪʢʠ ʘʥʘʣʦʛʦ-

ʚʳʭ ʠ ʮʠʬʨʦʚʳʭ ʩʠʛʥʘʣʦʚ ʚ ʦʜʥʦʤ ʢʨʠʩʪʘʣʣʝ, ʪ.ʝ. ʚ ʧʦʣʥʦʡ ʤʝʨʝ ʨʝʘʣʠʟʦʚʘʪʴ ʢʦʥʮʝʧʮʠʶ 

http://en.wikipedia.org/wiki/Metal_oxide_semiconductor_field_effect_transistor
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ʉʥʂ; ʠʤʝʝʪ ʤʝʥʴʰʠʝ ʨʘʟʤʝʨʳ ʢʦʤʧʦʥʝʥʪʦʚ ʚ ʩʚʷʟʠ ʩ ʯʝʤ ʜʦʧʫʩʢʘʝʪ ʙʦʣʝʝ ʧʣʦʪʥʫʶ ʫʧʘ-

ʢʦʚʢʫ ʵʣʝʤʝʥʪʦʚ; ʨʘʟʨʝʰʘʝʪ ʫʚʝʣʠʯʠʪʴ ʧʣʦʱʘʜʴ ʢʨʠʩʪʘʣʣʘ (ʜʦ 4 ʩʤ
2
) ʠ ʤʦʞʝʪ ʩʦʜʝʨʞʘʪʴ 

ʙʦʣʴʰʝʝ ʯʠʩʣʦ ʪʨʘʥʟʠʩʪʦʨʦʚ ʥʘ ʢʨʠʩʪʘʣʣʝ; ʢʨʝʤʥʠʝʚʳʝ ʧʦʜʣʦʞʢʠ ʤʦʛʫʪ ʠʤʝʪʴ ʜʠʘʤʝʪʨ 

ʩʚʳʰʝ 150 ʤʤ; ʢʨʝʤʥʠʝʚʳʝ ʄʀʉ ʟʥʘʯʠʪʝʣʴʥʦ ʜʝʰʝʚʣʝ ʄʀʉ ʥʘ ʦʩʥʦʚʝ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚ 

GaAs ʠ GaN. 

ʊʝʭʥʦʣʦʛʠʷ BiCMOS ʥʘ ʦʩʥʦʚʝ ʤʘʪʝʨʠʘʣʘ SiGe ʧʨʝʜʧʦʣʘʛʘʝʪ ʠʟʛʦʪʦʚʣʝʥʠʝ ʥʘ ʦʜʥʦʡ 

ʧʦʜʣʦʞʢʝ ʛʝʪʝʨʦʩʪʨʫʢʪʫʨʥʳʭ ʙʠʧʦʣʷʨʥʳʭ ʪʨʘʥʟʠʩʪʦʨʦʚ (HBT ï Heterostructural Bipolar 

Transistor) ʠ ʧʦʣʝʚʳʭ MOSFET-ʪʨʘʥʟʠʩʪʦʨʦʚ (ʧʦ CMOS ʪʝʭʥʦʣʦʛʠʠ). ʆʥʘ ʪʘʢʞʝ ʠʩʧʦʣʴʟʫ-

ʝʪ ʢʨʝʤʥʠʝʚʫʶ ʧʦʜʣʦʞʢʫ ʠ ʨʘʟʨʝʰʘʝʪ ʦʜʥʦʚʨʝʤʝʥʥʦ ʨʝʘʣʠʟʦʚʘʪʴ ʘʥʘʣʦʛʦʚʳʝ ʠ ʮʠʬʨʦʚʳʝ 

ʬʫʥʢʮʠʠ. ʇʨʠ ʵʪʦʤ ʪʝʭʥʦʣʦʛʠʷ BiCMOS ʩʦʯʝʪʘʝʪ ʜʦʩʪʦʠʥʩʪʚʘ CMOS ʪʝʭʥʦʣʦʛʠʠ (ʤʘʣʦʝ 

ʧʦʪʨʝʙʣʝʥʠʝ ʤʦʱʥʦʩʪʠ, ʚʳʩʦʢʘʷ ʩʪʝʧʝʥʴ ʠʥʪʝʛʨʘʮʠʠ) ʠ ʙʠʧʦʣʷʨʥʦʡ ʪʝʭʥʦʣʦʛʠʠ (ʚʳʩʦʢʘʷ 

ʨʘʙʦʯʘʷ ʯʘʩʪʦʪʘ, ʥʠʟʢʠʡ ʂʐ, ʤʘʣʳʝ ʬʘʟʦʚʳʝ ʰʫʤʳ). ɺ BiCMOS ʪʝʭʥʦʣʦʛʠʠ HBT ʪʨʘʥʟʠ-

ʩʪʦʨʳ ʥʘ ʦʩʥʦʚʝ SiGe ʙʦʣʝʝ ʚʳʩʦʢʦʯʘʩʪʦʪʥʳʝ, ʯʝʤ ʢʨʝʤʥʠʝʚʳʝ MOSFET ʪʨʘʥʟʠʩʪʦʨʳ ʚ 

CMOS ʪʝʭʥʦʣʦʛʠʠ, ʠʭ ʛʨʘʥʠʯʥʘʷ ʯʘʩʪʦʪʘ ʤʦʞʝʪ ʜʦʩʪʠʛʘʪʴ 200 ɻɻʮ (ʧʨʠ ʙʘʟʦʚʦʤ ʨʘʟʤʝʨʝ 

100 ʥʤ). ʆʜʥʘʢʦ ʚ ʩʚʷʟʠ ʩ ʟʘʪʨʘʪʘʤʠ ʧʨʠ ʬʦʨʤʠʨʦʚʘʥʠʠ HBT ʪʨʘʥʟʠʩʪʦʨʦʚ BiCMOS ʪʝʭ-

ʥʦʣʦʛʠʷ ʜʦʨʦʞʝ ʪʝʭʥʦʣʦʛʠʠ CMOS. 

ɺ ʪʦ ʞʝ ʚʨʝʤʷ ʪʝʭʥʦʣʦʛʠʠ ʥʘ ʦʩʥʦʚʝ ʤʘʪʝʨʠʘʣʦʚ Si ʠ SiGe ʠʤʝʶʪ ʪʨʠ ʟʥʘʯʠʪʝʣʴʥʳʭ 

ʥʝʜʦʩʪʘʪʢʘ ʚ ʩʨʘʚʥʝʥʠʠ ʩ HEMT ʪʝʭʥʦʣʦʛʠʷʤʠ. ɺʦ-ʧʝʨʚʳʭ, ʧʨʠ ʦʜʠʥʘʢʦʚʦʡ ʪʦʧʦʣʦʛʠʯʝ-

ʩʢʦʡ ʥʦʨʤʝ CMOS ʠ BiCMOS ʪʝʭʥʦʣʦʛʠʠ ʫʩʪʫʧʘʶʪ ʚ ʟʥʘʯʝʥʠʠ ʧʨʝʜʝʣʴʥʦʡ ʯʘʩʪʦʪʳ 

HEMT ʪʝʭʥʦʣʦʛʠʷʤ ʥʘ ʙʘʟʝ ʩʦʝʜʠʥʝʥʠʷ GaAs. ʈʘʙʦʯʠʝ ʯʘʩʪʦʪʳ ʩʫʱʝʩʪʚʫʶʱʠʭ ʉɺʏ ʄʀʉ 

ʥʘ ʦʩʥʦʚʝ CMOS ʠ BiCMOS ʪʝʭʥʦʣʦʛʠʡ ʦʙʳʯʥʦ ʥʝ ʧʨʝʚʳʰʘʶʪ 60-80 ɻɻʮ. ɺʦ-ʚʪʦʨʳʭ, ʚ 

ʩʚʷʟʠ ʩ ʤʝʥʴʰʠʤʠ ʟʥʘʯʝʥʠʷʤʠ ʧʨʦʙʠʚʥʳʭ ʥʘʧʨʷʞʝʥʠʡ ʫʨʦʚʝʥʴ ʩʠʛʥʘʣʘ ʉɺʏ ʄʀʉ ʥʘ ʙʘʟʝ 

ʤʘʪʝʨʠʘʣʦʚ Si ʠ SiGe ʟʥʘʯʠʪʝʣʴʥʦ ʥʠʞʝ, ʧʦʵʪʦʤʫ ʵʪʠ ʪʝʭʥʦʣʦʛʠʠ ʥʝ ʤʦʛʫʪ ʧʨʠʤʝʥʷʪʴʩʷ 

ʜʣʷ ʩʦʟʜʘʥʠʷ ʫʩʠʣʠʪʝʣʝʡ ʩ ʚʳʩʦʢʦʡ ʚʳʭʦʜʥʦʡ ʤʦʱʥʦʩʪʴʶ. ɺ-ʪʨʝʪʴʠʭ, ʢʨʝʤʥʠʝʚʳʝ ʧʦʜ-

ʣʦʞʢʠ ʦʙʣʘʜʘʶʪ ʧʦʚʳʰʝʥʥʦʡ ʧʨʦʚʦʜʠʤʦʩʪʴʶ, ʯʪʦ ʟʥʘʯʠʪʝʣʴʥʦ ʫʭʫʜʰʘʝʪ ʜʦʙʨʦʪʥʦʩʪʴ 

ʧʘʩʩʠʚʥʳʭ ʢʦʤʧʦʥʝʥʪʦʚ ʠ ʧʨʠʚʦʜʠʪ ʢ ʧʦʚʳʰʝʥʠʶ ʂʐ ʪʨʘʥʟʠʩʪʦʨʦʚ ʠ ʄʀʉ. 

ʇʨʦʠʟʚʦʜʩʪʚʦ ʉɺʏ ʄʀʉ ʟʘ ʨʫʙʝʞʦʤ. ɺ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ pHEMT ʠ mHEMT ʪʝʭ-

ʥʦʣʦʛʠʠ ʥʘ ʧʦʜʣʦʞʢʘʭ GaAs ʩ ʪʦʧʦʣʦʛʠʯʝʩʢʠʤʠ ʥʦʨʤʘʤʠ 0,07-0,15 ʤʢʤ ʦʩʚʦʝʥʳ ʚ ʟʘʨʫ-

ʙʝʞʥʦʡ ʧʨʦʤʳʰʣʝʥʥʦʩʪʠ. ʄʀʉ ʜʦ 40 ɻɻʮ ʠ ʚʳʰʝ ʚʳʧʫʩʢʘʶʪʩʷ ʚ ʧʨʦʤʳʰʣʝʥʥʳʭ ʤʘʩ-

ʰʪʘʙʘʭ, ʥʘʧʨʠʤʝʨ, ʬʠʨʤʘʤʠ TriQuint Semiconductor (ʉʐɸ), UMS (ʌʨʘʥʮʠʷ), OMMIC 

(ʌʨʘʥʮʠʷ), Sumitomo (ʗʧʦʥʠʷ), Win Semiconductors (ʊʘʡʚʘʥʴ) ʠ ʜʨ. 

ʇʨʦʤʳʰʣʝʥʥʳʡ ʚʳʧʫʩʢ ʄʀʉ ʥʘ ʦʩʥʦʚʝ CMOS ʠ BiCMOS ʪʝʭʥʦʣʦʛʠʡ ʚ ʥʝʦʙʭʦʜʠ-

ʤʳʭ ʯʘʩʪʦʪʥʳʭ ʜʠʘʧʘʟʦʥʘʭ ʥʘʣʘʞʝʥ ʥʝʩʢʦʣʴʢʠʤʠ ʟʘʨʫʙʝʞʥʳʤʠ ʬʠʨʤʘʤʠ, ʩʨʝʜʠ ʥʠʭ IHP 

(ɻʝʨʤʘʥʠʷ), ST Microelectronics (ʌʨʘʥʮʠʷ), AMS (ɸʚʩʪʨʠʷ), TSMC (ʊʘʡʚʘʥʴ) ʠ ʜʨ. 
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ʆʧʳʪʥʦʝ ʠ ʧʨʦʤʳʰʣʝʥʥʦʝ ʧʨʦʠʟʚʦʜʩʪʚʦ ʦʪʝʯʝʩʪʚʝʥʥʳʭ ʉɺʏ ʄʀʉ ʥʘ ʦʩʥʦʚʝ 

ʤʘʪʝʨʠʘʣʘ GaAs. ɺ ʈʦʩʩʠʠ ʚ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʠʤʝʝʪʩʷ ʨʷʜ ʦʨʛʘʥʠʟʘʮʠʡ, ʛʜʝ ʚʝʜʝʪʩʷ ʧʨʦ-

ʠʟʚʦʜʩʪʚʦ ʉɺʏ ʄʀʉ ʥʘ ʦʩʥʦʚʝ GaAs HEMT ʪʝʭʥʦʣʦʛʠʡ.  

ɺ ʯʘʩʪʥʦʩʪʠ, ʧʨʦʤʳʰʣʝʥʥʳʝ ʧʨʦʠʟʚʦʜʩʪʚʝʥʥʳʝ ʣʠʥʠʠ ʜʣʷ ʠʟʛʦʪʦʚʣʝʥʠʷ GaAs 

pHEMT ʄʀʉ ʩ ʪʦʧʦʣʦʛʠʯʝʩʢʦʡ ʥʦʨʤʦʡ 0,15 ʤʢʤ ʟʘʧʫʱʝʥʳ ʥʘ ʧʨʝʜʧʨʠʷʪʠʷʭ ʌɻʋʇ ʅʇʇ 

çʀʩʪʦʢè (ʛ. ʄʦʩʢʚʘ), ʆɸʆ çʅʀʀʇʇè ʠ ɿɸʆ çʅʇʌ çʄʠʢʨʘʥè (ʛ. ʊʦʤʩʢ). ʇʨʠ ʵʪʦʤ ʨʘʙʦ-

ʯʘʷ ʯʘʩʪʦʪʘ ʩʝʨʠʡʥʦ ʚʳʧʫʩʢʘʝʤʳʭ ʉɺʏ ʄʀʉ ʜʦʩʪʠʛʘʝʪ 12-20 ɻɻʮ, ʦʩʚʘʠʚʘʶʪʩʷ ʪʝʭʥʦʣʦ-

ʛʠʠ ʠʟʛʦʪʦʚʣʝʥʠʷ ʙʦʣʝʝ ʚʳʩʦʢʦʯʘʩʪʦʪʥʳʭ ʄʀʉ. ʅʝʜʦʩʪʘʪʢʘʤʠ ʦʪʝʯʝʩʪʚʝʥʥʳʭ ʧʨʦʤʳʰ-

ʣʝʥʥʳʭ ʪʝʭʥʦʣʦʛʠʡ ʧʦʢʘ ʷʚʣʷʶʪʩʷ ʥʝʩʪʘʙʠʣʴʥʦʩʪʴ ʠ ʥʝʚʳʩʦʢʠʡ ʧʨʦʮʝʥʪ ʚʳʭʦʜʘ ʛʦʜʥʳʭ 

ʠʟʜʝʣʠʡ. 

ʆʧʳʪʥʦʝ ʧʨʦʠʟʚʦʜʩʪʚʦ ʉɺʏ ʄʀʉ ʚʝʜʝʪʩʷ ʚ ʀʥʩʪʠʪʫʪʝ ʉɺʏ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʦʡ 

ʵʣʝʢʪʨʦʥʠʢʠ ʈɸʅ (ʀʉɺʏʇʕ ʈɸʅ, ʛ. ʄʦʩʢʚʘ). ɿʜʝʩʴ, ʧʦ-ʚʠʜʠʤʦʤʫ, ʨʝʘʣʠʟʦʚʘʥʳ ʥʘʠʣʫʯ-

ʰʠʝ ʥʘ ʥʘʩʪʦʷʱʠʡ ʤʦʤʝʥʪ ʚ ʈʦʩʩʠʠ ʦʧʳʪʥʳʝ ʪʝʭʥʦʣʦʛʠʠ ʠʟʛʦʪʦʚʣʝʥʠʷ ʉɺʏ ʄʀʉ. ɺ ʠʥ-

ʩʪʠʪʫʪʝ ʠʤʝʝʪʩʷ ʩʦʙʩʪʚʝʥʥʦʝ ʦʧʳʪʥʦʝ ʦʙʦʨʫʜʦʚʘʥʠʝ ʜʣʷ ʚʳʨʘʱʠʚʘʥʠʷ HEMT-

ʥʘʥʦʛʝʪʝʨʦʩʪʨʫʢʪʫʨ ʥʘ ʧʦʜʣʦʞʢʘʭ GaAs ʠ InP, ʠʤʝʝʪʩʷ ʪʘʢʞʝ ʦʧʳʪʥʘʷ ʪʝʭʥʦʣʦʛʠʯʝʩʢʘʷ 

ʣʠʥʠʷ ʧʦ ʠʟʛʦʪʦʚʣʝʥʠʶ ʉɺʏ ʄʀʉ ʥʘ ʦʩʥʦʚʝ ʤʘʪʝʨʠʘʣʦʚ GaAs, GaN ʠ InP. ʅʘ ʵʪʦʡ ʦʩʥʦʚʝ 

ʨʘʟʨʘʙʦʪʘʥ ʨʷʜ ʪʝʭʥʦʣʦʛʠʡ ʠʟʛʦʪʦʚʣʝʥʠʷ ʥʘʥʦʛʝʪʝʨʦʩʪʨʫʢʪʫʨʥʳʭ ʉɺʏ ʄʀʉ ʩ ʪʦʧʦʣʦʛʠ-

ʯʝʩʢʠʤʠ ʥʦʨʤʘʤʠ 0,07-0,15 ʤʢʤ. ʕʪʦ ʧʦʟʚʦʣʠʣʦ ʩʦʟʜʘʪʴ ʚ ʂʘ-ʜʠʘʧʘʟʦʥʝ GaAs pHEMT 

ʄʀʉ ʄʐʋ ʩʦ ʟʥʘʯʝʥʠʷʤʠ ʂʐ 2,5-3,5 ʜɹ. ʆʜʥʘʢʦ ʠʥʩʪʠʪʫʪ ʥʝ ʠʤʝʝʪ ʚʦʟʤʦʞʥʦʩʪʠ ʦʙʝʩ-

ʧʝʯʠʪʴ ʧʨʦʤʳʰʣʝʥʥʦʝ ʧʨʦʠʟʚʦʜʩʪʚʦ ʉɺʏ ʄʀʉ ʚ ʩʠʣʫ ʩʚʦʝʛʦ ʩʪʘʪʫʩʘ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʦʡ 

ʦʨʛʘʥʠʟʘʮʠʠ. 

ʇʨʦʠʟʚʦʜʩʪʚʦ ʦʪʝʯʝʩʪʚʝʥʥʳʭ ʉɺʏ ʄʀʉ ʥʘ ʦʩʥʦʚʝ ʤʘʪʝʨʠʘʣʦʚ Si ʠ SiGe. ɽʜʠʥ-

ʩʪʚʝʥʥʦʡ ʚ ʈʦʩʩʠʠ ʬʘʙʨʠʢʦʡ, ʥʘ ʢʦʪʦʨʦʡ ʤʦʞʝʪ ʙʳʪʴ ʦʨʛʘʥʠʟʦʚʘʥʦ ʧʨʦʠʟʚʦʜʩʪʚʦ ʦʪʝʯʝʩʪ-

ʚʝʥʥʳʭ ʉɺʏ ʄʀʉ ʂ-ʜʠʘʧʘʟʦʥʘ ʥʘ ʦʩʥʦʚʝ ʤʘʪʝʨʠʘʣʦʚ Si ʠ SiGe, ʷʚʣʷʝʪʩʷ ʧʨʝʜʧʨʠʷʪʠʝ ɸʆ 

çʄʠʢʨʦʥè (ʛ. ɿʝʣʝʥʦʛʨʘʜ). ʅʘ ʧʨʝʜʧʨʠʷʪʠʠ ʟʘʧʫʱʝʥ rʢʨʝʤʥʠʝʚʳʝ CMOS ʪʝʭʥʦʣʦʛʠʯʝ-

ʩʢʠʝ ʧʨʦʮʝʩʩ rʩ ʪʦʧʦʣʦʛʠʯʝʩʢʠʤʠ ʥʦʨʤʘʤʠ 0,25 ʤʢʤ, 0,18 ʤʢʤ ʠ 0,09 ʤʢʤ. ʊʝʭʥʦʣʦʛʠʷ 

CMOS ʩ ʥʦʨʤʦʡ 0,18 ʤʢʤ ʨʘʟʨʘʙʘʪʳʚʘʣʘʩʴ ʩʦʚʤʝʩʪʥʦ ʩ ʢʦʤʧʘʥʠʝʡ IHP (ɻʝʨʤʘʥʠʷ), ʧʦ-

ʵʪʦʤʫ ʦʥʘ ʠʤʝʝʪ ʙʣʠʟʢʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʢ ʪʝʭʥʦʣʦʛʠʷʤ IHP. ɺ 2012 ʛ. ʧʫʪʝʤ ʚʩʪʨʘʠʚʘʥʠʷ 

SiGe HBT ʪʨʘʥʟʠʩʪʦʨʦʚ ʚ CMOS ʧʨʦʮʝʩʩ ʩ ʧʦʤʦʱʴʶ ʢʦʤʧʘʥʠʠ IHP ʚ ɸʆ çʄʠʢʨʦʥè ʙʳʣʘ 

ʩʦʟʜʘʥʘ ʪʘʢʞʝ SiGe BiCMOS ʪʝʭʥʦʣʦʛʠʷ ʩ ʪʦʧʦʣʦʛʠʯʝʩʢʦʡ ʥʦʨʤʦʡ 0,18 ʤʢʤ, ʦʜʥʘʢʦ ʚ 

ʜʘʥʥʳʡ ʤʦʤʝʥʪ ʀʉ ʧʦ ʵʪʦʡ ʪʝʭʥʦʣʦʛʠʠ ʥʝ ʠʟʛʦʪʘʚʣʠʚʘʶʪʩʷ. 

ʅʘ ʙʘʟʝ ʫʧʦʤʷʥʫʪʳʭ CMOS ʪʝʭʥʦʣʦʛʠʡ ʚ ɸʆ çʄʠʢʨʦʥè ʨʘʟʨʘʙʘʪʳʚʘʶʪʩʷ ʠ ʚʳʧʫʩ-

ʢʘʶʪʩʷ ʦʪʝʯʝʩʪʚʝʥʥʳʝ ʮʠʬʨʦʚʳʝ ʀʉ ʨʘʟʣʠʯʥʦʛʦ ʥʘʟʥʘʯʝʥʠʷ. ʉ ʮʝʣʴʶ ʧʨʦʝʢʪʠʨʦʚʘʥʠ̫ 

ʘʥʘʣʦʛʦʚʳʭ ʉɺʏ ʀʉ ʨʘʟʨʘʙʦʪʘʥʳ ʙʠʙʣʠʦʪʝʢʠ ʵʣʝʤʝʥʪʦʚ ʜʣʷ CMOS ʪʝʭʥʦʣʦʛʠʡ. ʆʜʥʘʢʦ 
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ʧʨʦʝʢʪʠʨʦʚʘʥʠʝ ʠ ʧʨʦʠʟʚʦʜʩʪʚʦ ʘʥʘʣʦʛʦʚʳʭ ʉɺʏ ʀʉ ʧʦ CMOS ʪʝʭʥʦʣʦʛʠʷʤ ʩʜʝʨʞʠʚʘʝʪʩʷ 

ʚ ʩʚʷʟʠ ʩ ʪʝʤ, ʯʪʦ ʥʘ ʜʘʥʥʳʡ ʤʦʤʝʥʪ ʦʪʩʫʪʩʪʚʫʝʪ ʧʦʜʪʚʝʨʞʜʝʥʥʳʡ ʦʧʳʪ ʧʨʦʝʢʪʠʨʦʚʘʥʠʷ ʠ 

ʠʟʛʦʪʦʚʣʝʥʠʷ ʪʘʢʠʭ ʀʉ (ʚ ʪʦʤ ʯʠʩʣʝ ʉʥʂ) ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʙʠʙʣʠʦʪʝʢ. ʇʦʵʪʦʤʫ ʧʝʨʚʦ-

ʥʘʯʘʣʴʥʦ ʥʝʦʙʭʦʜʠʤ ʵʪʘʧ ʦʧʳʪʥʦʛʦ ʧʨʦʝʢʪʠʨʦʚʘʥʠʷ, ʠʟʛʦʪʦʚʣʝʥʠʷ ʠ ʠʩʧʳʪʘʥʠʷ ʪʝʩʪʦʚʳʭ 

ʀʉ ʜʣʷ ʚʝʨʠʬʠʢʘʮʠʠ ʙʠʙʣʠʦʪʝʢ. 

SiGe BiCMOS ʪʝʭʥʦʣʦʛʠʠ ʢʦʤʧʘʥʠʠ IHP. ɺ ʢʘʯʝʩʪʚʝ ʧʨʠʤʝʨʘ ʧʨʠʚʝʜʝʤ ʢʨʘʪʢʦʝ 

ʦʧʠʩʘʥʠʝ SiGe BiCMOS ʪʝʭʥʦʣʦʛʠʡ ʠʟʚʝʩʪʥʦʡ ʢʦʤʧʘʥʠʠ IHP. ʂʦʤʧʘʥʠʷ IHP ʦʙʨʘʟʦʚʘʥʘ ʚ 

1983 ʛʦʜʫ. ʆʩʥʦʚʥʳʝ ʧʨʦʠʟʚʦʜʩʪʚʝʥʥʳʝ ʤʦʱʥʦʩʪʠ ʨʘʩʧʦʣʦʞʝʥʳ ʚʦ ʌʨʘʥʢʬʫʨʪʝ (ʆʜʝʨ) ʚ 

ɻʝʨʤʘʥʠʠ. ʉʧʝʮʠʘʣʠʟʠʨʫʝʪʩʷ ʥʘ SiGe BiCMOS ʪʝʭʥʦʣʦʛʠʷʤ ʠ ʠʭ ɺʏ ʧʨʠʤʝʥʝʥʠʷʤ. 

ʇʦʧʝʨʝʯʥʦʝ ʩʝʯʝʥʠʝ ʪʝʭʧʨʦʮʝʩʩʘ 0,25 ʤʢʤ SGB25RH ʧʨʝʜʩʪʘʚʣʝʥʦ ʥʘ ʨʠʩʫʥʦʢ ʠʩʫ-

ʥʦʢ 1.89. 

 

3000 ʥʤ 

2000 ʥʤ 

11370 ʥʤ 

500 ʥʤ 

 
ʈʠʩʫʥʦʢ 1.89 ï ʇʦʧʝʨʝʯʥʦʝ ʩʝʯʝʥʠʝ 0,25 ʤʢʤ SiGe ɹʠʂʄʆʇ ʪʝʭʧʨʦʮʝʩʩʘ SGB25RH 

ʊʝʭʥʦʣʦʛʠʠ ʢʦʤʧʘʥʠʠ IHP ʧʦʟʚʦʣʷʪʁ ʠʥʪʝʛʨʠʨʦʚʘʪʴ ʥʘ ʦʜʥʦʡ ʧʦʜʣʦʞʢʝ HBT ʩ ʛʨʘ-

ʥʠʯʥʳʤʠ ʯʘʩʪʦʪʘʤʠ ʜʦ 500 ɻɻʮ, LDMOS (ʘʥʛʣ. Laterally Diffused Metal Oxide 

Semiconductors) ʪʨʘʥʟʠʩʪʦʨʳ ʩ ʧʨʦʙʠʚʥʳʤʠ ʥʘʧʨʷʞʝʥʠʷʤʠ ʜʦ 22 ɺ ʠ ʩʪʘʥʜʘʨʪʥʳʝ CMOS 

ʮʝʧʠ. ʆʩʥʦʚʥʳʝ ʨʘʟʥʦʚʠʜʥʦʩʪʠ ʪʝʭʧʨʦʮʝʩʩʦʚ ʧʨʝʜʩʪʘʚʣʝʥʳ ʚ ʪʘʙʣʠʮʝ 1.5. 

ɺ ʚʠʜʝ ʜʦʧʦʣʥʠʪʝʣʴʥʳʭ ʠʥʪʝʛʨʠʨʫʝʤʳʭ ʤʦʜʫʣʝʡ ʜʣʷ ʣʶʙʦʛʦ ʪʝʭʧʨʦʮʝʩʩʘ ʜʦʩʪʫʧʥʳ 

LDMOS ʠ ʄʕʄʉ ʫʩʪʨʦʡʩʪʚʘ. ʂʦʤʧʘʥʠʷ ʧʨʝʜʣʘʛʘʝʪ ʨʘʜʠʘʮʠʦʥʥʦ-ʩʪʦʡʢʠʡ ʪʝʭʧʨʦʮʝʩʩ 

SGB25RH. ʆʩʥʦʚʥʳʝ ʝʛʦ ʧʘʨʘʤʝʪʨʳ ʘʥʘʣʦʛʠʯʥʳ ʪʝʭʧʨʦʮʝʩʩʫ SGB25V, ʧʦʩʢʦʣʴʢʫ ʠʩʧʦʣʴ-

ʟʫʝʪʩʷ ʦʜʠʥ ʠ ʪʦʪ ʞʝ ʤʘʨʰʨʫʪ ʠʟʛʦʪʦʚʣʝʥʠʷ. ʈʘʜʠʘʮʠʦʥʥʘʷ ʩʪʦʡʢʦʩʪʴ ʜʦʩʪʠʛʘʝʪʩʷ ʧʨʠʤʝ-

ʥʝʥʠʝʤ ʦʩʦʙʳʭ ʧʨʘʚʠʣ ʧʨʦʝʢʪʠʨʦʚʘʥʠʷ ʠ ʩʧʝʮʠʘʣʴʥʳʭ ʪʦʧʦʣʦʛʠʯʝʩʢʠʭ ʷʯʝʝʢ. ʉ ʮʝʣʴʶ 

ʧʨʦʝʢʪʠʨʦʚʘʥʠʷ ʢʦʤʧʘʥʠʝʡ IHP ʧʨʝʜʦʩʪʘʚʣʷʝʪʩʷ ʰʠʨʦʢʠʡ ʥʘʙʦʨ ʠʥʩʪʨʫʤʝʥʪʦʚ ʜʣʷ ʩʠʩʪʝʤ 

Cadence ʠ ADS.  
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ʊʘʙʣʠʮʘ 1.5 ï ʊʝʭʧʨʦʮʝʩʩʳ ʬʘʙʨʠʢʠ IHP (ɻʝʨʤʘʥʠʷ) 

ʊʝʭ. ʧʨʦʮʝʩʩ ʍʘʨʘʢʪʝʨʠʩʪʠʢʘ 

SG25H1 0,25 ʤʢʤ ɺʳʩʦʢʦʯʘʩʪʦʪʥʘʷ ʪʝʭʥʦʣʦʛʠʷ c ɻɹʊ npn-ʪʠʧʘ; fT/fmax = 180/220 ɻɻʮ 

SG25H3 0,25 ʤʢʤ 

ʊʝʭʥʦʣʦʛʠʷ ʩ ʥʝʩʢʦʣʴʢʠʤʠ ʪʠʧʘʤʠ ɻɹʊ - ʚʳʩʦʢʦʯʘʩʪʦʪʥʳʝ 

(fT/fmax=110/180 ɻɻʮ) ʠ ʚʳʩʦʢʦʚʦʣʴʪʥʳʝ ʩ ʧʨʦʙʠʚʥʳʤʠ ʥʘʧʨʷʞʝʥʠʷʤʠ 

ʜʦ 7 ɺ 

SGB25V 0,25 ʤʢʤ 
ʊʝʭʥʦʣʦʛʠʷ ʩ ʥʠʟʢʦʡ ʩʪʦʠʤʦʩʪʴʶ (fT/fmax =75/95 ɻɻʮ), ʧʨʦʙʠʚʥʳʝ ʥʘ-

ʧʨʷʞʝʥʠʷ ʜʦ 7 ɺ 

SGB25RH 0,25 

ʤʢʤ 
ʈʘʜʠʘʮʠʦʥʥʦ-ʩʪʦʡʢʘʷ ʚʝʨʩʠʷ ʪʝʭ. ʧʨʦʮʝʩʩʘ SGB25V 

SG13S 0,13 ʤʢʤ 
ɺʳʩʦʢʦʯʘʩʪʦʪʥʘʷ ʪʝʭʥʦʣʦʛʠʷ c ɻɹʊ npn-ʪʠʧʘ; fT/fmax = 250/300 ɻɻʮ; 

ʂʄʆʇ ʣʦʛʠʢʘ ʩ ʥʘʧʨʷʞʝʥʠʷʤʠ 3,3 ɺ ʠ 1,2 ɺ 

SG13G2 0,13 ʤʢʤ ʊʦ ʞʝ ʯʪʦ ʠ SG13S, ʜʣʷ ʙʠʧʦʣʷʨʥʳʭ ʪʨʘʥʟʠʩʪʦʨʦʚ fT/fmax = 300/500 ɻɻʮ 

ɺ ʢʘʯʝʩʪʚʝ ʚʳʚʦʜʦʚ ʩʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ ʩʣʝʜʫʶʱʝʝ:  

1) ʇʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʪʦʣʴʢʦ ʂʄʆʇ ʪʨʘʥʟʠʩʪʦʨʦʚ ʪʝʭʥʦʣʦʛʠʠ ʢʦʤʧʘʥʠʠ IHP ʚʝʩʴʤʘ 

ʩʭʦʞʠ ʩ ʪʝʭʧʨʦʮʝʩʩʘʤʠ, ʠʤʝʶʱʠʤʠʩʷ ʥʘ ʦʪʝʯʝʩʪʚʝʥʥʦʤ ʧʨʝʜʧʨʠʷʪʠʠ ɸʆ çʄʠʢʨʦʥè 

(ʛ. ɿʝʣʝʥʦʛʨʘʜ). ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʧʨʦʝʢʪʠʨʦʚʘʥʠʝ ʀʉ ʠ ʉʥʂ ʧʦ ʦʜʥʦʡ ʠʟ ʪʝʭʥʦʣʦʛʠʡ IHP 

ʧʦʟʚʦʣʠʪ ʚ ʜʘʣʴʥʝʡʰʝʤ ʧʝʨʝʥʝʩʪʠ ʠ ʘʜʘʧʪʠʨʦʚʘʪʴ ʧʨʦʝʢʪ ʥʘ ʦʪʝʯʝʩʪʚʝʥʥʳʡ ʪʝʭʧʨʦʮʝʩʩ. 

2) ʇʨʝʠʤʫʱʝʩʪʚʘ Si/SiGe ʪʝʭʥʦʣʦʛʠʡ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ GaAs ï ʙʦʣʝʝ ʚʳʩʦʢʘʷ ʩʪʝʧʝʥʴ 

ʠʥʪʝʛʨʘʮʠʠ, ʚʦʟʤʦʞʥʦʩʪʴ ʦʙʲʝʜʠʥʝʥʠʷ ʥʝʩʢʦʣʴʢʠʭ ʘʥʘʣʦʛʦʚʳʭ ʉɺʏ ʙʣʦʢʦʚ (ʘ ʪʘʢʞʝ ʮʠʬ-

ʨʦʚʳʭ ʠ ʘʥʘʣʦʛʦʚʳʭ ʙʣʦʢʦʚ) ʥʘ ʦʜʥʦʤ ʢʨʠʩʪʘʣʣʝ, ʥʠʟʢʘʷ ʩʝʙʝʩʪʦʠʤʦʩʪʴ ʧʨʠ ʤʘʩʩʦʚʦʤ 

ʧʨʦʠʟʚʦʜʩʪʚʝ, ʥʠʟʢʦʝ ʵʥʝʨʛʦʧʦʪʨʝʙʣʝʥʠʝ. ʕʪʠ ʧʨʝʠʤʫʱʝʩʪʚʘ ʷʚʣʷʶʪʩʷ ʨʝʰʘʶʱʠʤʠ ʘʨ-

ʛʫʤʝʥʪʘʤʠ ʧʨʠ ʚʳʙʦʨʝ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʭ ʪʝʭʥʦʣʦʛʠʡ ʜʣʷ ʩʦʟʜʘʥʠʷ ʇʇʄ ɺʉʀ ʪʠʧʘ 

ʉʥʂ. ʊʝʤ ʥʝ ʤʝʥʝʝ, ʥʫʞʥʦ ʫʯʠʪʳʚʘʪʴ, ʯʪʦ ʚ Si/SiGe ʄʀʉ, ʢʘʢ ʧʨʘʚʠʣʦ, ʚʳʰʝ ʫʨʦʚʝʥʴ ʰʫ-

ʤʦʚ ʠ ʪʨʫʜʥʦ ʦʙʝʩʧʝʯʠʪʴ ʚʳʩʦʢʫʶ ʚʳʭʦʜʥʫʶ ʤʦʱʥʦʩʪʴ ʫʩʠʣʠʪʝʣʴʥʳʭ ʢʘʩʢʘʜʦʚ. ʇʦʵʪʦʤʫ 

ʧʨʠ ʧʨʝʜʲʷʚʣʝʥʠʠ ʧʦʚʳʰʝʥʥʳʭ ʪʨʝʙʦʚʘʥʠʡ ʢ ʢʦʵʬʬʠʮʠʝʥʪʫ ʰʫʤʘ ʠ ʚʳʭʦʜʥʦʡ ʤʦʱʥʦʩʪʠ 

ʥʘ ʚʭʦʜʝ ʠ ʚʳʭʦʜʝ  ʦʜʥʦʢʨʠʩʪʘʣʴʥʦʛʦ ʇʄ ʠʣʠ ʇʇʄ, ʚʳʧʦʣʥʝʥʥʦʛʦ ʧʦ ʢʨʝʤʥʠʝʚʦʡ ʪʝʭʥʦ-

ʣʦʛʠʠ, ʚʦʟʤʦʞʥʦ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʜʦʧʦʣʥʠʪʝʣʴʥʳʭ  GaAs ʄʀʉ ʄʐʋ ʠ ʫʩʠʣʠʪʝʣʷ ʤʦʱʥʦ-

ʩʪʠ.  

1.5.3 ɸʥʘʣʠʪʠʯʝʩʢʠʡ ʦʙʟʦʨ ʨʝʰʝʥʠʡ ʚ ʦʙʣʘʩʪʠ ʨʘʜʠʦʬʦʪʦʥʠʢʠ 

ɼʨʫʛʠʤ ʚʘʞʥʳʤ ʥʘʧʨʘʚʣʝʥʠʝʤ ʨʘʟʚʠʪʠʷ ʩʦʚʨʝʤʝʥʥʦʡ ʨʘʜʠʦʵʣʝʢʪʨʦʥʠʢʠ ʷʚʣʷʝʪʩʷ 

ʦʙʲʝʜʠʥʝʥʠʝ ʚ ʝʜʠʥʦʡ ʩʠʩʪʝʤʝ ʫʩʪʨʦʡʩʪʚ, ʬʫʥʢʮʠʦʥʠʨʫʶʱʠʭ ʥʘ ʨʘʟʣʠʯʥʳʭ ʬʠʟʠʯʝʩʢʠʭ 

ʧʨʠʥʮʠʧʘʭ. ʆʜʥʠʤ ʠʟ ʪʘʢʠʭ ʷʨʢʠʭ ʥʘʧʨʘʚʣʝʥʠʡ, ʧʦʣʫʯʠʚʰʠʭ ʰʠʨʦʢʦʝ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʝ ʟʘ 

ʧʦʩʣʝʜʥʠʝ 10 ʣʝʪ ʷʚʣʷʝʪʩʷ ʨʘʜʠʦʬʦʪʦʥʠʢʘ.  
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ʈʘʜʠʦʬʦʪʦʥʠʢʘ [137-140] ï ʥʘʧʨʘʚʣʝʥʠʝ, ʦʙʲʝʜʠʥʷʶʱʝʝ ʚ ʩʝʙʝ ʨʘʜʠʦʵʣʝʢʪʨʦʥʠʢʫ ʠ 

ʦʧʪʦʵʣʝʢʪʨʦʥʠʢʫ, ʟʘ ʧʦʩʣʝʜʥʠʝ 30 ʣʝʪ ʚʳʟʚʘʣʘ ʦʛʨʦʤʥʳʡ ʠʥʪʝʨʝʩ ʢʘʢ ʩʦ ʩʪʦʨʦʥʳ ʫʯʝʥʳʭ, 

ʪʘʢ ʠ ʩʦ ʩʪʦʨʦʥʳ ʢʦʤʤʝʨʯʝʩʢʦʛʦ ʩʝʢʪʦʨʘ, ʠ ʝʤʫ ʧʨʝʜʩʢʘʟʳʚʘʶʪ ʩʚʝʪʣʦʝ ʙʫʜʫʱʝʝ. ʕʪʦ ʥʘ-

ʧʨʘʚʣʝʥʠʝ ʧʦʣʫʯʠʣʦ ʪʘʢʫʶ ʰʠʨʦʢʫʶ ʧʦʧʫʣʷʨʥʦʩʪʴ, ʩ ʦʜʥʦʡ ʩʪʦʨʦʥʳ, ʙʣʘʛʦʜʘʨʷ ʪʦʤʫ, ʯʪʦ 

ʧʦʟʚʦʣʷʝʪ ʨʝʘʣʠʟʦʚʳʚʘʪʴ ʉɺʏ-ʢʦʤʧʦʥʝʥʪʳ, ʢʦʪʦʨʳʝ ʨʘʥʝʝ ʙʳʣʦ ʩʣʦʞʥʦ ʣʠʙʦ ʧʨʘʢʪʠʯʝ-

ʩʢʠ ʥʝʚʦʟʤʦʞʥʦ ʩʦʟʜʘʪʴ ʚ ʨʘʜʠʦʜʠʘʧʘʟʦʥʝ, ʘ ʩ ʜʨʫʛʦʡ ʩʪʦʨʦʥʳ ʦʥʘ ʦʪʢʨʳʚʘʝʪ ʥʦʚʳʝ ʧʫʪʠ 

ʜʣʷ ʧʦʩʪʨʦʝʥʠʷ ʠʥʬʦʨʤʘʮʠʦʥʥʳʭ ʠ ʪʝʣʝʢʦʤʤʫʥʠʢʘʮʠʦʥʥʳʭ ʩʠʩʪʝʤ ʠ ʩʝʪʝʡ. 

ɺ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʨʘʜʠʦʬʦʪʦʥʠʢʘ ʨʝʰʘʝʪ ʰʠʨʦʢʠʡ ʢʨʫʛ ʟʘʜʘʯ ʚ ʦʙʣʘʩʪʷʭ ʩʦʪʦʚʦʡ, 

ʙʝʩʧʨʦʚʦʜʥʦʡ ʠ ʩʧʫʪʥʠʢʦʚʦʡ ʩʚʷʟʠ, ʢʘʙʝʣʴʥʦʛʦ ʪʝʣʝʚʠʜʝʥʠʷ, ʨʘʩʧʨʝʜʝʣʝʥʥʳʭ ʘʥʪʝʥʥʳʭ 

ʩʠʩʪʝʤ ʠ ʩʠʩʪʝʤ ʦʧʪʠʯʝʩʢʦʡ ʦʙʨʘʙʦʪʢʠ ʩʠʛʥʘʣʦʚ [137-140]. ɺʦ ʤʥʦʛʠʭ ʵʪʠʭ ʦʙʣʘʩʪʷʭ ʧʦ-

ʩʪʦʷʥʥʦ ʚʦʟʨʘʩʪʘʶʪ ʪʨʝʙʦʚʘʥʠʷ ʢ ʩʢʦʨʦʩʪʠ ʧʝʨʝʜʘʯʠ, ʧʦʣʦʩʝ ʧʨʦʧʫʩʢʘʥʠʷ ʠ ʜʠʥʘʤʠʯʝʩʢʦ-

ʤʫ ʜʠʘʧʘʟʦʥʫ, ʠ ʚ ʪʦ ʞʝ ʚʨʝʤʷ ʫʤʝʥʴʰʝʥʠʶ ʚʝʩʘ ʠ ʨʘʟʤʝʨʦʚ, ʧʦʪʨʝʙʣʷʝʤʦʡ ʤʦʱʥʦʩʪʠ, ʩ 

ʙʦʣʴʰʠʤ ʜʠʘʧʘʟʦʥʦʤ ʧʝʨʝʩʪʨʦʡʢʠ ʠ ʥʝʚʦʩʧʨʠʠʤʯʠʚʦʩʪʴʶ ʢ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʳʤ ʧʦʤʝʭʘʤ. 

ʅʝʩʤʦʪʨʷ ʥʘ ʪʦ, ʚ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʚ ʵʪʦʡ ʦʙʣʘʩʪʠ ʰʠʨʦʢʦ ʠʩʧʦʣʴʟʫʝʪʩʷ ʮʠʬʨʦʚʘʷ ʦʙʨʘ-

ʙʦʪʢʘ ʩʠʛʥʘʣʦʚ, ʩʢʦʨʦʩʪʴ ʦʙʨʘʙʦʪʢʠ ʥʝ ʧʨʝʚʳʰʘʝʪ ʥʝʩʢʦʣʴʢʠʭ ʛʠʛʘʛʝʨʮ, ʯʪʦ ʩʚʷʟʘʥʦ ʚ ʦʩ-

ʥʦʚʥʦʤ ʩʦ ʩʢʦʨʦʩʪʴʶ ʘʥʘʣʦʛʦ-ʮʠʬʨʦʚʦʛʦ ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ. ʏʪʦʙʳ ʩʦʭʨʘʥʠʪʴ ʛʠʙʢʦʩʪʴ ʵʪʠʭ 

ʩʠʩʪʝʤ, ʥʝʦʙʭʦʜʠʤʦ, ʠʩʧʦʣʴʟʦʚʘʪʴ ʥʘʩʪʦʣʴʢʦ ʞʝ ʛʠʙʢʫʶ ʩʠʩʪʝʤʫ ʘʥʘʣʦʛʦʚʦʡ ʦʙʨʘʙʦʪʢʠ 

ʩʠʛʥʘʣʘ ʥʘ ʚʭʦʜʝ ʩʠʩʪʝʤʳ. ʈʘʜʠʦʬʦʪʦʥʠʢʘ ʧʦʟʚʦʣʷʝʪ ʧʦʣʫʯʠʪʴ ʪʘʢʫʶ ʛʠʙʢʦʩʪʴ ʟʘ ʩʯʝʪ ʠʩ-

ʧʦʣʴʟʦʚʘʥʠʷ ʫʥʠʢʘʣʴʥʳʭ ʚʦʟʤʦʞʥʦʩʪʝʡ ʬʦʪʦʥʠʢʠ, ʚ ʧʣʘʥʝ ʨʘʟʤʝʨʘ, ʚʝʩʘ ʠ ʧʦʪʨʝʙʣʷʝʤʦʡ 

ʤʦʱʥʦʩʪʠ ʚ ʩʠʩʪʝʤʘʭ ʦʙʨʘʙʦʪʢʠ ʨʘʜʠʦʩʠʛʥʘʣʦʚ. 

ʆʞʠʜʘʝʪʩʷ, ʯʪʦ ʦʩʥʦʚʥʳʤ ʩʪʠʤʫʣʦʤ ʢ ʨʘʟʚʠʪʠʶ ʩʠʩʪʝʤ ʨʘʜʠʦʬʦʪʦʥʠʢʠ ʚ ʙʣʠʞʘʡ-

ʰʝʤ ʙʫʜʫʱʝʤ ʙʫʜʝʪ ʨʘʟʚʠʪʠʝ ʙʝʩʧʨʦʚʦʜʥʳʭ ʰʠʨʦʢʦʧʦʣʦʩʥʳʭ ʩʝʪʝʡ ʦʙʱʝʛʦ ʜʦʩʪʫʧʘ, ʫʩ-

ʪʘʥʦʚʣʝʥʥʳʭ ʚ ʪʦʨʛʦʚʳʭ ʮʝʥʪʨʘʭ, ʘʵʨʦʧʦʨʪʘʭ, ʙʦʣʴʥʠʮʘʭ, ʩʪʘʜʠʦʥʘʭ ʠ ʜʨʫʛʠʭ ʢʨʫʧʥʳʭ 

ʟʜʘʥʠʷʭ. ʈʳʥʦʢ ʨʘʜʠʦʬʦʪʦʥʥʦʛʦ ʦʙʦʨʫʜʦʚʘʥʠʷ, ʩʢʦʨʝʝ ʚʩʝʛʦ, ʙʫʜʝʪ ʨʘʩʪʠ ʚʤʝʩʪʝ ʩ ʚʦʟʨʘʩ-

ʪʘʶʱʠʤ ʩʧʨʦʩʦʤ ʥʘ ʙʝʩʧʨʦʚʦʜʥʳʝ ʩʝʨʚʠʩʳ. ʌʘʢʪʠʯʝʩʢʠ, ʚ ʩʚʷʟʠ ʩ ʰʠʨʦʢʠʤ ʨʘʩʧʨʦʩʪʨʘ-

ʥʝʥʠʝʤ ʥʦʩʠʤʳʭ ʙʝʩʧʨʦʚʦʜʥʳʭ ʫʪʩʨʦʡʩʪʚ, ʪʨʝʙʫʝʪʩʷ ʨʘʟʚʠʪʠʝ ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʡ ʙʝʩʧʨʦ-

ʚʦʜʥʦʡ ʠʥʬʨʘʩʪʨʫʢʪʫʨʳ. ʂʨʦʤʝ ʪʦʛʦ, ʪʘʢʞʝ ʩʯʠʪʘʝʪʩʷ, ʯʪʦ ʩʧʨʦʩ ʥʘ ʩʠʩʪʝʤʳ ʨʘʜʠʦʬʦʪʦ-

ʥʠʢʠ ʙʫʜʝʪ ʦʙʫʩʣʦʚʣʝʥ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʝʤ ʩʠʩʪʝʤ FTTH, ʢʦʥʚʝʨʛʝʥʪʥʳʭ ʠ ʚʥʫʪʨʝʥʥʠʭ ʩʝ-

ʪʝʡ. ʏʪʦʙʳ ʩʧʨʘʚʠʪʴʩʷ ʩ ʵʪʠʤ ʩʮʝʥʘʨʠʝʤ ʨʘʟʚʠʪʠʷ, ʦʞʠʜʘʝʪʩʷ, ʯʪʦ ʙʫʜʫʱʠʝ ʩʝʪʠ ʙʫʜʫʪ 

ʧʦʜʜʝʨʞʠʚʘʪʴ ʙʝʩʧʨʦʚʦʜʥʫʶ ʧʝʨʝʜʘʯʫ ʜʘʥʥʳʭ ʥʘ ʩʢʦʨʦʩʪʷʭ, ʜʦʩʪʠʛʘʶʱʠʭ ʥʝʩʢʦʣʴʢʠʭ 

ʛʠʛʘʙʠʪ ʚ ʩʝʢʫʥʜʫ. ʂʨʦʤʝ ʪʦʛʦ, ʯʨʝʟʚʳʯʘʡʥʦ ʥʠʟʢʦʝ ʵʥʝʨʛʦʧʦʪʨʝʙʣʝʥʠʝ ʩʝʪʝʡ ʜʦʩʪʫʧʘ, ʩʦ-

ʩʪʦʷʱʠʭ ʠʟ ʧʠʢʦ- ʠʣʠ ʬʝʤʪʦʷʯʝʝʢ, ʧʦʟʚʦʣʠʣʦ ʙʳ ʩʥʠʟʠʪʴ ʵʥʝʨʛʦʧʦʪʨʝʙʣʝʥʠʝ, ʧʦ ʩʨʘʚʥʝ-

ʥʠʶ ʩ ʪʝʢʫʱʠʤʠ ʤʘʢʨʦʷʯʝʡʢʘʤʠ, ʪʨʝʙʫʶʱʠʤʠ ʤʦʱʥʳʭ ʙʘʟʦʚʳʭ ʩʪʘʥʮʠʡ. 
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ɺ ʪʝʯʝʥʠʝ ʧʦʩʣʝʜʥʠʭ 25 ʣʝʪ ʚ ʩʠʩʪʝʤʘʭ ʨʘʜʠʦʬʦʪʦʥʠʢʠ ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʚ ʦʩʥʦʚʥʦʤ 

ʜʠʩʢʨʝʪʥʳʝ ʦʧʪʦʵʣʝʢʪʨʦʥʥʳʝ ʢʦʤʧʦʥʝʥʪʳ, ʩʪʘʥʜʘʨʪʥʳʝ ʦʧʪʠʯʝʩʢʠʝ ʚʦʣʦʢʥʘ ʠ ʢʦʤʧʦʥʝʥ-

ʪʳ ʥʘ ʠʭ ʦʩʥʦʚʝ, ʜʣʷ ʨʝʘʣʠʟʘʮʠʠ ʨʘʟʣʠʯʥʳʭ ʫʩʪʨʦʡʩʪʚ ʛʝʥʝʨʘʮʠʠ, ʧʝʨʝʜʘʯʠ, ʦʙʨʘʙʦʪʢʠ ʠ 

ʘʥʘʣʠʟʘ ʨʘʜʠʦʩʠʛʥʘʣʘ. ʀʟ-ʟʘ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʜʠʩʢʨʝʪʥʳʭ ʢʦʤʧʦʥʝʥʪʦʚ ʦʥʠ ʙʳʣʠ ʛʨʦʤʦʟʜ-

ʢʠʤʠ, ʜʦʨʦʛʠʤʠ ʠ ʧʦʪʨʝʙʣʷʣʠ ʤʥʦʛʦ ʵʥʝʨʛʠʠ, ʧʨʠ ʵʪʦʤ ʦʙʣʘʜʘʷ ʧʣʦʭʦʡ ʛʠʙʢʦʩʪʴʶ. ʉʯʠʪʘ-

ʝʪʩʷ, ʯʪʦ ʚʪʦʨʦʝ ʧʦʢʦʣʝʥʠʝ, ʧʦʣʫʯʠʚʰʝʝ ʥʘʟʚʘʥʠʝ ʠʥʪʝʛʨʘʣʴʥʦʡ ʨʘʜʠʦʬʦʪʦʥʠʢʠ ʥʘʮʝʣʝʥ-

ʥʦʝ ʥʘ ʦʙʲʝʜʠʥʝʥʠʝ ʦʪʜʝʣʴʥʳʭ ʢʦʤʧʦʥʝʥʪ ʠ ʧʦʜʩʠʩʪʝʤ ʥʘ ʦʜʥʦʤ ʯʠʧʝ, ʧʦʟʚʦʣʠʪ ʨʝʰʠʪʴ 

ʙʦʣʴʰʠʥʩʪʚʦ ʚʳʰʝʦʧʠʩʘʥʥʳʭ ʧʨʦʙʣʝʤ ʠ ʨʝʘʣʠʟʦʚʘʪʴ ʜʝʰʝʚʳʝ ʩʠʩʪʝʤʳ ʘʥʘʣʦʛʦʚʦʡ ʦʙʨʘ-

ʙʦʪʢʠ ʦʧʪʠʯʝʩʢʠʭ ʩʠʛʥʘʣʦʚ. 

1.5.3.1 ʆʩʥʦʚʥʳʝ ʧʦʥʷʪʠʷ ʨʘʜʠʦʬʦʪʦʥʠʢʠ 

ʆʩʥʦʚʦʡ ʣʶʙʦʡ ʩʠʩʪʝʤʳ ʨʘʜʠʦʬʦʪʦʥʠʢʠ ʷʚʣʷʝʪʩʷ ʘʥʘʣʦʛʦʚʳʡ ʦʧʪʠʯʝʩʢʠʡ ʢʘʥʘʣ ʧʝ-

ʨʝʜʘʯʠ ʜʘʥʥʳʭ. ʂʘʢ ʧʦʢʘʟʘʥʦ ʥʘ ʨʠʩ.1.90 (ʘ), ʢʘʥʘʣ ʧʝʨʝʜʘʯʠ ʩʦʩʪʦʠʪ ʠʟ ʤʦʜʫʣʷʪʦʨʘ ʜʣʷ 

ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʩʠʛʥʘʣʘ ʚ ʦʧʪʠʯʝʩʢʠʡ, ʣʠʥʠʠ ʧʝʨʝʜʘʯʠ (ʦʧʪʠʯʝʩʢʦʛʦ ʚʦ-

ʣʦʢʥʘ) ʠ ʬʦʪʦʜʝʪʝʢʪʦʨʘ, ʢʦʪʦʨʳʡ ʧʨʦʠʟʚʦʜʠʪ ʦʙʨʘʪʥʦʝ ʧʨʝʦʙʨʘʟʦʚʘʥʠʝ ʦʧʪʠʯʝʩʢʦʛʦ ʩʠʛ-

ʥʘʣʘ ʚ ʵʣʝʢʪʨʠʯʝʩʢʠʡ. ɹʦʣʴʰʠʥʩʪʚʦ ʠʩʧʦʣʴʟʫʝʤʳʭ ʚ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʨʘʜʠʦʬʦʪʦʥʥʳʭ 

ʩʠʩʪʝʤ ʩʚʷʟʠ ʠʩʧʦʣʴʟʫʶʪ ʘʤʧʣʠʪʫʜʥʫʶ ʤʦʜʫʣʷʮʠʶ ʠ ʧʨʷʤʦʝ ʜʝʪʝʢʪʠʨʦʚʘʥʠʝ, ʭʦʪʷ, ʢʘʢ 

ʙʫʜʝʪ ʧʦʢʘʟʘʥʦ ʥʠʞʝ ʩʭʝʤʳ ʬʘʟʦʚʦʡ ʠʣʠ ʯʘʩʪʦʪʥʦʡ ʤʦʜʫʣʷʮʠʝʡ ʚ ʩʦʯʝʪʘʥʠʠ ʩ ʧʨʷʤʳʤ ʣʠ-

ʙʦ ʢʦʛʝʨʝʥʪʥʳʤ ʜʝʪʝʢʪʠʨʦʚʘʥʠʝʤ ʪʘʢʞʝ ʥʘʙʠʨʘʶʪ ʧʦʧʫʣʷʨʥʦʩʪʴ. ɺ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʰʠ-

ʨʦʢʦ ʠʩʧʦʣʴʟʫʶʪʩʷ ʜʚʘ ʪʠʧʘ ʤʦʜʫʣʷʮʠʠ: ʧʨʷʤʘʷ ʠ ʚʥʝʰʥʷʷ ʤʦʜʫʣʷʮʠʷ. ɺ ʧʝʨʚʦʤ ʩʣʫʯʘʝ 

ʤʦʜʫʣʷʮʠʷ ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ ʟʘ ʩʯʝʪ ʧʦʜʘʯʠ ʤʦʜʫʣʠʨʫʶʱʝʛʦ ʩʠʛʥʘʣʘ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ ʥʘ 

ʣʘʟʝʨʥʳʡ ʜʠʦʜ, ʢʦʪʦʨʳʡ ʜʝʡʩʪʚʫʝʪ ʦʜʥʦʚʨʝʤʝʥʥʦ ʠ ʢʘʢ ʠʩʪʦʯʥʠʢ ʩʚʝʪʘ, ʠ ʢʘʢ ʤʦʜʫʣʷʪʦʨ. 

ʇʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʚʥʝʰʥʝʡ ʤʦʜʫʣʷʮʠʠ ʣʘʟʝʨʥʳʡ ʜʠʦʜ ʨʘʙʦʪʘʝʪ ʚ ʥʝʧʨʝʨʳʚʥʦʤ ʨʝʞʠʤʝ, 

ʘ ʫʧʨʘʚʣʝʥʠʝ ʧʘʨʘʤʝʪʨʘʤʠ ʦʧʪʠʯʝʩʢʦʡ ʥʝʩʫʱʝʡ ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʚʥʝʰ-

ʥʝʛʦ ʵʣʝʢʪʨʦʦʧʪʠʯʝʩʢʦʛʦ ʤʦʜʫʣʷʪʦʨʘ. ɺ ʢʘʯʝʩʪʚʝ ʜʝʪʝʢʪʦʨʘ ʚ ʧʦʜʘʚʣʷʶʱʝʤ ʙʦʣʴʰʠʥʩʪʚʝ 

ʦʧʪʠʯʝʩʢʠʭ ʩʠʩʪʝʤ ʧʝʨʝʜʘʯʠ ʠʩʧʦʣʴʟʫʶʪʩʷ p-i-n ʬʦʪʦʜʠʦʜʳ. ʆʙʟʦʨ ʨʘʟʣʠʯʥʳʭ ʫʩʪʨʦʡʩʪʚ, 

ʠʩʧʦʣʴʟʫʝʤʳʭ ʚ ʩʠʩʪʝʤʘʭ ʨʘʜʠʦʬʦʪʦʥʠʢʠ, ʤʦʞʝʪ ʙʳʪʴ ʥʘʡʜʝʥ ʚ [141]. 
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ʈʠʩʫʥʦʢ 1.90 ï ʉʭʝʤʘʪʠʯʥʦʝ ʠʟʦʙʨʘʞʝʥʠʝ ʘʥʘʣʦʛʦʚʦʡ ʚʦʣʦʢʦʥʥʦ-ʦʧʪʠʯʝʩʢʦʡ ʩʠʩ-

ʪʝʤʳ ʧʝʨʝʜʘʯʠ (a) ʠ ʩʠʩʪʝʤʳ ʦʧʪʠʯʝʩʢʦʡ ʦʙʨʘʙʦʪʢʠ ʘʥʘʣʦʛʦʚʦʛʦ ʩʠʛʥʘʣʘ (b) 

ʉʠʩʪʝʤʘ ʨʘʜʠʦʬʦʪʦʥʠʢʠ ʩʪʨʦʠʪʩʷ ʧʫʪʝʤ ʜʦʙʘʚʣʝʥʠʷ ʜʦʧʦʣʥʠʪʝʣʴʥʦʡ ʦʙʨʘʙʦʪʢʠ ʩʠʛ-

ʥʘʣʘ ʤʝʞʜʫ ʜʚʫʤʷ ʧʨʝʦʙʨʘʟʦʚʘʥʠʷʤʠ ʩʠʛʥʘʣʘ ʚ ʘʥʘʣʦʛʦʚʦʤ ʦʧʪʠʯʝʩʢʦʤ ʪʨʘʢʪʝ ʧʝʨʝʜʘʯʠ, 

ʪ.ʝ. ʚʝʩʴ ʧʨʦʮʝʩʩ ʦʙʨʘʙʦʪʢʠ ʧʨʦʠʩʭʦʜʠʪ ʚ ʦʧʪʠʯʝʩʢʦʡ ʦʙʣʘʩʪʠ (ʨʠʩ. 1.90 (ʙ)). ʇʨʝʠʤʫʱʝ-

ʩʪʚʦʤ ʪʘʢʦʛʦ ʩʧʦʩʦʙʘ ʷʚʣʷʝʪʩʷ ʙʦʣʴʰʘʷ ʧʦʣʦʩʘ ʧʨʦʧʫʩʢʘʥʠʷ, ʨʘʚʥʦʤʝʨʥʦʝ ʦʩʣʘʙʣʝʥʠʝ ʚʦ 

ʚʩʝʤ ʜʠʘʧʘʟʦʥʝ ʨʘʜʠʦʩʠʛʥʘʣʘ, ʤʘʣʳʡ ʨʘʟʤʝʨ ʠ ʚʝʩ, ʧʨʘʢʪʠʯʝʩʢʠ ʧʦʣʥʘʷ ʥʝʚʦʩʧʨʠʠʤʯʠ-

ʚʦʩʪʴ ʢ ʚʥʝʰʥʠʤ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʳʤ ʧʦʤʝʭʘʤ ʠ ʙʦʣʴʰʦʡ ʜʠʘʧʘʟʦʥ ʧʝʨʝʩʪʨʦʡʢʠ ʩ ʤʘʣʦʡ 

ʧʦʪʨʝʙʣʷʝʤʦʡ ʤʦʱʥʦʩʪʴʶ. ʂ ʚʦʟʤʦʞʥʦʩʪʷʤ ʪʘʢʠʭ ʩʠʩʪʝʤ ʦʪʥʦʩʠʪʩʷ ʛʝʥʝʨʘʮʠʷ, ʧʝʨʝʜʘʯʘ, 

ʫʧʨʘʚʣʝʥʠʝ ʠ ʦʙʨʘʙʦʪʢʘ ʨʘʜʠʦʩʠʛʥʘʣʘ. ʆʩʥʦʚʥʳʤʠ ʟʘʜʘʯʘʤʠ ʪʘʢʠʭ ʩʠʩʪʝʤ ʷʚʣʷʶʪʩʷ ʧʝʨʝ-

ʜʘʯʘ ʨʘʜʠʦʩʠʛʥʘʣʘ ʩ ʤʘʣʳʤʠ ʠʩʢʘʞʝʥʠʷʤʠ, ʩʦʟʜʘʥʠʝ ʣʠʥʠʡ ʟʘʜʝʨʞʢʠ ʠ ʬʘʟʦʚʨʘʱʘʪʝʣʝʡ 

ʨʘʜʠʦʩʠʛʥʘʣʦʚ, ʧʝʨʝʩʪʨʘʠʚʘʝʤʳʭ ʠ ʚʳʩʦʢʦʜʦʙʨʦʪʥʳʭ ʬʠʣʴʪʨʦʚ, ʧʨʝʦʙʨʘʟʦʚʘʥʠʝ ʯʘʩʪʦʪʳ 

ʨʘʜʠʦʩʠʛʥʘʣʘ ʠ ʩʦʟʜʘʥʠʝ ʩʠʛʥʘʣʦʚ ʧʨʦʠʟʚʦʣʴʥʦʡ ʬʦʨʤʳ. 

ɼʣʷ ʩʦʟʜʘʥʠʷ ʚʳʩʦʢʦʢʘʯʝʩʪʚʝʥʥʳʭ ʩʠʩʪʝʤ ʦʙʨʘʙʦʪʢʠ ʩʠʛʥʘʣʦʚ, ʘʥʘʣʦʛʦʚʳʡ ʢʘʥʘʣ 

ʧʝʨʝʜʘʯʠ ʜʦʣʞʝʥ ʦʙʣʘʜʘʪʴ ʦʧʨʝʜʝʣʝʥʥʳʤʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ. ʆʩʥʦʚʥʳʤ ʧʨʝʧʷʪʩʪʚʠʝʤ ʥʘ 

ʵʪʦʤ ʧʫʪʠ ʷʚʣʷʝʪʩʷ ʪʦʪ ʬʘʢʪ, ʯʪʦ ʧʨʝʦʙʨʘʟʦʚʘʥʠʝ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʩʠʛʥʘʣʘ ʚ ʦʧʪʠʯʝʩʢʠʡ ʠ 

ʦʙʨʘʪʥʦ ʚʥʦʩʠʪ ʜʦʧʦʣʥʠʪʝʣʴʥʳʝ ʧʦʪʝʨʠ, ʰʫʤ ʠ ʠʩʢʘʞʝʥʠʷ ʚ ʦʙʨʘʙʘʪʳʚʘʝʤʳʡ ʨʘʜʠʦʩʠʛ-

ʥʘʣ. ɹʦʣʝʝ ʪʦʛʦ, ʧʦʪʝʨʠ ʨʘʜʠʦʩʠʛʥʘʣʘ ʠ ʦʧʪʠʯʝʩʢʠʝ ʧʦʪʝʨʠ ʚ ʨʘʜʠʦʬʦʪʦʥʥʦʤ ʢʘʥʘʣʝ ʩʚʷ-

ʟʘʥʳ ʢʚʘʜʨʘʪʠʯʥʦ. ʇʦʵʪʦʤʫ ʥʝʦʙʭʦʜʠʤʦ ʤʠʥʠʤʠʟʠʨʦʚʘʪʴ ʦʧʪʠʯʝʩʢʠʝ ʧʦʪʝʨʠ, ʠ ʙʦʣʴʰʘʷ 

ʯʘʩʪʴ ʨʘʙʦʪ ʧʦ ʨʘʜʠʦʬʦʪʦʥʠʢʝ ʚ 80-ʭ ʠ 90-ʭ ʛʦʜʘʭ ʙʳʣʘ ʧʦʩʚʷʱʝʥʘ ʧʨʦʝʢʪʠʨʦʚʘʥʠʶ ʠ ʦʧ-
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ʪʠʤʠʟʘʮʠʠ ʦʧʪʠʯʝʩʢʦʛʦ ʢʘʥʘʣʘ ʧʝʨʝʜʘʯʠ. ɺ ʩʣʝʜʫʶʱʝʤ ʨʘʟʜʝʣʝ ʧʨʠʚʝʜʝʥʳ ʦʩʥʦʚʥʳʝ ʧʘ-

ʨʘʤʝʪʨʳ, ʦʧʠʩʳʚʘʶʱʠʝ ʢʘʯʝʩʪʚʦ ʘʥʘʣʦʛʦʚʦʛʦ ʦʧʪʠʯʝʩʢʦʛʦ ʢʘʥʘʣʘ ʧʝʨʝʜʘʯʠ. ʆʙʟʦʨ ʫʩʧʝ-

ʭʦʚ ʚ ʵʪʦʡ ʦʙʣʘʩʪʠ ʧʨʠʚʝʜʝʥ ʚ ʨʘʙʦʪʘʭ [142, 143]. 

1.5.3.2 ʇʨʠʤʝʥʝʥʠʝ ʩʠʩʪʝʤ ʨʘʜʠʦʬʦʪʦʥʠʢʠ 

ɿʘ ʧʦʩʣʝʜʥʠʝ 20 ʣʝʪ ʥʘʧʨʘʚʣʝʥʠʝ ʨʘʜʠʦʬʦʪʦʥʠʢʠ ʧʦʣʫʯʠʣʦ ʰʠʨʦʢʦʝ ʨʘʩʧʨʦʩʪʨʘʥʝ-

ʥʠʝ ʚ ʨʘʟʣʠʯʥʳʭ ʟʘʜʘʯʘʭ ʬʦʨʤʠʨʦʚʘʥʠʷ, ʧʝʨʝʜʘʯʠ ʠ ʦʙʨʘʙʦʪʢʠ ʩʠʛʥʘʣʘ. ʆʜʥʠʤ ʠʟ ʧʝʨʚʳʭ 

ʧʨʠʤʝʥʝʥʠʡ ʜʘʥʥʦʛʦ ʥʘʧʨʘʚʣʝʥʠʷ ʙʳʣʘ ʧʝʨʝʜʘʯʘ ʠ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʨʘʜʠʦʩʠʛʥʘʣʘ [142], ʛʜʝ 

ʩʠʩʪʝʤʘ ʨʘʜʠʦʬʦʪʦʥʠʢʠ ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ, ʢʘʢ ʧʨʷʤʘʷ ʟʘʤʝʥʘ ʢʦʘʢʩʠʘʣʴʥʳʤ ʢʘʙʝʣʷʤ, ʙʣʘ-

ʛʦʜʘʨʷ ʠʭ ʤʘʣʦʤʫ ʚʝʩʫ, ʛʠʙʢʦʩʪʠ ʠ ʨʘʚʥʦʤʝʨʥʦʤ ʟʘʪʫʭʘʥʠʡ ʚʦ ʚʩʝʡ ʧʦʣʦʩʝ ʯʘʩʪʦʪ ʨʘʜʠʦ-

ʩʠʛʥʘʣʘ. ɿʘʪʝʤ ʵʪʘ ʢʦʥʮʝʧʮʠʷ ʙʳʣʘ ʠʩʧʦʣʴʟʦʚʘʥʘ ʜʣʷ ʧʝʨʝʜʘʯʠ ʩʠʛʥʘʣʘ ʦʪ ʘʥʪʝʥʥ ʚ ʫʜʘ-

ʣʝʥʥʳʝ ʧʫʥʢʪʳ ʦʙʨʘʙʦʪʢʠ ʩʠʛʥʘʣʘ, ʛʜʝ ʦʥʘ ʠʩʧʦʣʴʟʫʝʪʩʷ ʜʣʷ ʨʘʟʥʝʩʝʥʠʷ ʯʫʚʩʪʚʠʪʝʣʴʥʦʛʦ 

ʠ ʩʣʦʞʥʦʛʦ ʦʙʦʨʫʜʦʚʘʥʠʷ ʧʨʠʝʤʥʦʡ ʯʘʩʪʠ ʩʠʩʪʝʤʳ ʠ ʘʥʪʝʥʥʳ. ɹʣʘʛʦʜʘʨʷ ʯʝʤʫ ʩʠʩʪʝʤʘ 

ʦʙʨʘʙʦʪʢʠ ʩʠʛʥʘʣʘ ʤʦʞʝʪ ʙʳʪʴ ʟʘʱʠʱʝʥʘ ʦʪ ʩʫʨʦʚʳʭ ʧʦʛʦʜʥʳʭ ʫʩʣʦʚʠʡ, ʚ ʢʦʪʦʨʳʭ ʨʘʟ-

ʚʝʨʥʫʪʘ ʘʥʪʝʥʥʘʷ ʩʠʩʪʝʤʘ, ʢʘʢ ʥʘʧʨʠʤʝʨ, ʚ ʩʠʩʪʝʤʘʭ ʨʘʜʠʦʣʦʢʘʮʠʠ [144] ʠʣʠ ʨʘʜʠʦʘʩʪʨʦ-

ʥʦʤʠʠ [145]. ʉ ʜʨʫʛʦʡ ʩʪʦʨʦʥʳ, ʵʪʘ ʢʦʥʮʝʧʮʠʷ ʪʘʢʞʝ ʦʯʝʥʴ ʧʨʠʚʣʝʢʘʪʝʣʴʥʘ ʜʣʷ ʨʘʩʧʨʝʜʝ-

ʣʝʥʠʷ ʩʠʛʥʘʣʘ ʚ ʘʥʪʝʥʥʦʡ ʩʠʩʪʝʤʝ, ʛʜʝ ʪʨʝʙʫʝʪʩʷ ʙʦʣʴʰʦʝ ʢʦʣʠʯʝʩʪʚʦ ʘʥʪʝʥʥ ʜʣʷ ʨʘʩʰʠ-

ʨʝʥʠʷ ʟʦʥʳ ʧʦʢʨʳʪʠʷ, ʢʘʢ ʥʘʧʨʠʤʝʨ, ʚ ʩʠʩʪʝʤʘʭ ʤʦʙʠʣʴʥʦʡ ʩʚʷʟʠ. ɺ ʵʪʦʤ ʩʣʫʯʘʝ ʩʠʩʪʝʤʘ 

ʨʘʜʠʦʬʦʪʦʥʠʢʠ ʠʩʧʦʣʴʟʫʝʪʩʷ ʜʣʷ ʮʝʥʪʨʘʣʠʟʦʚʘʥʥʦʡ ʦʙʨʘʙʦʪʢʠ ʩʠʛʥʘʣʘ (ʤʦʜʫʣʷʮʠʷ, 

ʬʠʣʴʪʨʘʮʠʷ ʠ ʪ. ʜ.), ʠ ʢʘʢ, ʠ ʨʘʥʝʝ ʨʘʟʥʝʩʝʥʠʝ ʦʙʦʨʫʜʦʚʘʥʠʷ ʦʙʨʘʙʦʪʢʠ ʩʠʛʥʘʣʘ ʠ ʘʥʪʝʥʥʦʡ 

ʩʠʩʪʝʤʳ. ɺ ʵʪʦʤ ʩʣʫʯʘʝ ʧʨʝʠʤʫʱʝʩʪʚʦʤ ʷʚʣʷʝʪʩʷ ʪʦ, ʯʪʦ ʘʨʭʠʪʝʢʪʫʨʘ ʘʥʪʝʥʥʳ ʤʦʞʝʪ ʙʳʪʴ 

ʟʥʘʯʠʪʝʣʴʥʦ ʫʧʨʦʱʝʥʘ. ʕʪʦ ʢʦʥʮʝʧʮʠʷ ʧʦʣʫʯʠʣʘ ʥʘʟʚʘʥʠʝ ʨʘʜʠʦ-ʧʦ-ʚʦʣʦʢʥʫ (RoF) [139, 

146], ʢʦʪʦʨʘʷ ʚ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʷʚʣʷʝʪʩʷ ʦʩʥʦʚʥʳʤ ʢʦʤʤʝʨʯʝʩʢʠʤ ʩʪʠʤʫʣʦʤ ʜʣʷ ʨʘʟʚʠ-

ʪʠʷ ʩʠʩʪʝʤ ʨʘʜʠʦʬʦʪʦʥʠʢʠ. 

ʍʦʪʷ ʟʘʜʘʯʘ ʧʝʨʝʜʘʯʠ ʠ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʩʠʛʥʘʣʘ ʙʳʣʘ ʦʩʥʦʚʥʳʤ ʩʪʠʤʫʣʦʤ ʜʣʷ ʨʘʟʚʠ-

ʪʠʷ ʩʠʩʪʝʤ ʨʘʜʠʦʬʦʪʦʥʠʢʠ, ʪʘʢʠʝ ʥʘʧʨʘʚʣʝʥʠʷ, ʢʘʢ ʛʝʥʝʨʘʮʠʷ ʠ ʦʙʨʘʙʦʪʢʘ ʩʠʛʥʘʣʦʚ ʥʘʙʠ-

ʨʘʶʪ ʚʩʝ ʙʦʣʴʰʫʶ ʧʦʧʫʣʷʨʥʦʩʪʴ. ʊʘʢ, ʚ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ, ʦʜʥʠʤ ʠʟ ʥʘʧʨʘʚʣʝʥʠʡ ʠʩʩʣʝʜʦ-

ʚʘʥʠʷ ʷʚʣʷʝʪʩʷ ʛʝʥʝʨʘʮʠʷ ʚʳʩʦʢʦʯʠʩʪʳʭ ʤʦʥʦʭʨʦʤʘʪʠʯʝʩʢʠʭ ʩʠʛʥʘʣʦʚ ʠ ʩʚʝʨʭʰʠʨʦʢʦʧʦ-

ʣʦʩʥʳʭ ʩʠʛʥʘʣʦʚ ʩʣʦʞʥʦʡ ʬʦʨʤʳ. ʆʩʥʦʚʥʳʤ ʬʘʢʪʦʨʦʤ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʩʠʩʪʝʤ ʨʘʜʠʦʬʦʪʦ-

ʥʠʢʠ ʜʣʷ ʛʝʥʝʨʘʮʠʠ ʩʠʛʥʘʣʘ ʷʚʣʷʝʪʩʷ ʙʦʣʴʰʦʡ ʜʠʘʧʘʟʦʥ ʯʘʩʪʦʪʥʦʡ ʧʝʨʝʩʪʨʦʡʢʠ ʠ ʚʦʟ-

ʤʦʞʥʦʩʪʴ ʧʦʣʫʯʝʥʠʷ ʦʯʝʥʴ ʚʳʩʦʢʠʭ ʯʘʩʪʦʪʳ (ʚʧʣʦʪʴ ʜʦ ʊɻʮ), ʠʩʧʦʣʴʟʫʷ ʙʦʣʝʝ ʧʨʦʩʪʳʝ, 

ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʪʨʘʜʠʮʠʦʥʥʳʤʠ, ʧʦʜʭʦʜʳ. ɹʦʣʝʝ ʪʦʛʦ, ʧʨʠʚʣʝʢʘʪʝʣʴʥʦʡ ʪʘʢʞʝ ʷʚʣʷʝʪʩʷ 

ʚʦʟʤʦʞʥʦʩʪʴ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦʡ ʧʝʨʝʜʘʯʠ ʩʠʛʥʘʣʦʚ ʪʘʢʦʡ ʚʳʩʦʢʦʡ ʯʘʩʪʦʪʳ, ʩ ʠʩʧʦʣʴʟʦʚʘ-

ʥʠʝʤ ʦʧʪʠʯʝʩʢʦʛʦ ʚʦʣʦʢʥʘ ʩ ʦʯʝʥʴ ʤʘʣʳʤʠ ʧʦʪʝʨʷʤʠ, ʢʦʪʦʨʳʝ ʥʝ ʜʦʩʪʠʞʠʤʳ ʧʨʠ ʠʩʧʦʣʴ-
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ʟʦʚʘʥʠʠ ʢʦʘʢʩʠʘʣʴʥʳʭ ʢʘʙʝʣʝʡ. ɼʣʷ ʛʝʥʝʨʘʮʠʠ ʩʠʛʥʘʣʦʚ ʧʨʦʠʟʚʦʣʴʥʦʡ ʬʦʨʤʳ ʩʠʩʪʝʤʳ 

ʨʘʜʠʦʬʦʪʦʥʠʢʠ ʧʨʝʜʦʩʪʘʚʣʷʶʪ ʰʠʨʦʢʫʶ ʧʦʣʦʩʫ ʧʨʦʧʫʩʢʘʥʠʷ ʠ ʚʦʟʤʦʞʥʦʩʪʴ ʫʧʨʘʚʣʝʥʠʷ 

ʘʤʧʣʠʪʫʜʥʦʡ ʠ ʬʘʟʦʚʦʡ ʭʘʨʘʢʪʝʨʠʩʪʠʢʦʡ ʢʘʥʘʣʘ [147, 148]. ʊʘʢʞʝ ʩʠʩʪʝʤʳ ʨʘʜʠʦʬʦʪʦʥʠ-

ʢʠ ʧʦʟʚʦʣʷʶʪ ʩʦʟʜʘʚʘʪʴ ʰʠʨʦʢʦʧʦʣʦʩʥʳʝ ʫʩʪʨʦʡʩʪʚʘ ʦʙʨʘʙʦʪʢʠ ʨʘʜʠʦʩʠʛʥʘʣʘ, ʪʘʢʠʝ ʢʘʢ 

ʬʠʣʴʪʨʳ, ʣʠʥʠʠ ʟʘʜʝʨʞʢʠ, ʬʘʟʦʚʨʘʱʘʪʝʣʠ ʠ ʪ.ʜ. ʀʩʧʦʣʴʟʦʚʘʥʠʝ ʵʪʠʭ ʫʩʪʨʦʡʩʪʚ ʧʦʟʚʦʣʠʣʦ 

ʩʦʟʜʘʪʴ ʩʭʝʤʫ ʦʧʪʠʯʝʩʢʦʡ ʦʙʨʘʙʦʪʢʠ ʩʠʛʥʘʣʘ ʜʣʷ ʬʦʨʤʠʨʦʚʘʥʠʷ ʜʠʘʛʨʘʤʤʳ ʥʘʧʨʘʚʣʝʥʥʦ-

ʩʪʠ ʚ ʬʘʟʠʨʦʚʘʥʥʦʡ ʘʥʪʝʥʥʦʡ ʨʝʰʝʪʢʝ. 

1.5.3.3 ʀʥʪʝʛʨʘʣʴʥʘʷ ʨʘʜʠʦʬʦʪʦʥʠʢʘ 

ʉʫʱʝʩʪʚʫʝʪ ʥʝʩʢʦʣʴʢʦ ʧʨʠʯʠʥ, ʦʛʨʘʥʠʯʠʚʘʶʱʠʭ ʰʠʨʦʢʦʝ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʝ ʩʠʩʪʝʤ 

ʨʘʜʠʦʬʦʪʦʥʠʢʠ ʚ ʨʝʘʣʴʥʳʭ ʫʩʪʨʦʡʩʪʚʘʭ ʚʤʝʩʪʦ ʣʘʙʦʨʘʪʦʨʥʳʭ ʫʩʪʘʥʦʚʦʢ. ʇʝʨʚʳʤ ʬʘʢʪʦ-

ʨʦʤ ʷʚʣʷʝʪʩʷ ʧʘʨʘʤʝʪʨʳ ʩʠʩʪʝʤʳ, ʦʩʦʙʝʥʥʦ ʜʠʥʘʤʠʯʝʩʢʠʡ ʜʠʘʧʘʟʦʥ. ʂʘʢ ʧʨʘʚʠʣʦ, ʩʠʩʪʝ-

ʤʳ ʨʘʜʠʦʬʦʪʦʥʠʢʠ ʧʦʢʘʟʳʚʘʶʪ ʫʥʠʢʘʣʴʥʳʝ ʬʫʥʢʮʠʦʥʘʣʴʥʳʝ ʚʦʟʤʦʞʥʦʩʪʠ (ʥʘʧʨʠʤʝʨ, 

ʟʘʜʝʨʞʢʫ ʠʣʠ ʬʦʨʤʠʨʦʚʘʥʠʝ ʬʦʨʤʳ ʠʤʧʫʣʴʩʘ) ʚ ʙʦʣʴʰʦʡ ʧʦʣʦʩʝ ʯʘʩʪʦʪ, ʥʦ ʧʨʠ ʵʪʦʤ ʦʙ-

ʣʘʜʘʶʪ ʤʘʣʳʤ ʜʠʥʘʤʠʯʝʩʢʠʤ ʜʠʘʧʘʟʦʥʦʤ. ɼʨʫʛʠʤʠ ʬʘʢʪʦʨʘʤʠ, ʦʛʨʘʥʠʯʠʚʘʶʱʠʤʠ ʧʨʠ-

ʤʝʥʝʥʠʷ ʪʘʢʠʭ ʩʠʩʪʝʤ, ʷʚʣʷʶʪʩʷ ʠʭ ʩʪʦʠʤʦʩʪʴ ʠ ʥʘʜʝʞʥʦʩʪʴ. ɹʦʣʴʰʠʥʩʪʚʦ ʩʠʩʪʝʤ ʨʘʜʠʦ-

ʬʦʪʦʥʠʢʠ ʩʦʩʪʦʷʪ ʠʟ ʜʠʩʢʨʝʪʥʳʭ ʢʦʤʧʦʥʝʥʪʦʚ, ʪʦ ʝʩʪʴ ʣʘʟʝʨʦʚ, ʤʦʜʫʣʷʪʦʨʦʚ ʠ ʜʝʪʝʢʪʦʨʦʚ, 

ʩʦʝʜʠʥʝʥʥʳʭ ʦʧʪʠʯʝʩʢʠʤ ʚʦʣʦʢʥʦʤ. ʕʪʦ ʧʨʠʚʦʜʠʪ ʢ ʥʝʩʢʦʣʴʢʠʤ ʧʨʦʙʣʝʤʘʤ. ɺʦ-ʧʝʨʚʳʭ, 

ʜʠʩʢʨʝʪʥʳʝ ʢʦʤʧʦʥʝʥʪʳ ʟʘʥʠʤʘʝʪ ʤʥʦʛʦ ʤʝʩʪʘ, ʘ ʠʭ ʩʦʝʜʠʥʝʥʠʝ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʦʧʪʠ-

ʯʝʩʢʦʛʦ ʚʦʣʦʢʥʘ ʧʨʠʚʦʜʠʪ ʢ ʩʥʠʞʝʥʠʶ ʥʘʜʝʞʥʦʩʪʠ ʩʠʩʪʝʤʳ. ɺʦ-ʚʪʦʨʳʭ, ʠʩʧʦʣʴʟʦʚʘʥʠʝ 

ʜʠʩʢʨʝʪʥʳʭ ʢʦʤʧʦʥʝʥʪʦʚ ʧʨʠʚʦʜʠʪ ʢ ʚʳʩʦʢʦʡ ʩʪʦʠʤʦʩʪʠ ʩʠʩʪʝʤʳ, ʧʦʩʢʦʣʴʢʫ ʚ ʝʛʦ ʩʪʦʠ-

ʤʦʩʪʴ ʪʘʢʞʝ ʚʢʣʶʯʝʥʘ ʠ ʩʪʦʠʤʦʩʪʴ ʢʦʨʧʫʩʠʨʦʚʘʥʠʷ ʦʪʜʝʣʴʥʳʭ ʵʣʝʤʝʥʪʦʚ. ʇʨʠʤʝʥʝʥʠʝ 

ʜʠʩʢʨʝʪʥʳʭ ʢʦʤʧʦʥʝʥʪʦʚ ʤʦʞʝʪ ʪʘʢʞʝ ʧʨʠʚʝʩʪʠ ʢ ʫʚʝʣʠʯʝʥʠʶ ʧʦʪʨʝʙʣʷʝʤʦʡ ʤʦʱʥʦʩʪʠ. ɺ 

ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʵʪʠ ʧʨʠʯʠʥʳ ʥʝ ʧʦʟʚʦʣʷʶʪ ʩʠʩʪʝʤʘʤ ʨʘʜʠʦʬʦʪʦʥʠʢʠ ʟʘʤʝʥʠʪʴ ʪʨʘʜʠʮʠ-

ʦʥʥʳʝ, ʭʦʨʦʰʦ ʨʘʟʚʠʪʳʝ ʨʝʰʝʥʠʷ ʉɺʏ-ʪʝʭʥʠʢʠ. 

ɹʦʣʴʰʠʤ ʪʦʣʯʢʦʤ ʢ ʨʘʟʚʠʪʠʶ ʩʠʩʪʝʤ ʨʘʜʠʦʬʦʪʦʥʠʢʠ ʙʫʜʝʪ ʩʥʠʞʝʥʠʝ ʠʭ ʩʪʦʠʤʦʩʪʠ, 

ʧʦʪʨʝʙʣʷʝʤʦʡ ʤʦʱʥʦʩʪʠ ʠ ʫʚʝʣʠʯʝʥʠʝ ʥʘʜʝʞʥʦʩʪʠ, ʚ ʵʪʦʤ ʩʣʫʯʘʝ ʦʥʠ ʩʤʦʛʫʪ ʢʦʥʢʫʨʠʨʦ-

ʚʘʪʴ ʩ ʪʨʘʜʠʮʠʦʥʥʳʤʠ ʉɺʏ-ʢʦʤʧʦʥʝʥʪʘʤʠ ʧʨʠʤʝʥʷʝʤʳʤʠ ʚ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʜʣʷ ʦʙʨʘ-

ʙʦʪʢʠ ʩʠʛʥʘʣʦʚ, ʘ ʥʝ ʪʦʣʴʢʦ ʩ ʢʦʘʢʩʠʘʣʴʥʳʤʠ ʣʠʥʠʷʤʠ ʧʝʨʝʜʘʯʠ. ʄʥʦʛʠʝ ʠʩʩʣʝʜʦʚʘʪʝʣʠ 

ʩʭʦʜʷʪʩʷ ʚʦ ʤʥʝʥʠʠ, ʯʪʦ ʵʪʦ ʤʦʞʝʪ ʙʳʪʴ ʨʝʰʝʥʦ ʟʘ ʩʯʝʪ ʠʥʪʝʛʨʘʮʠʠ ʵʣʝʢʪʨʦʥʥʳʭ ʠ ʬʦ-

ʪʦʥʥʳʭ ʢʦʤʧʦʥʝʥʪʦʚ [147-152]. ʇʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʪʝʭʥʦʣʦʛʠʠ ʠʥʪʝʛʨʘʣʴʥʦʡ ʬʦʪʦʥʠʢʠ 

ʤʦʞʥʦ ʜʦʙʠʪʴʩʷ ʩʥʠʞʝʥʠʷ ʨʘʟʤʝʨʘ ʩʠʩʪʝʤʳ, ʧʦʪʝʨʴ ʤʝʞʜʫ ʵʣʝʤʝʥʪʘʤʠ, ʩʪʦʠʤʦʩʪʠ ʢʦʨʧʫ-

ʩʠʨʦʚʘʥʠʷ, ʘ ʪʘʢʞʝ ʧʦʪʨʝʙʣʷʝʤʦʡ ʤʦʱʥʦʩʪʠ, ʧʦʩʢʦʣʴʢʫ ʦʜʠʥ ʦʭʣʘʞʜʘʶʱʠʡ ʵʣʝʤʝʥʪ ʙʫʜʝʪ 
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ʠʩʧʦʣʴʟʦʚʘʪʴʩʷ ʜʣʷ ʥʝʩʢʦʣʴʢʠʭ ʬʫʥʢʮʠʡ [153]. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʩʠʩʪʝʤ ʨʘ-

ʜʠʦʬʦʪʦʥʠʢʠ ʤʦʛʫʪ ʙʳʪʴ ʧʨʠʙʣʠʞʝʥʳ ʢ ʪʨʝʙʫʝʤʳʤ ʜʣʷ ʧʨʠʤʝʥʝʥʠʷ ʚ ʨʝʘʣʴʥʳʭ ʩʠʩʪʝʤʘʭ. 

ʍʦʪʷ ʠʟʥʘʯʘʣʴʥʦ ʢʦʥʮʝʧʮʠʷ ʠʥʪʝʛʨʘʣʴʥʦʡ ʨʘʜʠʦʬʦʪʦʥʠʢʠ ʚ ʟʥʘʯʠʪʝʣʴʥʦʡ ʩʪʝʧʝʥʠ 

ʩʦʦʪʚʝʪʩʪʚʦʚʘʣʘ ʧʦʩʣʝʜʥʠʤ ʪʝʥʜʝʥʮʠʷʤ ʚ ʦʙʣʘʩʪʠ ʪʝʭʥʦʣʦʛʠʠ ʙʦʣʴʰʠʭ ʨʘʜʠʦʬʦʪʦʥʥʳʭ 

ʠʥʪʝʛʨʘʣʴʥʳʭ ʩʭʝʤ (ʈʀʉ) [156-159], ʚ ʥʠʭ ʧʦʷʚʠʣʠʩʴ ʩʫʱʝʩʪʚʝʥʥʳʝ ʨʘʟʣʠʯʠʷ ʠʟ-ʟʘ ʨʘʟʥʠ-

ʮʳ ʚ ʦʙʣʘʩʪʠ ʠʭ ʧʨʠʤʝʥʝʥʠʷ, ʘ ʪʘʢʞʝ ʦʙʲʝʤʝ ʨʳʥʢʘ. ʊʨʝʙʦʚʘʥʠʷ ʢ ʈʀʉ ʙʳʣʠ ʩʬʦʨʤʠʨʦ-

ʚʘʥʳ ʩ ʫʯʝʪʦʤ ʠʭ ʧʨʠʤʝʥʝʥʠʷ ʚ ʮʠʬʨʦʚʳʭ ʩʠʩʪʝʤʘʭ, ʪʘʢʠʭ ʢʘʢ ʚʳʩʦʢʦʩʢʦʨʦʩʪʥʳʝ ʦʧʪʠʯʝ-

ʩʢʠʝ ʣʠʥʠʠ ʩʚʷʟʠ ʠ ʦʧʪʠʯʝʩʢʠʝ ʤʝʞʩʦʝʜʠʥʝʥʠʷ. ʕʪʘ ʢʦʥʮʝʧʮʠʷ ʚ ʟʥʘʯʠʪʝʣʴʥʦʡ ʩʪʝʧʝʥʠ 

ʧʨʝʜʧʦʣʘʛʘʝʪ ʫʚʝʣʠʯʝʥʠʠ ʩʢʦʨʦʩʪʠ ʧʝʨʝʜʘʯʠ, ʢʦʣʠʯʝʩʪʚʘ ʢʦʤʧʦʥʝʥʪʦʚ, ʘ ʪʘʢʞʝ ʩʦʟʜʘʥʠʝ 

ʢʘʢ ʤʦʞʥʦ ʙʦʣʴʰʝʛʦ ʯʠʩʣʘ ʬʫʥʢʮʠʦʥʘʣʴʥʳʭ ʚʦʟʤʦʞʥʦʩʪʝʡ (ʘʢʪʠʚʥʳʭ ʠ ʧʘʩʩʠʚʥʳʡ) ʥʘ 

ʝʜʠʥʦʡ ʧʣʘʪʬʦʨʤʝ/ʪʝʭʥʦʣʦʛʠʠ. ʆʜʥʘʢʦ ʚ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʥʝʪ ʝʜʠʥʦʡ ʪʝʭʥʦʣʦʛʠʯʝʩʢʦʡ 

ʧʣʘʪʬʦʨʤʳ, ʧʦʟʚʦʣʷʶʱʝʡ ʧʦʣʫʯʠʪʴ ʥʘʠʣʫʯʰʠʝ ʧʘʨʘʤʝʪʨʳ ʚʦ ʚʩʝʭ ʘʩʧʝʢʪʘʭ, ʧʦʵʪʦʤʫ ʈʀʉ 

ʙʦʣʴʰʦʡ ʩʪʝʧʝʥʠ ʠʥʪʝʛʨʘʮʠʷ ʯʘʩʪʦ ʧʨʝʜʩʪʘʚʣʷʶʪ ʢʦʤʧʨʦʤʠʩʩ ʤʝʞʜʫ ʨʘʟʣʠʯʥʳʤʠ ʧʘʨʘ-

ʤʝʪʨʘʤʠ, ʯʪʦ ʚ ʩʚʦʶ ʦʯʝʨʝʜʴ ʩʥʠʞʘʝʪ ʦʙʱʫʶ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʩʠʩʪʝʤʳ. 

ʀʟ-ʟʘ ʚʳʩʦʢʠʭ ʪʨʝʙʦʚʘʥʠʡ, ʧʨʝʜʲʷʚʣʷʝʤʳʭ ʢ ʢʘʯʝʩʪʚʫ ʦʙʨʘʙʦʪʢʠ ʘʥʘʣʦʛʦʚʳʭ ʩʠʛʥʘ-

ʣʦʚ, ʪʝʭʥʦʣʦʛʠʷ ʠʥʪʝʛʨʘʣʴʥʦʡ ʬʦʪʦʥʠʢʠ ʠʩʧʦʣʴʟʫʝʤʘʷ ʜʣʷ ʩʦʟʜʘʥʠʷ ʩʠʩʪʝʤ ʨʘʜʠʦʬʦʪʦʥʠ-

ʢʠ ʜʦʣʞʥʘ ʦʙʣʘʜʘʪʴ ʧʘʨʘʤʝʪʨʘʤʠ ʧʨʝʚʦʩʭʦʜʷʱʠʤʠ, ʧʘʨʘʤʝʪʨʳ, ʪʨʝʙʫʝʤʳʝ ʜʣʷ ʮʠʬʨʦʚʳʭ 

ʩʠʩʪʝʤ. ʏʪʦ ʚ ʟʥʘʯʠʪʝʣʴʥʦʡ ʩʪʝʧʝʥʠ ʚʣʠʷʝʪ ʜʦʣʞʥʦ ʧʦʜʪʦʣʢʥʫʪʴ ʦʩʥʦʚʥʳʭ ʧʨʝʜʩʪʘʚʠʪʝ-

ʣʝʡ ʨʳʥʢʘ ʈʀʉ ʜʣʷ ʨʘʟʨʘʙʦʪʢʠ ʜʨʫʛʠʭ ʧʦʜʭʦʜʦʚ ʜʣʷ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʚ ʩʠʩʪʝʤʘʭ ʠʥʪʝʛʨʘʣʴ-

ʥʦʡ ʨʘʜʠʦʬʦʪʦʥʠʢʠ. 

ʅʠʞʝ ʙʫʜʫʪ ʧʨʠʚʝʜʝʥʳ ʦʩʥʦʚʥʳʝ ʪʝʭʥʦʣʦʛʠʠ ʈʀʉ, ʢʦʪʦʨʳʝ ʚ ʧʦʩʣʝʜʥʝʝ ʚʨʝʤʷ ʠʩ-

ʧʦʣʴʟʦʚʘʣʠʩʴ ʜʣʷ ʩʦʟʜʘʥʠʷ ʫʩʪʨʦʡʩʪʚ ʠʥʪʝʛʨʘʣʴʥʦʡ ʨʘʜʠʦʬʦʪʦʥʠʢʠ. ɼʣʷ ʵʪʠʭ ʪʝʭʥʦʣʦʛʠʡ 

ʙʫʜʫʪ ʦʙʩʫʞʜʘʪʴʩʷ ʜʚʘ ʦʩʥʦʚʥʳʭ ʢʨʠʪʝʨʠʷ - ʵʪʦ ʧʘʨʘʤʝʪʨʳ ʫʩʪʨʦʡʩʪʚ ʠ ʜʦʩʪʫʧʥʦʩʪʴ ʪʝʭ-

ʥʦʣʦʛʠʠ ʨʘʟʨʘʙʦʪʯʠʢʘʤ. ʂʘʢ ʦʙʩʫʞʜʘʣʦʩʴ ʚ ʧʨʝʜʳʜʫʱʝʤ ʨʘʟʜʝʣʝ, ʚʘʞʥʦʡ ʟʘʜʘʯʝʡ ʨʘʜʠʦ-

ʬʦʪʦʥʠʢʠ ʷʚʣʷʝʪʩʷ ʦʧʪʠʤʠʟʘʮʠʷ ʢʦʵʬʬʠʮʠʝʥʪʘ ʧʝʨʝʜʘʯʠ ʩʠʩʪʝʤʳ ʠ ʧʦʣʫʯʝʥʠʷ ʤʘʣʦʛʦ ʢʦ-

ʵʬʬʠʮʠʝʥʪʝ ʰʫʤʘ, ʯʪʦ ʪʨʝʙʫʝʪ ʤʠʥʠʤʠʟʘʮʠʠ ʚʥʦʩʠʤʳʭ ʧʦʪʝʨʴ ʈʀʉ. ɺ ʙʦʣʴʰʠʥʩʪʚʝ ʩʣʫ-

ʯʘʝʚ ʵʪʦ ʧʨʠʚʦʜʠʪ ʢ ʞʝʩʪʢʠʤ ʪʨʝʙʦʚʘʥʠʷʤ ʢ ʧʦʪʝʨʷʤ ʚ ʚʦʣʥʦʚʦʜʘʭ, ʘ ʪʘʢʞʝ ʥʘ ʚʚʦʜʝ ʠ ʚʳ-

ʚʦʜʝ ʠʟʣʫʯʝʥʠʷ ʠʟ ʚʦʣʦʢʥʘ ʚ ʈʀʉ. ʏʪʦ ʢʘʩʘʝʪʩʷ ʜʦʩʪʫʧʥʦʩʪʠ ʪʝʭʥʦʣʦʛʠʠ ʈʀʉ, ʚ ʥʘʩʪʦʷʱʝʝ 

ʚʨʝʤʷ ʩʫʱʝʩʪʚʫʝʪ ʥʝʩʢʦʣʴʢʦ ʦʙʲʝʜʠʥʝʥʠʡ, ʪʘʢʠʭ ʢʘʢ ePIXfab [160] ʠ Jeppix [161] ʚ ɽʚʨʦ-

ʧʝ, ʘ ʪʘʢʞʝ OpSIS [162] ʚ ʉʐɸ, ʢʦʪʦʨʳʝ ʧʦʟʚʦʣʷʶʪ ʨʘʟʨʘʙʦʪʯʠʢʘʤ ʧʦʣʫʯʠʪʴ ʜʦʩʪʫʧ ʢ 

ʪʝʭʥʦʣʦʛʠʷʤ ʠʟʛʦʪʦʚʣʝʥʠʷ ʦʧʪʠʯʝʩʢʠʭ ʠʥʪʝʛʨʘʣʴʥʳʭ ʩʭʝʤ, ʟʘ ʩʯʝʪ ʦʙʲʝʜʠʥʝʥʠʷ ʥʘ ʦʜʥʦʡ 

ʧʦʜʣʦʞʢʝ ʨʘʟʨʘʙʦʪʦʢ ʥʝʩʢʦʣʴʢʠʭ ʛʨʫʧʧ, ʢʦʪʦʨʳʝ ʚ ʧʨʦʪʠʚʥʦʤ ʩʣʫʯʘʝ ʦʢʘʟʘʣʠʩʴ ʙʳ ʩʣʠʰ-

ʢʦʤ ʜʦʨʦʛʦʩʪʦʷʱʠʤʠ ʜʣʷ ʦʪʜʝʣʴʥʳʭ ʛʨʫʧʧ. ʕʪʦ ʫʞʝ ʧʨʦʷʚʠʣʦʩʴ ʚ ʨʘʩʪʫʱʝʤ ʯʠʩʣʝ ʧʫʙʣʠ-

ʢʘʮʠʡ ʚ ʦʙʣʘʩʪʠ ʠʥʪʝʛʨʘʣʴʥʳʭ ʫʩʪʨʦʡʩʪʚ ʠ ʩʠʩʪʝʤ ʨʘʜʠʦʬʦʪʦʥʠʢʠ, ʩ ʤʦʤʝʥʪʘ ʧʦʷʚʣʝʥʠʷ 
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ʵʪʠʭ ʠʥʠʮʠʘʪʠʚ. ɺ ʩʣʝʜʫʶʱʝʤ ʨʘʟʜʝʣʝ ʧʨʠʚʝʜʝʥʳ ʥʝʢʦʪʦʨʳʝ ʜʦʩʪʫʧʥʳʝ ʪʝʭʥʦʣʦʛʠʯʝʢʠʝ 

ʧʣʘʪʬʦʨʤʳ ʜʣʷ ʩʦʟʜʘʥʠʷ ʩʠʩʪʝʤ ʠʥʪʝʛʨʘʣʴʥʦʡ ʨʘʜʠʦʬʦʪʦʥʠʢʠ. 

1.5.3.4 ʊʝʭʥʦʣʦʛʠʠ ʠʥʪʝʛʨʘʣʴʥʦʡ ʨʘʜʠʦʬʦʪʦʥʠʢʠ 

ɺ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʚ ʦʙʣʘʩʪʠ ʠʥʪʝʛʨʘʣʴʥʦʡ ʬʦʪʦʥʠʢʠ ʚʳʜʝʣʠʣʦʩʴ ʥʝʩʢʦʣʴʢʦ ʦʩʥʦʚ-

ʥʳʭ ʪʝʭʥʦʣʦʛʠʡ: ʩʦʩʪʘʚʥʳʝ ʧʦʣʫʧʨʦʚʦʜʥʠʢʠ (GaAs, InP), ʥʝʣʠʥʝʡʥʳʝ ʢʨʠʩʪʘʣʣʳ (LiNbO3), 

ʜʠʵʣʝʢʪʨʠʢʠ (ʚʦʣʥʦʚʦʜʳ ʥʘ ʦʩʥʦʚʝ ʥʠʪʨʠʜʘ ʢʨʝʤʥʠʷ ʠ ʜʠʦʢʩʠʜʘ ʢʨʝʤʥʠʷ) ʠ ʧʦʣʫʧʨʦʚʦʜ-

ʥʠʢʠ (ʢʨʝʤʥʠʡ-ʥʘ-ʠʟʦʣʷʪʦʨʝ). ʂʘʞʜʘʷ ʠʟ ʵʪʠʭ ʪʝʭʥʦʣʦʛʠʡ ʦʙʣʘʜʘʝʪ ʦʧʨʝʜʝʣʝʥʥʳʤʠ ʧʨʝ-

ʠʤʫʱʝʩʪʚʘʤʠ, ʪʘʢʠʤʠ ʢʘʢ ʛʝʥʝʨʘʮʠʷ ʠ ʜʝʪʝʢʪʠʨʦʚʘʥʠʝ ʩʚʝʪʘ, ʤʦʜʫʣʷʮʠʷ, ʩʦʟʜʘʥʠʝ ʚʦʣʥʦ-

ʚʦʜʦʚ ʩ ʥʠʟʢʠʤʠ ʧʦʪʝʨʷʤʠ, ʠʥʪʝʛʨʘʮʠʷ ʩ ʵʣʝʢʪʨʦʥʥʳʤʠ ʢʦʤʧʦʥʝʥʪʘʤʠ, ʣʝʛʢʦʩʪʴ ʚ ʢʦʨʧʫ-

ʩʠʨʦʚʘʥʠʠ ʠ ʪ. ʜ. ʊʝʤ ʥʝ ʤʝʥʝʝ, ʦʙʲʝʜʠʥʝʥʠʝ ʚ ʝʜʠʥʫʶ ʪʝʭʥʦʣʦʛʠʯʝʩʢʫʶ ʧʣʘʪʬʦʨʤʫ ʙʝʟ 

ʫʱʝʨʙʘ ʜʣʷ ʦʙʱʠʭ ʧʘʨʘʤʝʪʨʦʚ ʩʠʩʪʝʤʳ ʝʱʝ ʥʝ ʙʳʣʦ ʜʦʩʪʠʛʥʫʪʦ.  ɿʘ ʧʦʩʣʝʜʥʠʝ 20 ʣʝʪ ʚʳ-

ʜʝʣʠʣʠʩʴ ʯʝʪʳʨʝ ʧʣʘʪʬʦʨʤʳ, ʥʘʠʙʦʣʝʝ ʯʘʩʪʦ ʠʩʧʦʣʴʟʫʝʤʳʝ ʧʨʠ ʨʘʟʨʘʙʦʪʢʝ ʫʩʪʨʦʡʩʪʚ ʠʥ-

ʪʝʛʨʘʣʴʥʦʡ ʨʘʜʠʦʬʦʪʦʥʠʢʠ. ʕʪʦ ʬʦʩʬʠʜ ʠʥʜʠʝʚʘʷ ʪʝʭʥʦʣʦʛʠʷ, ʪʝʭʥʦʣʦʛʠʷ ʧʣʘʥʘʨʥʦʡ ʦʧ-

ʪʠʢʠ ʥʘ ʜʠʦʢʩʠʜʝ ʢʨʝʤʥʠʷ, ʢʨʝʤʥʠʡ-ʥʘ-ʠʟʦʣʷʪʦʨʝ ʠ ʪʝʭʥʦʣʦʛʠʷ Si3N4/SiO2, ʠʟʚʝʩʪʥʘʷ ʢʘʢ 

TriPleX
TM

. 

ʈʘʟʚʠʪʠʝ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʭ ʧʨʦʮʝʩʩʦʚ ʠʥʪʝʛʨʘʣʴʥʦʡ ʨʘʜʠʦʬʦʪʦʥʠʢʠ ʧʦʜʩʪʝʛʥʫʣʦ 

ʨʦʩʪ ʢʦʤʤʝʨʯʝʩʢʠʭ ʧʨʦʜʫʢʪʦʚ, ʧʦʩʪʨʦʝʥʥʳʭ ʩ ʧʨʠʤʝʥʝʥʠʝʤ ʵʪʠʭ ʜʦʩʪʠʞʝʥʠʡ. ʅʘʠʙʦʣʴ-

ʰʠʡ ʨʦʩʪ ʪʘʢʠʭ ʧʨʠʤʝʥʝʥʠʡ ʥʘʙʣʶʜʘʝʪʩʷ ʚ ʦʙʣʘʩʪʠ ʩʦʟʜʘʥʠʷ ʮʠʬʨʦʚʳʭ ʩʠʩʪʝʤ ʩʚʷʟʠ ʜʣʷ 

ʜʘʪʘʮʝʥʪʨʦʚ [163] ʠ ʤʘʛʠʩʪʨʘʣʴʥʳʭ ʠʥʬʦʨʤʘʮʠʦʥʥʳʭ ʫʟʣʦʚ [164], ʧʦʩʢʦʣʴʢʫ ʠʤʝʥʥʦ ʩʥʠ-

ʞʝʥʠʝ ʩʝʙʝʩʪʦʠʤʦʩʪʠ, ʦʙʫʩʣʦʚʣʝʥʥʦʝ ʚʥʝʜʨʝʥʠʝʤ ʜʦʩʪʫʧʥʳʭ ʨʝʰʝʥʠʡ ʠʥʪʝʛʨʘʣʴʥʦʡ ʬʦ-

ʪʦʥʠʢʠ, ʠʤʝʝʪ ʢʣʶʯʝʚʦʝ ʟʥʘʯʝʥʠʝ ʥʘ ʨʳʥʢʝ ʤʘʩʩʦʚʳʭ ʪʝʣʝʢʦʤʤʫʥʠʢʘʮʠʡ. ɺ ʥʘʩʪʦʷʱʝʝ 

ʚʨʝʤʷ ʢʦʤʧʘʥʠʝʡ Luxtera ʧʨʝʜʣʘʛʘʶʪʩʷ ʤʘʩʩʦʚʳʝ QSFP ʤʦʜʫʣʠ, ʨʘʩʩʯʠʪʘʥʥʳʝ ʥʘ ʩʢʦʨʦ-

ʩʪʠ ʧʝʨʝʜʘʯʠ ʜʦ 100 ɻʙʠʪ/ʩ. 

ɼʨʫʛʠʤ ʘʢʪʠʚʥʦ ʨʘʟʚʠʚʘʶʱʠʤʩʷ ʥʘʧʨʘʚʣʝʥʠʝʤ ʷʚʣʷʝʪʩʷ ʩʦʟʜʘʥʠʝ ʉɺʏ ʘʥʘʣʦʛʦʚʳʭ 

ʣʠʥʠʡ ʩʚʷʟʠ ʩ ʧʦʣʦʩʦʡ ʧʨʦʧʫʩʢʘʥʠʷ ʜʦ 40 ɻɻʮ [165-168]. ʕʪʦʪ ʩʝʢʪʦʨ ʠʤʝʝʪ ʚʘʞʥʦʝ ʟʥʘʯʝ-

ʥʠʝ ʚ ʨʘʜʠʦʣʦʢʘʮʠʦʥʥʳʭ ʩʠʩʪʝʤʘʭ, ʘʚʠʦʥʠʢʝ ʥʦʚʦʛʦ ʧʦʢʦʣʝʥʠʷ ʠ ʚ ʜʨʫʛʠʭ ʦʪʚʝʪʩʪʚʝʥʥʳʭ 

ʧʨʠʤʝʥʝʥʠʷʭ. ɺ ʵʪʦʤ ʩʣʫʯʘʝ ʢʣʶʯʝʚʳʤ ʧʨʝʠʤʫʱʝʩʪʚʦʤ ʠʥʪʝʛʨʘʣʴʥʳʭ ʪʝʭ. ʧʨʦʮʝʩʩʦʚ ʷʚ-

ʣʷʝʪʩʷ ʚʦʟʤʦʞʥʦʩʪʴ ʨʘʩʰʠʨʝʥʠʷ ʯʘʩʪʦʪʥʦʛʦ ʜʠʘʧʘʟʦʥʘ ʉɺʏ ʩʠʛʥʘʣʘ ʟʘ ʩʯʝʪ ʤʠʥʠʘʪʶʨʠ-

ʟʘʮʠʠ ʠ ʫʤʝʥʴʰʝʥʠʷ ʚʣʠʷʥʠʷ ʧʘʨʘʟʠʪʥʳʭ ʧʘʨʘʤʝʪʨʦʚ, ʘ ʪʘʢʞʝ ʙʣʘʛʦʜʘʨʷ ʫʤʝʥʴʰʝʥʠʶ ʧʦ-

ʪʝʨʴ ʥʘ ʧʝʨʝʜʘʯʫ ʩʠʛʥʘʣʘ ʦʪ ʦʜʥʦʛʦ ʫʩʪʨʦʡʩʪʚʘ ʢ ʜʨʫʛʦʤʫ. 
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1.5.3.5 ʊʝʭʥʦʣʦʛʠʷ ʧʨʦʝʢʪʠʨʦʚʘʥʠʷ ʉɺʏ ʤʦʥʦʣʠʪʥʳʭ ʠ ʨʘʜʠʦʬʦʪʦʥʥʳʭ ʠʥʪʝʛʨʘʣʴ-

ʥʳʭ ʩʭʝʤ  

ɺ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʨʘʟʨʘʙʦʪʢʫ ʉɺʏ ʠ ʨʘʜʠʦʬʦʪʦʥʥʳʭ ʄʀʉ ʥʝʚʦʟʤʦʞʥʦ ʧʨʝʜʩʪʘ-

ʚʠʪʴ ʙʝʟ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʩʠʩʪʝʤ ʘʚʪʦʤʘʪʠʟʠʨʦʚʘʥʥʦʛʦ ʧʨʦʝʢʪʠʨʦʚʘʥʠʷ (ʉɸʇʈ). ʅʝʦʙʭʦʜʠ-

ʤʦʩʪʴ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʉɸʇʈ ʉɺʏ ʫʩʪʨʦʡʩʪʚ ʦʙʫʩʣʦʚʣʝʥʘ, ʧʨʝʞʜʝ ʚʩʝʛʦ, ʩʣʦʞʥʦʩʪʴʶ ʩʦ-

ʚʨʝʤʝʥʥʳʭ ʄʀʉ ʠ ʦʪʩʫʪʩʪʚʠʝʤ ʚʦʟʤʦʞʥʦʩʪʠ ʢʦʨʨʝʢʪʠʨʦʚʢʠ ʝʸ ʧʘʨʘʤʝʪʨʦʚ ʧʦʩʣʝ ʠʟʛʦ-

ʪʦʚʣʝʥʠʷ. 

ʅʘ ʨʳʥʢʝ ʉɸʇʈ ʧʨʠʩʫʪʩʪʚʫʝʪ ʨʷʜ ʧʨʦʬʝʩʩʠʦʥʘʣʴʥʳʭ ʧʨʦʛʨʘʤʤʥʳʭ ʧʨʦʜʫʢʪʦʚ, ʧʦ-

ʟʚʦʣʷʶʱʠʭ ʧʨʦʚʝʩʪʠ ʧʦʣʥʳʡ ʮʠʢʣ ʧʨʦʝʢʪʠʨʦʚʘʥʠʷ ʉɺʏ ʫʩʪʨʦʡʩʪʚ, ʚ ʪʦʤ ʯʠʩʣʝ ʉɺʏ 

ʄʀʉ. ʂ ʥʘʠʙʦʣʝʝ ʧʦʧʫʣʷʨʥʳʤ ʢʦʤʤʝʨʯʝʩʢʠʤ ʧʨʦʜʫʢʪʘʤ ʦʪʥʦʩʷʪʩʷ: 1) Microwave Office 

(MWO), ʢʦʤʧʘʥʠʷ National Instruments AWR, ʉʐɸ; 2) Advanced Design System (ADS), 

ʢʦʤʧʘʥʠʷ Keysight Technologies, ʉʐɸ; 3)Virtuoso, ʢʦʤʧʘʥʠʷ Cadence, ʉʐɸ; 4) 

DesignerRF, ʢʦʤʧʘʥʠʷ ANSYS, ʉʐɸ. 

ʊʝʭʥʦʣʦʛʠʷ (ʤʘʨʰʨʫʪ) ʧʨʦʝʢʪʠʨʦʚʘʥʠʷ ʉɺʏ ʄʀʉ ʚ ʦʙʱʝʤ ʚʠʜʝ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ 

ʉɸʇʈ ʧʨʝʜʩʪʘʚʣʝʥʘ ʥʘ ʨʠʩʫʥʢʝ 1.91. 
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1. ʇʦʩʪʘʥʦʚʢʘ ʪʨʝʙʦʚʘʥʠʡ ʢ ʉɺʏ ʄʀʉ

ɺr ʧʦʣʥ̫ʝʪʩ̫ ʚ ʉɸʇʈ

2. ʈʘʟʨʘʙʦʪʢʘ ʩʪʨʫʢʪʫʨʥʦʡ ʩʭʝʤr
ɺr ʙʦʨ ɻʣʝʤʝʥʪʥʦʡ ʙʘʟr

ʠ ʪʝʭʥʦʣʦʛʠʠ ʠʟʛʦʪʦʚʣʝʥʠ̫

3. ʈʘʟʨʘʙʦʪʢʘ ʧʨʠʥʮʠʧʠʘʣɹʥʦʡ ʩʭʝʤr
ʄʦʜʝʣʠ ɸʕ ʠ ʇʕ (ʣʠʥʝʡʥr ʝ, 

ʥʝʣʠʥʝʡʥr ʝ, ʫhʤʦʚrʝ ʠ ʜʨ.)

4. ʄʦʜʝʣʠʨʦʚʘʥʠʝ ʥʘ ʠʜʝʘʣɹʥr ʭ ʇʕ

5. ɿʘʤʝʥʘ ʠʜʝʘʣɹʥr ʭ ʇʕ ʥʘ ʨʝʘʣɹʥr ʝ

6. ʆʧʪʠʤʠʟʘʮʠ̫ ʧʨʠʥʮʠʧʠʘʣɹʥʦʡ ʩʭʝʤr

7. ʈʘʟʨʘʙʦʪʢʘ ʪʦʧʦʣʦʛʠʠ

8. ɺʝʨʠʬʠʢʘʮʠ̫ ʪʦʧʦʣʦʛʠʠ

9. ɻʝʥʝʨʘʮʠ̫ ʯʝʨʪʝʞʝʡ ʬʦʪʦh ʘʙʣʦʥʦʚ

10. ʀʟʛʦʪʦʚʣʝʥʠʝ ʠ ʠʩʧrʪʘʥʠ̫

- ɺr ʧʦʣʥʝʥʠʝ ʧʦʩʪʘʚʣʝʥʥr ʭ 

ʪʨʝʙʦʚʘʥʠʡ

- ʊʝʭʥʦʣʦʛʠʯʝʩʢʠʝ ʜʦʧʫʩʢʠ

- ʕʣʝʢʪʨʦʤʘʛʥʠʪʥr ʡ ʘʥʘʣʠʟ

- ʆʮʝʥʢʘ ʚʣʠ̫ʥʠʡ ʢʦʨʧʫʩʘ ʠ 

ʜʝʩʪʘʙʠʣʠʟʠʨʫʁ ʠɦʭ ʬʘʢʪʦʨʦʚ

  
ʈʠʩʫʥʦʢ 1.91 ï ʊʝʭʥʦʣʦʛʠʷ ʧʨʦʝʢʪʠʨʦʚʘʥʠʷ ʉɺʏ ʄʀʉ ʚ ʉɸʇʈ ʉɺʏ ʫʩʪʨʦʡʩʪʚ 

ʇʨʦʮʝʩʩ ʧʨʦʝʢʪʠʨʦʚʘʥʠʷ ʥʘʯʠʥʘʝʪʩʷ ʩ ʬʦʨʤʠʨʦʚʘʥʠʷ ʪʝʭʥʠʯʝʩʢʠʭ ʪʨʝʙʦʚʘʥʠʡ ʢ ʭʘ-

ʨʘʢʪʝʨʠʩʪʠʢʘʤ ʄʀʉ. ɼʘʣʝʝ ʩʣʝʜʫʝʪ ʵʪʘʧ ʨʘʟʨʘʙʦʪʢʠ ʩʪʨʫʢʪʫʨʥʦʡ ʩʭʝʤʳ, ʚʳʙʦʨ ʦʧʪʠ-

ʤʘʣʴʥʦʡ ʵʣʝʤʝʥʪʥʦʡ ʙʘʟʳ ʠ ʪʝʭʥʦʣʦʛʠʠ ʠʟʛʦʪʦʚʣʝʥʠʷ ʉɺʏ ʫʩʪʨʦʡʩʪʚʘ ʜʣʷ ʜʦʩʪʠʞʝʥʠʷ 

ʧʦʩʪʘʚʣʝʥʥʳʭ ʪʨʝʙʦʚʘʥʠʡ. ʆʜʥʠʤ ʠʟ ʚʘʞʥʝʡʰʠʭ ʦʙʩʪʦʷʪʝʣʴʩʪʚ ʥʘ ʜʘʥʥʦʤ ʵʪʘʧʝ ʷʚʣʷʝʪʩʷ 

ʥʘʣʠʯʠʝ ʜʣʷ ʚʳʙʨʘʥʥʦʡ ʉɸʇʈ ʘʜʝʢʚʘʪʥʳʭ ʤʦʜʝʣʝʡ ʘʢʪʠʚʥʳʭ ʵʣʝʤʝʥʪʦʚ (ɸʕ), ʦʪʨʘʞʘʶ-

ʱʠʭ ʦʩʦʙʝʥʥʦʩʪʠ ʪʝʭʥʦʣʦʛʠʠ ʠʭ ʠʟʛʦʪʦʚʠʪʝʣʷ. ɺ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʪʨʝʙʦʚʘʥʠʡ ʢ ʉɺʏ ʄʀʉ 

ʤʦʛʫʪ ʧʨʠʤʝʥʷʪʴʩʷ ʨʘʟʣʠʯʥʳʝ ʪʠʧʳ ʤʦʜʝʣʝʡ: ʣʠʥʝʡʥʳʝ, ʧʘʨʘʤʝʪʨʠʯʝʩʢʠʝ, ʰʫʤʦʚʳʝ, ʥʝ-

ʣʠʥʝʡʥʳʝ ʠ ʜʨ. ʀʩʧʦʣʴʟʦʚʘʥʠʝ ʪʦʯʥʳʭ ʤʦʜʝʣʝʡ ɸʕ ʧʦʟʚʦʣʷʝʪ ʨʘʟʨʘʙʦʪʯʠʢʫ ʥʘ ʨʘʥʥʠʭ 

ʩʪʘʜʠʷʭ ʧʨʦʝʢʪʠʨʦʚʘʥʠʷ ʫʩʪʨʦʡʩʪʚʘ ʦʮʝʥʠʪʴ ʧʨʝʜʝʣʴʥʳʝ ʚʦʟʤʦʞʥʦʩʪʠ ʪʝʭʥʦʣʦʛʠʠ, ʨʝʘʣʠ-

ʟʫʝʤʦʩʪʴ ʪʝʭʥʠʯʝʩʢʠʭ ʪʨʝʙʦʚʘʥʠʡ ʠ ʩʢʦʨʨʝʢʪʠʨʦʚʘʪʴ ʥʘʧʨʘʚʣʝʥʠʝ ʨʘʙʦʪ. 

ʂʘʢ ʧʨʘʚʠʣʦ, ʨʘʟʨʘʙʦʪʢʘ ʤʦʜʝʣʝʡ ʥʝʚʦʟʤʦʞʥʘ ʙʝʟ ʧʨʦʚʝʜʝʥʠʷ ʚʳʩʦʢʦʪʦʯʥʳʭ ʠʟʤʝ-

ʨʝʥʠʡ. ɼʣʷ ʨʝʰʝʥʠʷ ʵʪʦʡ ʟʘʜʘʯʠ ʠʩʧʦʣʴʟʫʝʪʩʷ ʪʝʭʥʦʣʦʛʠʷ ʠʟʤʝʨʝʥʠʷ ʦʪʜʝʣʴʥʳʭ ʢʦʤʧʦ-

ʥʝʥʪʦʚ ʠʥʪʝʛʨʘʣʴʥʳʭ ʩʭʝʤ ʟʦʥʜʦʚʳʤ ʩʧʦʩʦʙʦʤ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ ʥʘ ʧʣʘʩʪʠʥʝ (ʩʤ. ʨʠʩ. 

1.92). ʕʪʦ ʧʦʟʚʦʣʷʝʪ ʠʩʢʣʶʯʠʪʴ ʠʟ ʨʝʟʫʣʴʪʘʪʦʚ ʠʟʤʝʨʝʥʠʡ ʚʣʠʷʥʠʝ ʩʦʝʜʠʥʠʪʝʣʴʥʳʭ ʮʝʧʝʡ 

ʠ ʧʦʜʚʦʜʷʱʠʭ ʣʠʥʠʡ. 
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1 ï ʤʠʢʨʦʩʢʦʧ ʜʣʷ ʧʦʟʠʮʠʦʥʠʨʦʚʘʥʠʷ; 2 ï ʢʦʥʪʘʢʪʥʳʡ ʟʦʥʜ-1; 3 ï ʧʦʟʠʮʠʦʥʝʨ 

ʟʦʥʜʘ-1; 4 ï ʢʦʥʪʘʢʪʥʳʡ ʟʦʥʜ-2; 5 ï ʧʦʟʠʮʠʦʥʝʨ ʟʦʥʜʘ-2; 6 - ʚʝʢʪʦʨʥʳʡ ʘʥʘʣʠʟʘʪʦʨ 

ʮʝʧʝʡ; 7 ï ʠʩʪʦʯʥʠʢ ʧʠʪʘʥʠʷ; 8 ï ʛʝʥʝʨʘʪʦʨ ʰʫʤʘ; 9 - ʘʥʘʣʠʟʘʪʦʨ ʩʧʝʢʪʨʘ; 10 ï ʦʪ-

ʩʝʢ ʟʘʛʨʫʟʢʠ ʦʙʨʘʟʮʦʚ. 

ʈʠʩʫʥʦʢ 1.92ï ʉʪʝʥʜ ʜʣʷ ʧʨʦʚʝʜʝʥʠʷ ʟʦʥʜʦʚʳʭ ʠʟʤʝʨʝʥʠʡ 

1.5.3.6 ʊʝʭʥʦʣʦʛʠʠ ʠʟʤʝʨʝʥʠʷ ʧʘʨʘʤʝʪʨʦʚ ʉɺʏ ʠ ʨʘʜʠʦʬʦʪʦʥʥʳʭ ʠʥʪʝʛʨʘʣʴʥʳʭ 

ʩʭʝʤ 

 ʆʜʥʠʤ ʠʟ ʦʩʥʦʚʥʳʭ ʠʟʤʝʨʠʪʝʣʴʥʳʭ ʧʨʠʙʦʨʦʚ, ʠʩʧʦʣʴʟʫʝʤʳʤ ʜʣʷ ʠʟʤʝʨʝʥʠʡ ʥʘ 

ʉɺʏ ʷʚʣʷʝʪʩʷ ʚʝʢʪʦʨʥʳʡ ʘʥʘʣʠʟʘʪʦʨ ʮʝʧʝʡ (ɺɸʎ), ʧʦʟʚʦʣʷʶʱʠʡ ʠʟʤʝʨʠʪʴ ʤʘʣʦʩʠʛʥʘʣʴ-

ʥʳʝ ʧʘʨʘʤʝʪʨʳ ʨʘʩʩʝʷʥʠʷ ʚ ʰʠʨʦʢʦʤ ʯʘʩʪʦʪʥʦʤ ʜʠʘʧʘʟʦʥʝ. ʉʦʚʨʝʤʝʥʥʳʝ ʧʨʠʙʦʨʳ ʧʦʟʚʦ-

ʣʷʶʪ ʚʳʧʦʣʥʠʪʴ ʠʟʤʝʨʝʥʠʷ ʚ ʥʝʧʨʝʨʳʚʥʦʤ ʜʠʘʧʘʟʦʥʝ ʯʘʩʪʦʪ 10 ʄɻʮ ï 110 ɻɻʮ. ʅʘʠʙʦʣʝʝ 

ʧʨʦʜʚʠʥʫʪʳʝ ʤʦʜʝʣʠ ʦʙʲʝʜʠʥʷʶʪ ʚ ʩʝʙʝ ʰʠʨʦʢʠʝ ʬʫʥʢʮʠʦʥʘʣʴʥʳʝ ʚʦʟʤʦʞʥʦʩʪʠ, ʧʦʟʚʦ-

ʣʷʷ ʚʳʧʦʣʥʷʪʴ ʰʠʨʦʢʠʡ ʩʧʝʢʪʨ ʉɺʏ ʠʟʤʝʨʝʥʠʡ: 

- ʠʩʩʣʝʜʦʚʘʥʠʝ ʜʠʘʧʘʟʦʥʘ ʨʘʙʦʯʠʭ ʯʘʩʪʦʪ; 

- ʠʩʩʣʝʜʦʚʘʥʠʝ ʜʠʘʧʘʟʦʥʘ ʧʨʦʤʝʞʫʪʦʯʥʳʭ ʯʘʩʪʦʪ ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʷ; 

- ʠʩʩʣʝʜʦʚʘʥʠʝ ʢʦʵʬʬʠʮʠʝʥʪʘ ʰʫʤʘ (ʂʐ); 

- ʠʩʩʣʝʜʦʚʘʥʠʝ ʚʝʨʭʥʝʡ ʛʨʘʥʠʮʳ ʣʠʥʝʡʥʦʩʪʠ ʘʤʧʣʠʪʫʜʥʦʡ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ (ʈ1ʜɹ); 

- ʠʩʩʣʝʜʦʚʘʥʠʝ ʫʨʦʚʥʷ ʠʥʪʝʨʤʦʜʫʣʷʮʠʦʥʥʳʭ ʠʩʢʘʞʝʥʠʷ ʪʨʝʪʴʝʛʦ ʧʦʨʷʜʢʘ (IP3); 

- ʠʩʩʣʝʜʦʚʘʥʠʝ ʂʉɺʅ ʧʦ ʚʭʦʜʫ ʠ ʚʳʭʦʜʫ; 

- ʠʩʩʣʝʜʦʚʘʥʠʝ ʯʘʩʪʦʪʥʦʡ ʟʘʚʠʩʠʤʦʩʪʠ ʢʦʵʬʬʠʮʠʝʥʪʘ ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ ʩʤʝʩʠʪʝʣʷ; 

ʅʘʠʙʦʣʝʝ ʧʨʦʜʚʠʥʫʪʳʤʠ ʧʨʠʙʦʨʘʤʠ ʪʘʢʦʛʦ ʢʣʘʩʩʘ ʷʚʣʷʶʪʩʷ ʉɺʏ-ʘʥʘʣʠʟʘʪʦʨʳ ʮʝ-

ʧʝʡ ʩʝʨʠʠ PNA-X (ʩʤ. ʨʠʩ. 1.93).  
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ʈʠʩʫʥʦʢ 1.93 ï ɺʝʢʪʦʨʥʳʡ ʘʥʘʣʠʟʘʪʦʨ ʮʝʧʝʡ ʩʝʨʠʠ PNA-X 

ʆʙʲʝʜʠʥʝʥʠʝ ʜʚʫʭ ʚʥʫʪʨʝʥʥʠʭ ʠʩʪʦʯʥʠʢʦʚ ʩʠʛʥʘʣʦʚ, ʩʭʝʤʳ ʩʫʤʤʠʨʦʚʘʥʠʷ ʩʠʛʥʘʣʦʚ, 

ʧʨʠʸʤʥʠʢʦʚ ʜʣʷ ʠʟʤʝʨʝʥʠʷ S-ʧʘʨʘʤʝʪʨʦʚ ʠ ʰʫʤʘ, ʠʤʧʫʣʴʩʥʳʭ ʤʦʜʫʣʷʪʦʨʦʚ ʠ ʛʝʥʝʨʘʪʦ-

ʨʦʚ, ʛʠʙʢʦʛʦ ʥʘʙʦʨʘ ʢʦʤʤʫʪʘʪʦʨʦʚ ʠ ɺʏ-ʪʦʯʝʢ ʜʦʩʪʫʧʘ ʩʦʟʜʘʸʪ ʤʦʱʥʫʶ ʘʧʧʘʨʘʪʥʫʶ 

ʧʣʘʪʬʦʨʤʫ ʜʣʷ ʰʠʨʦʢʦʛʦ ʜʠʘʧʘʟʦʥʘ ʠʟʤʝʨʝʥʠʡ ʣʠʥʝʡʥʳʭ ʠ ʥʝʣʠʥʝʡʥʳʭ ʧʘʨʘʤʝʪʨʦʚ, 

ʦʙʝʩʧʝʯʠʚʘʝʤʳʭ ʧʨʠ ʦʜʥʦʤ ʥʘʙʦʨʝ ʧʦʜʢʣʶʯʝʥʠʡ ʢ ʪʝʩʪʠʨʫʝʤʦʤʫ ʫʩʪʨʦʡʩʪʚʫ (ʊʋ). ʊʘʢʘʷ 

ʛʠʙʢʦʩʪʴ ʜʦʩʪʠʛʘʝʪʩʷ ʙʣʘʛʦʜʘʨʶ ʧʨʠʤʝʥʝʥʠʶ ʫʥʠʢʘʣʴʥʦʡ ʘʨʭʠʪʝʢʪʫʨʳ ʠʟʤʝʨʠʪʝʣʴʥʦʛʦ 

ʧʨʠʙʦʨʘ (ʩʤ. ʨʠʩ. 1.94).  

ʂʘʞʜʳʡ ʠʟʤʝʨʠʪʝʣʴʥʳʡ ʧʦʨʪ ʚ ʜʘʥʥʦʡ ʘʨʭʠʪʝʢʪʫʨʝ ʚʢʣʶʯʘʝʪ ʠʟʤʝʨʠʪʝʣʴʥʳʝ ʠ 

ʦʧʦʨʥʳʝ ʦʪʚʝʪʚʠʪʝʣʠ ʠ ʧʨʠʸʤʥʠʢʠ, ʘʪʪʝʥʶʘʪʦʨʳ ʠʩʪʦʯʥʠʢʦʚ ʠ ʧʨʠʸʤʥʠʢʦʚ, ʘ ʪʘʢʞʝ ʚʪʫʣ-

ʢʠ ʧʦʜʘʯʠ ʩʤʝʱʝʥʠʷ ʧʦ ʧʦʩʪʦʷʥʥʦʤʫ ʪʦʢʫ ʜʣʷ ʦʙʝʩʧʝʯʝʥʠʷ ʤʘʢʩʠʤʘʣʴʥʦʡ ʪʦʯʥʦʩʪʠ ʠ ʛʠʙ-

ʢʦʩʪʠ ʠʟʤʝʨʝʥʠʡ. ɺʩʪʨʦʝʥʥʘʷ ʩʭʝʤʘ ʩʫʤʤʠʨʦʚʘʥʠʷ ʩʠʛʥʘʣʦʚ ʟʥʘʯʠʪʝʣʴʥʦ ʫʧʨʦʱʘʝʪ ʫʩʪʘ-

ʥʦʚʢʫ ʜʣʷ ʠʟʤʝʨʝʥʠʷ ʠʥʪʝʨʤʦʜʫʣʷʮʠʦʥʥʳʭ ʠʩʢʘʞʝʥʠʡ ʠ ʍ-ʧʘʨʘʤʝʪʨʦʚ. ɺʥʫʪʨʝʥʥʠʝ ʠʤ-

ʧʫʣʴʩʥʳʝ ʤʦʜʫʣʷʪʦʨʳ ʧʦʟʚʦʣʷʶʪ ʧʨʦʚʦʜʠʪʴ ʠʥʪʝʛʨʠʨʦʚʘʥʥʳʝ ʠʟʤʝʨʝʥʠʷ ʠʤʧʫʣʴʩʥʳʭ ɺʏ-

ʩʠʛʥʘʣʦʚ ʚ ʧʨʝʜʝʣʘʭ ʧʦʣʥʦʛʦ ʜʠʘʧʘʟʦʥʘ ʯʘʩʪʦʪ ʨʘʙʦʪʳ ʧʨʠʙʦʨʘ, ʠʩʢʣʶʯʘʷ ʥʝʦʙʭʦʜʠʤʦʩʪʴ 

ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʜʦʨʦʛʠʭ ʠ ʛʨʦʤʦʟʜʢʠʭ ʚʥʝʰʥʠʭ ʤʦʜʫʣʷʪʦʨʦʚ. 
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ʈʠʩʫʥʦʢ 1.94 ï ɺʥʫʪʨʝʥʥʷʷ ʘʨʭʠʪʝʢʪʫʨʘ ʘʥʘʣʠʟʘʪʦʨ ʮʝʧʝʡ ʩʝʨʠʠ PNA-X 

ʇʝʨʝʢʣʶʯʘʝʤʳʝ ʧʝʨʝʤʳʯʢʠ ʟʘʜʥʝʡ ʧʘʥʝʣʠ ʦʙʝʩʧʝʯʠʚʘʶʪ ʚʦʟʤʦʞʥʦʩʪʴ ʜʦʙʘʚʣʝʥʠʷ 

ʦʙʦʨʫʜʦʚʘʥʠʷ ʬʦʨʤʠʨʦʚʘʥʠʷ ʩʠʛʥʘʣʦʚ ʠʣʠ ʧʦʜʢʣʶʯʝʥʠʷ ʜʦʧʦʣʥʠʪʝʣʴʥʦʛʦ ʠʟʤʝʨʠʪʝʣʴʥʦ-

ʛʦ ʦʙʦʨʫʜʦʚʘʥʠʷ ʢ ʪʝʩʪʠʨʫʝʤʦʤʫ ʫʩʪʨʦʡʩʪʚʫ (ʊʋ) ʙʝʟ ʧʝʨʝʧʦʜʢʣʶʯʝʥʠʷ ʠʟʤʝʨʠʪʝʣʴʥʳʭ 

ʢʘʙʝʣʝʡ. ʅʘʩʪʨʦʡʢʘ ʠʤʧʫʣʴʩʥʦʡ ʩʠʥʭʨʦʥʠʟʘʮʠʠ ʜʣʷ ʠʤʧʫʣʴʩʥʳʭ ʤʦʜʫʣʷʪʦʨʦʚ ʠ ʚʥʫʪʨʝʥ-

ʥʠʭ ʟʘʪʚʦʨʦʚ ʇʏ ʫʧʨʦʱʘʝʪʩʷ ʙʣʘʛʦʜʘʨʷ ʠʩʧʦʣʴʟʦʚʘʥʠʶ ʚʩʪʨʦʝʥʥʳʭ ʠʤʧʫʣʴʩʥʳʭ ʛʝʥʝʨʘ-

ʪʦʨʦʚ. ɺʥʫʪʨʝʥʥʠʝ ʚʳʩʦʢʦʯʫʚʩʪʚʠʪʝʣʴʥʳʝ ʧʨʠʸʤʥʠʢʠ ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʩ ʧʝʨʝʜʦʚʳʤʠ 

ʘʣʛʦʨʠʪʤʘʤʠ ʢʘʣʠʙʨʦʚʢʠ ʠ ʠʟʤʝʨʝʥʠʡ ʦʙʝʩʧʝʯʠʚʘʶʪ ʩʘʤʳʝ ʪʦʯʥʳʝ ʚ ʦʪʨʘʩʣʠ ʠʟʤʝʨʝʥʠʷ 

ʢʦʵʬʬʠʮʠʝʥʪʘ ʰʫʤʘ. 

ɼʨʫʛʠʤ ʚʘʞʥʳʤ ʚʠʜʦʤ ʠʟʤʝʨʝʥʠʡ, ʥʝʦʙʭʦʜʠʤʳʭ ʧʨʠ ʨʘʟʨʘʙʦʪʢʝ ʩʦʚʨʝʤʝʥʥʳʭ ʩʠʩ-

ʪʝʤ ʩʚʷʟʠ ʠ ʨʘʜʠʦʣʦʢʘʮʠʠ, ʘ ʪʘʢʞʝ ʨʘʜʠʦʬʦʪʦʥʥʳʭ ʩʠʩʪʝʤ ʩʣʝʜʫʶʱʝʛʦ ʧʦʢʦʣʝʥʠʷ ʷʚʣʷ-

ʶʪʩʷ ʠʟʤʝʨʝʥʠʷ ʚʦ ʚʨʝʤʝʥʥʦʡ ʦʙʣʘʩʪʠ. ʆʩʥʦʚʥʳʤ ʠʟʤʝʨʠʪʝʣʴʥʳʤ ʧʨʠʙʦʨʦʤ ʜʣʷ ʚʳʧʦʣ-

ʥʝʥʠʷ ʵʪʦʛʦ ʚʠʜʘ ʠʟʤʝʨʝʥʠʷ ʷʚʣʷʝʪʩʷ ʦʩʮʠʣʣʦʛʨʘʬ (ʨʠʩ. 1.95). ʆʜʥʘʢʦ, ʜʦ ʥʝʜʘʚʥʝʛʦ ʚʨʝ-

ʤʝʥʠ ʧʨʠʭʦʜʠʣʦʩʴ ʠʩʧʦʣʴʟʦʚʘʪʴ ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʠ ʜʣʷ ʧʝʨʝʥʦʩʘ ʩʧʝʢʪʨʘ ʠʩʩʣʝʜʫʝʤʦʛʦ ʩʠʛ-

ʥʘʣʘ ʚʥʠʟ ʧʦ ʯʘʩʪʦʪʝ. ʂʨʦʤʝ ʪʦʛʦ, ʫʨʦʚʝʥʴ ʩʦʙʩʪʚʝʥʥʳʭ ʰʫʤʦʚ ʦʩʮʠʣʣʦʛʨʘʬʘ (ʬʘʟʦʚʳʭ ʠ 

ʘʤʧʣʠʪʫʜʥʳʭ) ʥʝ ʧʦʟʚʦʣʷʣ ʠʩʩʣʝʜʦʚʘʪʴ ʩʦʚʨʝʤʝʥʥʳʝ ʚʳʩʦʢʦʢʘʯʝʩʪʚʝʥʥʳʝ ʩʠʩʪʝʤʳ ʩʚʷʟʠ.  

ʉ ʧʦʷʚʣʝʥʠʝʤ ʩʝʨʠʠ ʚʳʩʦʢʦʩʢʦʨʦʩʪʥʳʭ ʦʩʮʠʣʣʦʛʨʘʬʦʚ ʨʝʘʣʴʥʦʛʦ ʚʨʝʤʝʥʠ ʩʝʨʠʠ 

UXR ʚʦʟʤʦʞʥʦʩʪʠ ʵʪʦʛʦ ʢʣʘʩʩʘ ʧʨʠʙʦʨʦʚ ʩʫʱʝʩʪʚʝʥʥʦ ʨʘʩʰʠʨʠʣʠʩʴ.  


















































































































































































































































































































































































